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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 
semomanipdators, coupled with television vicwing, 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 personncl, 

This document is an expanded and updarcd version of an earlier design guide that was 
specific to fuel reprocessing requirements. The guidelines identified in the preknt document 
suggest a gcnerd 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. 





There are many situations where direct human access eo a work sile is not possible because 
of the hazardous nature of the surrounding envimnment. Human access can be denied as a result 
of high-radiation fields, the presence of toxic or explosive chemicals, absence of a breathable 
atmosphere, or extremes of temperature or pressure. Facilities or situations where these hazardous 
enviroments may be encountered include nuclear installations,' particularly aiose required T Q ~  

spent nuclear fuel reprocessing or waste trcatrnents, chemical and munitions plants, fusion 
reactors, and earth orbital (space) applications. Maintenance or replacement of equipment in these 
environments must cither 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 rcplacement of failed equipment items typically rcquires 
considerably more time than hands-on or contact maintenance. This "dowm-ime'~ pcnalty can be 
minimized in two ways: (a) through the proper dcsigi of the equipment being maintained to 
optimize the interfaces, with the maintenance sysicrn and (b) through the use of a 
scmornanipulatm-based mainteriance system, with good dcxtcrity, maneuverability, and force 

Section 2 of this document descrihcs design philosophies, equipmenit, and pmeesscs far a 
particular type of rcrnotely mainrained facility, specifically a nuclear finel reprocessing plant. 
Section 3 describes remote handling equipment available for in-cell use to provide remote 
maintenance of the facility. Section 4 contains gcnerd guidelines and considerations for the 
design and location of remotely oprdted and maintained equipment. Sections 5 through 7 provide 
specific design details for rclated process auld maintcnmce equipmerat. '?'he appendixes contain 
supplcmental information on tccnnirrology, ionizing radiation and its effect on materials utilized 
with process equipment, arid a design review checklist. Evcn though sevcral of these sections are 
specific to a fuel reprncessing hcility, in which radiation levels are su~Picic11~1y high to precludc 
human access, the general approach of designing a plmL or a sys~cm, from inception, to bc 
mmoiely maintained i s  equally applicable LO othcr industries and hazardous envimmncnts. 

ection. niis dcsign guide addrcsscs both of these subjects. 

1 
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2.1 RADIOCHEMICAL PROCESS SYS'1L''IE:MS 
This secrion briefly introduccs the hnctional environment of radiochemical processing 

plant facility equipment opat ion.  Radiochemical process systems, applied to nuclear fuel 
reprocessing plants, are designed to recover uranium aid plutonium from spent power reactor fuel 
assemblies and to prepare process plant wastes for rxnnaiient disposal. The recovered fissile 
elemenis, uranium and plutonium, are made available for coiiversion to suitable fuel for recycle to 
power rcacton. Process chemicals are recycled extensively to rrnirrlrnize the quantity of hamdous 
wastes leaving the plantat. Various wastes from ble process are convened to solid f ~ m  and 
packaged for storage 

Many materials from spen: nuclear fuel are highly radioactive, ionizing rays emanate from 
radioactive materials, processes, and equipment. High-energy ionizing radiation is damaging to 
human tissue. A railiocl-iernicai process operation is conducted behind thick concrcic walls to 
attenuate the radialion and shield opemtieing persoruicl~ Walls made of dense materials completely 
surroiind &e hot-process sysleni to f o m  a shielded cell (or cclls) and provide xliakle integrity of 
containment for ionizing rays, air'iirne panicles, and the in-cell aemosphere. Frequently, positive 
contaimnent integrity i s  assurcd by lining the interior of coarcscte qpmccss cells with a continuous 
stainless steel sheet mctd liner. ,411 seams and service penetrations are sealcd by gasketing or 

To minimize personnel exposure to the iiostiie environrneid, reprocessing plant opcratioi~s 
ar~d maintenance are performed utih7iry electromcchanical servomanipulator equipmerit to 
perforin operations within the cell$ by rcmofc control Transfer of equipment md materials across 
the cell envelope hmidary is accomplished with airlock chambers or similarly sealed transfer 
armgemenis. The proccss cell walls mark the transition from hands-on contact to remote 
cantmlled operations. 

The total remote operation and maintenaiee strategy used at the Oak Ridge National 
Laboratory (ORNE) protects operating peIsonrnel, preserves cell coneainment iritegrit-sy, atid 
guards against compromise of controllcd nudcar rnatcaials security. 

2 2  RADkOCHEMlCAL PROCESS EQUIPMENT 

The design of radiochemical process equipment for remote operation and mairxtenmce 
depcslds on the remote repair philosophy and the remote maintenance handling equipment 
capabilities and limitations. ,411 in-cell equipment musi incorporaie arrangements and features to 
optimize interfaces among the process cornponenrs and the mairnlenarice eqii ptnent. Inadequate 
interface control may result rial reduced plait availability during routine maintenance, and 
extended outages can occur during unplamied c v c m  

shipment to a repository. 

welding. 

2.2-1 Equipment Racks and Moduies 

The equipment rack is one principal piecc of equipment utilized to define, locate, and 
control interhces among process equipment, mainienmce equipment, and the plant facilities 
housing these items. O K N i  has adapkd and further developed the concept of process cell 
equi pnent racks. 

A rack is described as a transportablc, stmctural metal framework on which one or more 
process eqiipmcfit items can be located and comectcd These items, referred to as modules or 
subassemblies, may $e pemiancciatly fastened to thc rack (bolted, pime& or we!ded) nr positioned 
arid attached with remotely opemble fasteners for installation and rcmoval by rerriole controlled 
handliiig equipment. 
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In general, ~~~~~1~~~~~ rcquircd for a specific unit operation is contained on a rack, 
including the associ ated piping, fluid pumps, wiring, and ~ r ~ s t ~ ~ ~ n ~ ~ ~ ~ o ~ .  Interfacc wiring, 
piping, etc., leading to adjacent racks or out-of-cell services are c ~ ~ ~ e c t e ~  to the rack via 
remotely opeeratcd connectors. These racks can trcmfemcd with remote handling devices into a 
shielded process area, precisely located in the cell, or later removed from the cell when necessary 
Pur repair, rcplacemeiu. or disposalnl. In some cases, a unit item of process e ~ ~ ~ ~ p m e ~ ~ t ,  due to large 
size or other charactenstics such as a major waste storage tank, i s  lreated as a single rack. 

Equipment: racks have k e n  used 10 wpport process equipment in remotely operated 
radiochemical p swss  facilities for many years. An outline of rack hislory arid evolution is 
described by h;. L. Pcishel et al Rack design improvement has resulted from increases in 
versatility of the tools available to perform remote manipulation. 'I'he use of racks also allows 
prefabricaeioa and testing of discrete gmups o f  equipment, thereby pcrnliliting akl Obrication to k 
performed in ~ ~ o ~ u ~ h ~ ~  equipped shop facilieies. A xack also SCBV~S as the terms 
from shop to cell location, making initid iristaUration as well as potendai ~ ~ ~ a ~ e ~ ~ n ~  rnore 
effecrive. 

accurate grid sysre 
racks and msdules 

descnibed b l o w ,  ensures reliable ~ o c ~ t ~ o ~ ~  of equipment when 
le opPimurn equipment r x k  design can provide a structure that 

reliably interfaces with the t ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ e n ~  grid syslcrn of the hcility $0 ensure mutual 
d ~ ~ e ~ s i o n ~  dependability for ad otihcr cell -rack inlerhces and provide for psilive pcrsitioning of 
process equipment in functional locations. The final rack design depends on the rernotc handling 
equipment, maintenance tool smtdbility, and ~ ~ ~ a ~ ~ % ~ ~ ~ ~ t ~  within the facility. These Fxtors will 
control ?he final rack design 40 ensure overall plant ~ ~ ~ ~ ~ a ~ ~ ~ ~ l ~ ~ y .  Hcncc, the dimensions of a new 
facility will be detemincd by the equipment mcks, the proccss cell skes, the facility aisles, 
transfer locks through which the racks arc. tmnspo&ed, m d  ancillary manned sanpposp facilities. 

The remotely removable equipment modules are identitkd by a failure probability 
assessment of pieces or groups of equipment, the possibility of Ira-situ repair, and the ~ m o t c  
hmdirag abilities of tht: c!roscn ~ ~ ~ i ~ ~ ~ ~ t i ~ ~ ~  equipment. For example, the harings in a motor are 
difficult to replace in a shop, and nearly impossible with ~ m o k  ~ ~ ~ ~ p ~ ~ ~ t @ ~ ~ ~  hence, ,an entire 

driven pant is permanent, rhus the entire assembly is defined as the module. The subject of motors 
and drives is expanded in Sect. 6.2. 

operability as weU as ~ a ~ ~ ~ ~ ~ ~ ~ ~ b ~ ~ ~ ~ ~ "  Locate removabk paits on a rack at or near the periphery. 
Paris mounted ~ ~ ~ ~ $ 1 ~ ~ ~  on a rack, such a piping, tanks, stnuchural sugprts or the rack frame 
mcmbers should k arranged inhard to limit ~ n ~ ~ f ~ ~ ~ ~ c ~  wi the ~~~~~~~~~~~~~ equipment. 
Figure 2.2 iHustmtes a typical ehornical pmcess equipment rack 
these p in t s .  

detail ~ ~ ~ u g ~ o u ~  latcr sections of h i s  document. 

rnotor is defined as the ~~0~~~~~ modulc. 7be couplh1g between a high-spee 

Rack design should eonsidcr the ~ ~ ~ ~ g e ~ n e a i t  of process ~ ~ ~ ~ ~ ? ~ ~ e ~ ~  corn 

found in greater 



ORNL---DWG 81-11648 

Fig. 2.2. A typical cheniical p m w s  equipment rack and module arrangement” 
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- -  

2.2.2 Localion and Position Control far ~ ~ ? ~ o t ~  ~$~~~~~~~~~ of 

Equipment and components in any process system must be oriented and locaied accurately 
so that they will interface correctly after instilllation. Historically, from 1he initial construction of 
remotely operated and maintained fdciliities for nuclear fuel reprocessing, a prccise coordinate 
grid was established from which the location of every piece of removable equipmerit was 
referenced. This was done to ensure that a piece of equipment could be replaced without: reqirirjng 
adjustments during reinstallmenl in a hostile cnvirsment inaccessible to personncl. 

Fquipment fabrication and building construction tolerances wcre established and 
maintained to accommodate the requirements. Cell floors or equipment rack basepads were 
located to 21.6 mm (]/I6 in.) in elevation and k0.8 mm (1/32 in.) in the Iwo horizontal axes. 
Placement of other cell components, interfacing with removable process equipment, was located 
to similar tolerancscs, The process equipment fabrication was controlled to matching holermces. 

Dimensional adjustments on equipment within a remeltel y maintained environment are  bo^ 
limited and difficult. In general, the remote mainterlance dcsign philosophy for a process facility 
should anticipate remote replacement of dl equipment in the ceUs during the operating life of the 
facility. An accurate, close dirnensiorial tolcmnce baseline or grid system referenced to permancnt 
benchmarks is established at design emncept. During final design, all equipment i s  referenced to 
this diinensiond baseline, then verified and recordcd on as-built drawings during construction, 
and maintained ~ ~ ~ o u g h o u t  the lifetime of CLhc facility. 

Figure 2.3 illustrates an example of c ~ ~ ~ ~ p ~ ~ ~ ~  rack location and COT 

interface dimensions OBI a grid system. Note that rhe waste tank is treated as an 
The same ~ree-dimensional X-V-Z reference gnd system p i n t s  and benchmarks are used 

in the construction of the facility gmcess cells, duplicated in cold-mock-ups of  the hot-cell areas 
and permanently maintained; usually in an on-site shop. The placement of each equipment rack, 
the midules mounted on dl racks, and all other equipment in thc cell are provided with a 
re fe~nce  point so that locations can k, prcciscly indexed with respect to adjacent equipment as 
wel:la as to the pnirrrary hcility reference pint .  This method of chain referencing provides 
dimensiond control, traceable from my item of  equipment in the facility to my other p in t .  

Consistent witti this philosophy, a machine or unit operation is subdivided into lsgicd 
assemblies or parts TIIOUT~~CX~ on a main base frame or equipment rack. 'The s u ~ d ~ ~ ~ ~ s ~ o ~  'as irfitially 
determined by its operating functions md then by thc expected failure freque 
with the available tools, inherent repair sccnaricrs, and the proposed repair m 

Generdly, tbe greater the Fdihre potential, Bhe easier must be 
equipment items, such as mechanical actuators and electrical switches, are designed IO be 
replaceable in situ. Thc larger and heavies support ks or other massive par& requiring little or 
no maintenance are also removable, but witkt greate 

Following equipment fabrication and operational testing, prior to ~ ~ s t ~ ~ ~ ~ i o ~  in the cell, dI 
equipment i s  verified dimensionally and tested for remote rn ainrainaibility in the lrespcctive 
mock-up before committing any equipment to the hostile enviroment. This ensures that all 
critical adjusments can be p r f o m ~ d  outside the hot process area and eliminates ox limits minor 
adjustment requirements following find remote placement inside the hot process area. "his 
procedure ensures confident, reliable installatian of all the e ~ ~ ~ p m e n ~  in the remote cells initially, 
and the ability to expcldite the accurate n@acernent of any connponene, shon of the walls, during 
tihe operating life of  the facility. This philosophy of process equipment design for i ~ ~ ~ l ~ t ~ o n  in a 
remotely operated facility will enhance ~ ~ G Q Q ~ I Y  success fmm any unplanned event. 
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SECT. *B - B* 

F i g  23. An example of c~q~ipinetit rack location and dimensional control of components on a grid system. 

2-3 REMOTE MAINTENANCE PHILOSOPHY AND MA’MI[PULATION 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 rcplaced 
unit is a module shown on the right side of thc figure. Initially, a decision to repair or discard the 
item i s  macle. If low cost or an inherent inability to repair renders an item expendable, the repair 
steps are bypasscd and the item is sent directly to decontamination and disposal. Tf repairable, the 
repair method, tools required, md the repair site are determined. This may be in situ  pair by 
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NEW NEW 

RACK INSTALLED 
IN PROCESS CELL 

I N S T A L L  NEW 

c 

Fg- 2.4. Remote maintenance schematic. 

remote eonrrollcd 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. 

23.1 Remote Manipulator System Equipment 

Remote electromechanical manipulator technology development related to nuclear facilities 
has resulted from the requirement to reduce the exposure 01 pwsomel 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 to the dexterity of the 
remote manipulator system3 and its viewing ~ y s t e m . ~  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 rcsults. 'I'hese 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 hunian (air-suit or equal) 

Force-reflecting servomanipulator or rnasterhlave 

Non-force-reflecting electromechanical manipulator 

Crandirnpact wrench 

manipulator (i.e., through-the-wd type) 

(is., power-am type) 

8:l 

8: 1 

20-50: 1 

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 fdlowing 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 thcse attributes and the rationale for thc 
breakdown arc: 

* Heavy lift requirements -greater than 450 kg (1000 lb) 

Rol;tine requirements --lift up to 450-kg (loo0 lb) range 

To be providcd by overhead bridge cranes 

To be provided by an auxiliary hoist included with the servomanipulator, 
recognizing the needed spatial accessibility 

To be provided by a servomanipulator in concert with either of the above 

Dexterous equipment .- Perform in situ maintenance and adjustments to manipulation 

In addition to dexterity for manipulating the equipment being wosked on, it is desirable that 
the manipulators be capable of accessing the process equipment from many dircctions, be 
available to operatc 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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cluded in the design process to remotely manipulaie the equipment, c o n s ~ ~ ~ e ~ a ~ ~ o ~ ~  and 
ns must be included to remotely view all the operations within the cell, efficiently control 

the operations of the maintenance took, and recover from malfunctions. A system to mc'ee 
se requirements would consist of the following equipment and attributes: 

An overhead traveling trolley-bridge system supported on tracks that traverse the length of rhe 
ceJ8. ']%e trolley, able to move ar right angles to the travel of the bridge, supports a ~ e l e s c o p ~ ~ ~ g  
mast. This assembly would idedly provide total volume coverage of the cell resTficteed only by 
the limits of travel inherent in the machine. 

2. A manipulator system consisting of a pair of force-reflecting e ~ ~ ~ ~ ~ r n ~ c ~ ~ ~ ~ ~ ~  
semommipulators, a 450-kg (11100-Bb) capacity hoist, television cameras, and IighLs. This 
package is mounted on the vertical telescoping mast ef item 1. E l ~ c t r ~ n i c ~ ~ ~ ~  linked to 8 
remote control sta~on, the combination of 1 and 2 extends task performing abilities of a 
human operator into bhc cell environment. 

3. A heavy-duty overfiead bridge crane to transport large cquipment items. 

4, ~ ~ ~ ~ ~ ~ ~ Q n ~  television cameras mounted on the overticad equipment ,and sther selected 
1 o ~ a ~ i ~ ~ ~ s  for closeup and overa11 viewing of the operations. A longitudinal section and a cross 
sccfiun 01 a remotely operated and maintajned nuclear fuel reprocessing facility showing a 
typical mangemenr 01 the equipment described above is shown in Figs. 2,s and 2 6. 

Additionally, Lhe ability to recover successfully from malfunction of m y  piece of the 
maintenance equipment must be pmvided. Recovery of a failed crane or n i ~ j ~ ~ ~ a ~ ~ ~  t 

i s  accoanglished 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. a71c companion unit is usually able to 
' ~ ~ ~ ~ u a ~ ~ y f f  operate the disabled or damaged unit by remote control to release a laad 

1 

towhg. 

2.4 

Design trade-offs arc made against functional complexity crcated by a choice to eithcr 
restore or replace Pailed equipment. The design of in-ccll equipment for a ~ ~ ~ ~ i o c ~ e ~ ~ ~ ~ ~  process 
may be greatly affected by a choice to either restore rather than replace the unit when rcqmi~ed. 
Any need for manual contact maintenance service by  personnel, md the asso 
to appiy d ~ c o n ~ a m i ~ a t i Q r ~  procedures that guard against excessive radiation a: 
the ~ ~ ~ ~ t i o n a l  overall cost. 

When in-cell repairs cannot be perfommi by remokc majntenance tectmiques, the failed 
component mug be moved outside for contact maintenance or disposal. ~ ~ ~ o ~ t a ~ ~ ~ a ~ ~ ~ ? ~ ~  Is 
required before contact m~ntenance repair can be performed. Most equipment can 
d e ~ ~ ~ ~ ~ ~ n a t ~ d  to reduce gamma radiation, at the surIaces, to levels 
contact repair or to levels acceptable for material disp~sal. 

~ o ~ ~ a m i n a t ~ o n  procedures, normally done wet, employ cleaning agents ranging from 
corrosive chemical solvents. These can be applied by ~ ~ ~ i e ~ ~ ~ o ~  in ultrasonic deanaing 

s, by high p m s s u ~  spray, by internal flushing, or by s ple surface wiping. ~ ~ ~ d ~ n g  on 
e q ~ ~ ~ ~ ~ ~ t  and size, contact mainlemance sepair work can performed in glove boxes or in large 
~ ~ ~ t a ~ ~ ~ e ~ i ~  enclosures by personnel wearing protective clothing. Disposal i s  also nomall y 
preczdd by decontamination, necessary size reduction when pssible, and then packaghg SOT 
~~~~o~~~~ storage or permanent disposal. 



12 

0RNL.--DWG 85--12290 

Fig. 2.5. Typical section of a reprocessing cell in a nuclear fuel reprocessing facility showing remotely 
operated maintenance equipment. 
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Fig. 2.6. Typical section of P remotely operated and rnaintatned nuclear fuel repracesing facility. 
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Iii any event, thc decontamination and conlact maintenance considerations affcct design 
choices. Foi example, a unit to be repaired following decontxmindtion must be designed to resist 
the decontamination fluids. 'Ylris may raise both the fabrication cost and ;the cost to dispose the 
associated tlccontamination waste. In my case, hie cost of disposing any itern to a temporary or 
permanent site must also be factored into the design process. 

2.5 510 1'-CELL PENETRATIONS 

In additior to the cqiiiprnent in the hot cell, consideraticn must be given to the design and 
maintenance of the equipment that interfaces with &e ccll equipment and cell environment by 
penerrating die sealed ceU walls to provide materials, services, and other support functions Po the 
cell from outside. The pmetrations are designed as part of the cell walls or other containmeill 
stn~c:i,ure bawd on the funcctio:is to be perfomml in -ZIPe cell m d  arranged usually in a marmcr io  
be rnainbnirned I;-orn outside t ie shielded area. If not, the maintenance must be conducted rcnaotely 
and be prfomed within the capabilities of the ~enmtc maintenance equipment. This 
determination must occur at the design stage. 

The types of cell penetrations include, but arc aot restricted to, air locks, pass-throughs, and 
bag-in poits to allow liarisus types and siLes of materids and cqi.iiprnent to errter or leave a cell; 
scnice plugs or penetrations ti) pmvidc a path for utilities and instrumentation; and spccial or 
standard slcevcs bo accommodate m anipzdators, windows, periscopes, or odaer control equipment, 
Tk trend in recent designs has been to make all utility penetrations removable for maintenance 
or replaceinz~it. This is a distinct deviation from past designs whescin many of thebe utility pipes 
and electrical conduits wa-e cast. into the coricreee wail or otherwise p m a n c n ~ I y  sealed into thc 
confiincment barrier. In addition io the intended lunction, the peiaetraticm must be designed to 
prevent the dispersal of contaminants from thc ccll as wcll as provide adequate shielding against 
penetrating radiation. Temporary o i  poitablc seals or shields may be required during the 
maintcniuicc operatiori if the procedure or mehlod entails a bicach of the sealing or shielding 

'I'he dcsign of the penetration must also recogniLe the presence of a pressure differcntial 
between clear1 areas and contaminated areas and, in particular. during a mainteiinnce operation on 
the pnctration. This differential is provided and maintained to prevent the spread of 
contamination to any clean arca in the evefit of a leak or other breach by maintaining a flow of air 
from a clean area into a contaminated 7one. The xaintenance procedure, which may involve 
opcning the sealing penetration, must ieduce the time and qiiantity of opcniiig tu prevent back 
diffusion and out-leakage and avoid oveiPortdimg the mechanisms that maintain tI-re prcssenrc: 
diffeientid. Gencrally, to prevent back diffusion, an air flow velocity of 30 rnJmin (100 ft/rnia) 
must be maintained. The force against the sealcd opening due to the diffhwial pressure musl 
also be accommodated 

The routing of utilities froin a sewice plug or penetration i s  sometimes accomplished via a 
rernoie-disconnect juinper betwccn the wall penciraiion and the dcstinatiom 'I he design must 
c o n d e r  the xcessibility of the remote discomcets on the wa!I penetration end of the JUSMPCT and 
its manipulation wit11 the available maintenmce tools. Another common ccc~mmce with 
penetrations is the ieplacemenr of elastomeric seals d w  to damage or deterioration, The design 
for this operation should hr, fahricatcd and tested i r r  a mockup utilizing the intended tools prior to 
incorporation in the final design for thc facility. Section 7 covers detailed design and selection 
considerations of connectois used in hot cells. 
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ORNL-DWG 85-69116 

'OLLEY FRAME TROLLEY DRIVE 

CARRIAGE HOlST 

Fig. 3.1. AIMS servomanipulator t ra~~porter .  

3.1 SERVOMANIPUEATOR 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 
dcxtcrity in the remote environment. The slave arm joints are driven by servomotors that follow 
the movement of the master ann 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-ami-type operation) is usually necessary due to the 
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complex, unstructured naturc of the tasks. Retfieving a tool from a scabbard is an example of a 
task which can be srrnct~xed for total computer control provided efae tool is precisely positioned in 
the scabbard. Servonaraaipulators may also provide force-reflection to the operator at the master 
coram1 statiori using a closed-loop control technique with servomotors to drive the master a m  
joizlts in addition to thc slave joints. Force-reRection is very helpful when viewing is obscured or 
when the compnen: being operatcd is capable of k ing  darnaged by the hl1-force capabilities of 
the nnmipulator slave. 

Operator viewing of the in.ccll work site is provided by closed-circuit television (CCTV) 
cameras mounted to the slave package. Tkc cameras typically have multiple joint positioning 
capabilities and lens c ~ n t r d s  for viewing optimization and to enhance depth perception. 
Strategically plzced facility and bsidgc mounted cameras supplement these views but are 
primarily used for positioning the manipulator at the work site and for performing bridge crmc 
operations. A hoist system may be included on b a r d  the slave for lifting component modules. 
Exmpics of ~ W Q  differeat nianipulator systems are described in the following secfons. 

3.1.1 ORNL Advarnced Servomanipulator (ASM) 

The ASM is a b i i a k d  force-reflecting master/slnve servomariipulator designed by ORNL 
for use in advanced nuclear fuel reprocwing facilities. The ASM slave is shown in Figs. 3.3 and 
3.4. A unique Seature of the ASM slave is its modular constniction to facilitate remote 
maintenance using a companion manipulator for its own repair by modular replacement in order 
to increase system availability and reduce radiation exposure to pcrsomel. The systcm is totally 
digitally controlled w i ~  force-reflecting feedback to thc master operator. The, force-reflection 
ratio iiom the slave to the master is variable by the operator from 1: 1 to 16: 1 (master a m  loading 
is adjustable between- 1 and 1/16 of the slave a m  loading). The slave arm has a continuous load 
capacity of 16 kg (35 Ilb) and a peak capacity of 23 kg (50 lb). Thrcshsld force-reflection, the 
minimum detectable slave arm loading which can be sensed at the master control station, is about 
1 kg (2 lb). Master-to-slave arm control is in rcal time with no dctcctable lag up to end-effector 
slewing velocities o f  1 m/s ( 3  ft/s). 

The ASM slave system includcs three CCTV cameras and a 227-kg (500-lb) capacity hoist. 
Two of the three cameras are mounted above the slave a m s  011 positioning arms with four 
dcgr~es-of-ii-eedoril (D.F.), including the pan-arid-tilt mechanisms and have standard motorized 
lens controls ( ~ o o m ,  focus, and iris). The third camera i s  mounted below the slave torso on a 
2 D.F. pan-and-nit mechanism and also has motorized lens controls. The elevation of the cameras 
cannot be adjusted. Lighs are p v i d c d  011 the cameras. "hc hoist is mounted on a tclescoping 
boom that allows adjirsment of the load hook orthogonal to the slave torso. 

The ASM arms have an antl1ropornor~9hic starice also known as an elbows-down 
configuration. This configuration is best suited for working on equipincnt items that are vertically 
stacked on racks where the a m  must reach horiLontally into the racks, However, equipment 
designers must take into account the ability to vicw such items 'in addition to their accessibility by 
thc ami. "hz clbows-up configuration, Sound on all mechanical master/slave systems and earlier 
design servomanipulators, is best suited for working of1 equipment mounted in a horizontal plane. 
An example of an elbows-up system is found in the following section. 

3.1.2 Central Research 1 ,abomtories (CRL) Model M-2 Servomanipulator 

The CRL model M-2 servomanipulator was jointly developed by CRL and ORNL and is 
used for evaluating servomanipmlator-based remote maintenance of hot-ccll equipment at 
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ORNL-PHOTO 3544838 
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Fig. 3.5. The model M-2 sIave - (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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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 lb). Peak capacity of each slave arm is 
46 kg (100 lb). The master control arms are kinematicall) 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 ft/s). 
Threshold force-reflection of the system is about 1/2 kg (1 lb). 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-lb) 
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 

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 1 1 1  N 1 1 1  N 1 1 1  N 17 N. m 15 N. m 12 N. m 111  N 

Slave maximum 222 N 222 N 222 N 56 N. m 47 N. m 40 N. m 445 N 

or force 

continuous operating Squeeze 
torque or force 

Peak slave torque or force 445 N 445 N 445 N 108N.m 9 0 N . m  77 N. m 667 N 
Squeeze 

Maximum no-load linear >1.5 d s  >1.5 m/s >1.5 mh >344'/s >4oo'/s > W / s  >l.Om/s 

Slave a m  motion range - +45' - 4 5 "  - 4 5 ' ;  - +210' 40'; - +180' Tong 0.08 m; 
255" total -125' handle 0.07 m 
with indexing 

or angular velocity 

13 
P 
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3.2 MECHANICAL MASTEWSLAVE MANIPULATORS 

Mechanical masler/slave manipulators may be j :nit of thc remote operating and 
maintenance equipment provided at selected workstations ~ ong the process cell walls. They arc 
used in conjunction with shielded windows to pcrfom light-duty remote handling tasks over a 
limited range. Each window workstation is equippcd with a pair of master/slave manipulators. 
These manipulators operate through a sealed through-the-wall mounting, which restricts coverage 
to the limit of ihc slave arm reach. The general design features arc shown in Figs. 3.8, 3.9, and 
3.10. The assembly consists of three functional components: a master a m ,  a slave arm, and a 
seal-tube asscmbly. Any of these can be exchanged without breaching hot-cell containment. The 
pcrformance data, from CW, on the specific equipment are given in Table 3.2. 

.I _____I 
39.3'' 

ORNL-DWG. 79-6986W2 
(CENTRAL RES. LAB.) 

Fig., 3.8. CRL model J rnastter/sIave manipulator, side elevation. 
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ORNL-DWG. 79-6987R2 
(CENTRAL R E S .  LAB.)  

mao 2 

Fig. 3.9. CRL series SO masterklave manipulator, side elevation. 

3.3 BRIDGE CRANES 

Overhead bridgemounted 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, trollcy, 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 piece of in-cell equipment to a transfer port or 
repair area. The bridge cranes must be provided with remotely maintainable design features for 
recovery from all potential failurc cvents. 
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1 %I- 
Fig. 3.10. CRL model J, grip hand. 

3,4 LIGHTING 

intermittent duly at window stations and s ~ p p l ~ ~ ~ ~ ~ ~  lights on mobile handling equipment. 
The in-cell lighting system provides fixed lights for general ccll illumination md for 
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Table 3.2. Load capacities of the CRL master/slave manipulator" 

Capabilities 

Model J, System 50, 
standard duty, heavy duty, 
extended reach extended reach 

Handling capacity at tong tips 

X motion, Ib 

Y motion, Ib 

Z motion, lb 

Elevation rotation, lbhn. 

Azimuth rotation, lb/in. 

Twist rotation, lh/h 

Tong opening, in. 

Grip force, Ib 

Handling capacity with a 
load hook accessory, lb 

20 

20 

20 

125 

150 

120 

3.25 

20 

60 

50 

50 
50 
300 
300 
300 
3.25 
150 

120 

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

3.4.1 General Mot-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 workstationhack. All fixtures 
use comrnercially available lamps. Circuit-breaker panel bards  and control switches are located 
outside the cell. 

3.4.2 Auxiliary Cell Lighting 

Lighting is provided on thc in-cell maintenance system. This allows system operation 
independent of the facility lighting md 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 enhance the feeling of depth. 

3.5 CLOSED-CIRCUIT TELEVISION 

The primary mcans for viewing remote operations in the process cell i s  through CCTV 
systems. In-cell equipmcnt includes camera-mounting structures and in-cell cabling. Viewing 
monitors and camera controls are located in the maintenance control room as shown in Fig. 3.1 1. 

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 positioning 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. 
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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 purp~ses .~  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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Fig. 3.12. Shielding window viewing areas. 
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O R N L  D W G  79-6859R2 
( K0LILMC)RGAN 1 

OUT OF- CELL 
AREA 

LI I 

I.Q ~ 19'' a-4 

Fig. 3.13. Wall periscope. 

standardiLation 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 fcatures. Specific types of tools in this 
category can be operated maxully, 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 items 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, see 
Figs. 3.14 through 3.17. 

Impact wrenches in nominal 10- to 20-mm (3% to 3/4-in. U.S. standard) drive sizes are 
used with manipulators and provide 170 to 340 N.m (125 to 250 ft-lb) maximum torque, 
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Fig. 3.16. Standard wrenching operatluo un a cummerclal tubing connector by electromechanical manlpuIator. 
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respectively. A 25-mm (1 in.) drive impact wrench suspended from a crane hook can develop up 
to lo00 N.m (750 ft-lb) 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. 

MASTER -SLAVE 
MANIPU LATOR 

ELECTRIC DRIVE 
IMPACT WRENCH 

- 1 8 " d  

Note Dimensions typical 

ORNL D W G 8 0  15099R 

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 
sl igs.  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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ELECTRIC 
IMPACT 
WRENCH i (1-in. drive) 

.OVERHEAD 
BRIDGE CRANE 
HOOK WITH 
ROTATOR 

w 
00 

Note: Dimensions typical 

Fig. 3.19. Large impact wrench for use with overhead bridge crane. 
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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 doors or plugs to 
ensure the airtightness requind to maintain pressure differentials of the cell atmosphere. Standard 
sew ice penetrations are designed to accommodate utilities, mastcr/slavve manipulators, and 

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 ensure that all 
tools and equipment modules can be easily moved into the cells to service remote maintenance 
activities. 

periscopes. 





4. GENERAL GIJXDELINES FOR THE DESIGN OF REMOTELY 
MAINTAINABLE EQUIPMENT 

This section discusses remotely maintained equipment LO guide an understanding of the 
capabilities and limitations of remote maintclaanee systcms availatile to access and service in-cell 
equipment. 

Operations in radiochemical processing facilities utilize equipment designed to fuuxiction by 
remote coiitrol md to be maintained by remote hmdling equipment, This i s  based on 
considerations lo isolate the operating personnel from high radiation and contamination hazards-l 
'These design guidelines are based on concepts, ideas, and requireenments gained through remotc 
handling equipment operating experience. It is imperative for the designer to be familiar with tlic 
characteristics, capabilities, and limitations 0f the systems that will be used to perform the remote 
maintenance on the ptoccr;~ equipment bcfore undergoing final design. miis includes cranes, 
manipulators, and support equipment such as lighting, viewing systems, arid the range of took 
available (Sect. 3). 

The designer must eiiisure that the process equipment can be maintained remotely with 
adequate access (Sect. 4.4) to any givcaa unit aid provide sufficient space and clearances to 
illuminate and view the entire maintenance procedure, An equipment mock-up area as a design 
aid i s  both useful md desirable for proof tcsting of: the remote maintenance pmcedamrcs and 
handling operations under realistic conditions. Beyond the initial equipment installation and plant 
facility startup, personnel are excluded from hands. on acccss; hence, equipment designed to be 
opcsatcd and maintained remotely  USE &O be installed remotely. 

4.1 RADIATION 

Process systems that handlc radioactive rnalePids are required to be remotely maintainable 
to minimize permme1 expsurc and to be assembled with components of economically useful 
durability in the ionizing radiation environment. The ch;aracteAstics of radioactivity are discussed 
in more detail in Appendix A. 

The designer of a radiochemical pmccss facility is concerned a b u ~  thc protection of 
pcrsonnel from sources of harmful types of ionizing radiation. 'I'he types arid intensity of 
radialion in a process cell at any given time depend on the source materials preseni. spent fuel, 
the process stream, induced radioactivity, surface contamination - aid their locations. 

Spnt  fuel i s  a source of intense high-lcvcl radiation usually comprise of three major 
components: (1) actinide elements (uranium, neptunium, plutorriurn, americium), which are the 
major sources of alpha and neutrsti mdiadon; ('2) fission product elements, which povide most of 
the beta and gamma radiation; and 43) 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 nomd pmcess stream and deposit on 
external surfaces or become entrained in other process streams. Surface contamination is usually 
a secendargr radiation source in the presence sf nomal fiiel process sbresrns but i s  still significant 
when Itbe nomid process stream is removed (Sect. 2 4). 
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The designer of radiochemical process plant equipment i s  chiefly concerned about gamma 
radiation effects 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 ta one-tenth of original 

One-tenth dose rate 
Density thickness 

Material g/cm3 ibm.3 cm in. 

Concrete 2.4 0.087 23.11 9.1 

Iron 7.94 0.287 6.86 2.7 

Turtg sten 19.64 0.710 1.78 0.7 

Lead 1 1.34 0.4 10 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 effects 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 parls inventories, and minimizes operator training time for maintenance. General 
standardization guidelines for cquipment 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 cornponcnts (further 
guidelines are contained in Sect. 6). 

3. Utilize standard design solutions, as described in Lhis manual, wherever possible in preference 
to creating new design solutions. 
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4 3  WEPBACEABHH,ITY 

The folkwing list entails some rec~mtnended design practices to provide for the: 
replaceability of modules (Sects, 2.3 aid 4.9): 
1. Design m@dules to 1% ren~oteiy maintained using the available maintenancc eqilipanent', avoid 

speciai tools, jigs, and fixtures, if at all possible, 

2. kovide as-built dimcnsinns of all snodules or replacezble enmponents. 

3. Mark and label (Sect. 4.10) modulcs to identify where they male to the parerit machine. 

4.4 ACCIESSTBIIEITY 

T h m  is a significant ditkrence in thc accessibi%ity requircmsmts for equipment to be 
repaired by force-reflecting semionnaniprlators miher than by h~mans .  For instance: an impact 
wrench modified for in-cell mmlipdatos aisc would typically haw overall dimensions of 41 to 
46 ern (1 6 to 18 in.) long by 30 eo 4 1 cm (1 Z to 16 in.) high by 15 to 20 cm (6 to 8 in.) wide. Use 
of the v~resach to remove or loosen a bolt on an equiprncnt module would not only xquinr: 
sufficient access space near thc bolt but also a clcar path of  sufficient s i ~ c  to bring thc t ~ a l  i-rto 
the wonk spacc from a dirccfioei accessihk to the mainkmnre equipaent. Other considerations 
include lcaving sufficient clcamm to accommodate thread travel as the bolt is loosened 
ensuring that the bolt bcsd i s  visible with the in-ceU viewing equipment. Some general. guidelines 
to ensure accessibility incl~lrllc the following: 

1. 

2. 

3. 

4. 

5. 

6.  
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4. 

5.  

6. 

7. 
8. 

Specify methods for removal and storage of process or product materials from the failed 
system. 

?hssnre that the design and assoc5atcd maintenance time periods meet plant operating 
availability requirements. 

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

Assure that the equipment mwis the modular design critefiia. 

Perfom1 malfunction/failuree analysis of equipment operations to a s s u ~  that failulle modes do 
not lead to more failures, etc. 

4.6 CALIBRATION AND ADJUSTMENT 

'T'he calibration and adjustment of instruments and components by remote manipulation and 
viewing are difficult tasks. In-cell sensors, used to measure position, speed, force, temperature, 
and llow present special problems. These components are subject to failure due to radiation and 
comsior~ effects, as well as from noarnal use. Some genera? guidelines in this area include the 

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

2. Provide means to rcnotely calibrate in-cell seiisor~ from outside the cell. The techniques 
depcnd on the seiisor applications. Frequently, redundant sensors arc used to measure a givcn 
parameter continuously, and portable sensors are uscd periodically to confirm the fixed sensor 
output accuracy. Fixed gage points would apply to a psition-measuring sensor. 

3. If in-ceU senson are unavoidable, then adjustment and calibration operations should be 
prfonmd in-situ using the smvommipulators wherever possible. Performing these operations 
by contact means, in most cases, will require removal from the cell and decontamination or 
the scnpsor or mcchanisrn. 

4.7 DECONT.4MIWATTON 

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

1. Choose constmction materials €or equipment, scheduled to be decontaminarcd for contact 
maintenance and latcr reused, which resist degrddaticin by the decontamination fluids and 
procedures. 

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

3. Cbaaside: the decontamination procedures so the design of the equipment can reflcct the 
following features: 

following: 

no blind holes unless provided with drain ports, 

specify continuous welds to fill cracks and crevices, 

use smooth or polished metal surfaces (electropslishing is a CQYPP~TIQII finishing technique 
used widely in the nuclear industry), 
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4. The primary method of in-cell mainteiamnce is replacement of failed modules by reniotc 
handling and manipulation techniques. Subsequent repair of failcd modules will, in many 
cases, pcquire contact maintenance. There are three basic techniques to reduce ionizing 

inattinn to acceptable Bevels and pennit contact maintenance on complex 
vision cameras aid manipulator ams: 

Install gastight md waicrtight shrouds that protect mechanisms arid joints but do not 
impair operarion. Thcse can be placed around certain cquipnent before transferring the 
unit inlo 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 i s  transferred into ~hae contact maintenance shop. This is cornmsnl~ 
referred to as "booting." 

Decontaminate unshaoudcd ~ q u ~ ~ ~ ~ ~ ~  to acceptable levels (see Sect. 2.4). In this case, 
conipkre equipment rebuilding to replace items such as lxarhgs and connectors, which 
are susceptiibk to damage by decontamination scalutions, is usually required. 

avoid porous materials, ifpossible, and 
eliminate joints that may trap maecrial, where possible. 

. 

4.8 STORAGE OF EQUIPMENT 

General guidelines established for equipment storage include the followi~~g: 

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

2. %%ern failure of a COM ncnt must be corrected rapidly, spare parts must be stored in-cell in 
controlled storage arcas. Spare par& should 'm stored in the immediate vicinity of use to 
minimize transfer distanccs. Consideration must be given to radiation ~ a ~ ~ ~ e  to equipment 
iasveriiobiicd in-ccclCI I 

3. Storage of special tools and fixtures used infrequently for the installation, removal, md 
calibration of in-cell equipment musl be considered. These items will besornc csntaminatcd 
md can be stored in a niirnber of places, imcluding &he following: 

0 

4. Span: parts, took and fixtures, and storage needs must 
design. 

en OF in the vicinity of the equipmen1 they sewice, 

in the controlled storage arcas within the cclls, 

jn the ~ ~ n t a ~ ~ - ~ ~ ~ n ~ ~ n ~ ~ ~ ~  shop storage area (after decontarninaiionj, and 

out-of-cell in gastight bags or containers (after de~~aaba~~~ i~cat i~n) .  

identified as part of the equipment 

4.9 MQDULARI[ZATPON OF EQTJIPMENI' 

Previous sections discuss why certain types of components are msuntcd in rcrnately 
replaceable modules or subassemblies. This secdon covers same basic guidelines and special 
tools used to enable the installation and replacement of modular units by rcmsts maintemancc 
handling techniques. 

example, a special lift 
fixture, used on a specific modulc unit nnt frequently moved, is a special tool. Specid tools may 
be difficult to store and to relocare later when needed. The designer should minimize the necd for 

S p w i f  tools may he designed for specific maintenance tasks. As 



special tools, fixtures, and gages required to maintain remote equipment. Use special tools and 
fixtures only where there is 110 viable alternative. 

4.9.1 Liftiirg Bails 

replacement in the process cells. Gencra4 guidelines for lifting include the following: 
All replaceable modules or subassemblies require lifting for transport, installation, and 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

Listall fixed lifting bails on the modules where possible. This avoids special lift fixtures and 
helps to minimize the rnkntenance task time. 

Provide tapped holes at the module lift points for threaded eyebolts when a fixed bail 
interferes with installation or operation, ‘Illis choice depends on the dexterity of the 
servomanipulator type available to install and remove the eyebolts or the hole plugs. 
Commercial designs of standard, eyebolts include both rigid-eye md swing-bolt choices 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 io 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, md cable slings based on yicld strength and 150% of the test load rating. 

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

Ensure that the lift p i n t  is visihlle to the in-cell telcvision cameras during crane hook 
engagement and dismgagement opcratiom. 

Locate the lift point over eh-c center of gravity to enhaice removal and installation by enabling 
the module to hmag in ils normal installed attitude. Tkis noanally requires installation of bails 
a k r  modide fabrication. Single point lifts that require no special rigging are preferred where 
possible, but if a module i s  configured so its Center of gravity is abnormally offset, then 
niultiple p i n t  lifting may be necessary. 

Design rigid lifting bad8 to ensurc stable engageement 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 aid the hook. Examples of good bail design for hook and grip control are shown in 
Figs. 4.1 and 4.2. 

Design lifting bails for straight vertical hoisting. In general, good practice crane operations 
apply a vertical force, only, when lifiing a load. 

Design small niodules, riurrnally haidled by the mmipulaltor, with features to enhance the 
grasp of the manipulator tongs for a positive hold and maneuverability. Examples of channcls 
to aid tong gripping and conlrol are shown in Fig. 3.14. 

4.9.2 Rest Points 
All rcmseely rcplaceable modules require rest points to: 

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

2. Prevent damage to critical eleinents on the module. 

3. Although most modules rest in placc by gravity, if hold-down fasleners are used, the rest 
points must stabilize the unit for self-support when the mounting fasteners are disengaged, 
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Note: Dimensions in inches. 

MIM. R %E 

TYPE I 

TYPE II 

STOPS TO MAINTAIN 
H 3 O K  PICK-UP HEIGHT 

OPTIONAL HINGES 

SELF-SUPPORTING CABLE ‘c\ 

+-.-----I 
TYPE I l l  

Fig. 4.1. Lifting bails - types X to In. 
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ORNL-DWG 87-5532 

14 I2 S 4 

Note: Dimensions in inches. 

BOTH TYPE IV A N D  V B A I L S  A R E  TO BE USED WHERE 
HOOK IS T O  BE USEL) TO R O T A T E  MODULE 

TYPE IV 

1/2 

TYPE v 

Fig. 4.2. Lifting bails - types ;ZV and V. 
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since a manipulator may be required to help rig a hoisting hook at the lift point after the 
fasteners arc loosened; especially3 when an overhcad bridge c r a w  lift is required. 

4.93 Alignment F 

All remotely replaceable modules and assemblies rcqrnirc buill-in alignmenat guides to 
simplify installation. General guidelines suggcst: 

1. It is common practice to use two companion sets of guides to locate a module 'me first set 
does gmss positioning arnd leads the module into the second, more precision guide set, which 
may be a set of close tolerance pins and holes to ensu i~  a precise gear engagement, or a shaft 
coupling engagement. A well chosen, two-stags: guidance can lead a unit squarely in place 
using only a hoist, without requiring a mmipeslator system for alignment assistance. 

2. The design of a precisian guide and locating procedure avoids undue tilt, binding, or seizing 
during i ~ ~ t ~ ~ ~ t ~ o ~  md removal. Precise alignment of a module ashnould occur over the last 3 to 
5 mm (118 to 3/16 in.) of vertical travel to avoid binding. Close fitting guidcs made from 
metals dissimilar to the module casc material can effectively ~cduce the o~currenec of galling 
or binding 

3. Aligmcnt csprations rely on in-cell tdevision camera viewing. Prpijvide a elear view by the 
in-cell televisisn cameras for proper module engagement and mating. Avoid blocking the 
he-of-sight view of the guides with thc module il;oelf. 

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

5. Some examples of alignment schemes for remote placement are shown in Figs. 4.3 through 
odules should be installed and located by guides and pins in a 

~nienner so that the mani r or crane hook can be detachcd before faastenen are engaged. 
The lacaling system (see Sect. 2.2.2) is required to be accurate enough to ensure that die, 
screws can then be engaged wikhout damage to the screw threads or other fastcriers 

4.9.4 ~~5~~~~~~ 

Fasteners commonly iised slsceessfully in remotely maintained cells include various bolts, 
tiuts, screws, clamps, and pins. For pnrrposcs of standardization (see Sect. 4.23, the following 
guidelines have beern established: 

1. Choose commercially availablc fasteners wherever possible to minimize cost, Some 
nrodifilcations to fasteners, such as the addition of pilot nosed ends, may be usei'ul. The design 

2. In most cases, screws md Its used to fastcw. mrncetely replalamabk moddes md 
subassemblies are expected to be l o o ~ n e d  or tightened by motorized impact wrench or nrrt 
runner guided by a manipulator or a erarae hook. The following guidelines are irsehl in 
selecting fastenem: 

Choose a co mon mounting bolt s h ,  if possible, to minimize tool chmgeorat during 

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 e hjgh probability of 
tool darn age to smaller screws. 

Specify coarse series threads to lessen the hazard of cross-th'ead damage using 
enancnipdator tools. Rcmmmend threads to 

md fabrication of special fasteners are usually umeccssary. 

debuned and demcd to resist galling. 
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ORNL-DWC. 79-6977R4 

OT HE FEATU 

GROOVES 

AID ALiGNMENT 
MAY BE USED 
AS VISUAL 
OIRIENTATION 
INDICATORS - 

ASY MMET R l  CALLY 
LOCATED GUIDE 

GUIDE PINS OF DIFFERENT LENGTHS 

REMOTE ENGAGEMENT WHEN GROSS 
GUIDES A R E  NOT USED 

* 
SHOULD BE usm TO SIMPLIFY 

Fig. 43. Mating flange guide features 



51 

OMNL-DWG 73-6974 

I CHAMFER ---A 

I 

S T R A I G H T  BODY 
FIXED 
SUPPORT 

1 

I 
I 

LENGTH AND D IAMETER OF P I N  
DETERMINED BY SIZE OF MATING 
COMPONENTS AND ALIGNMENT 
REQUIRED 

NOTE ' R E M O V A B L E  GUIDE PINS __- 
NEED TO BE S E L F - R E T A I N E D  

Make provisions to avoid cross-threading damage at the start of scmw engagement. 
Specify a slight chamfer or thread blunting on the scrcw end or furnish a counterbore or 
countersink to lead a screw into a tapped hole. 

Ran to use ACME threaded fasteners in applications requiring s c ~ w  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 cmse some abrasion a d  fretting if mating threads are 

* 
e 
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ORNL DWG. 80-6842Rl 

Fig. 4.5. Floor guide bracket. 

unlubricated. Where permitted, lubricants can prevent Lhread surface metal transfer, one 
primary cause of galling (see Sect. 6.3 for reconmended lubricants and surface 
trca tments). 

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 bolts are used for low precision 
assembly, the nuts may be captured like the examples in Fig. 4.10. 

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

. 
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I -  

\--/' 
Fig. 4.6. Vertical hanger bracket 

Provide pins OF shoulders to ensure alignment and to apply only tensile force in a manner 
to load my bolt only along its axial centcrline. Never load a fastener heavily to "pull" an 
assembly into alignment. 
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ORNL-DWG.80-6850R 3 

GUIDE CAP 

COMMERCIAL 

FIXED MEMBER 

Fig. 4.7. captive fastener ~ typical. 

Plan to install any screw fastener, requiring a hook-mounted impact wrench, in either a 
vertical or horizontal direction. Inclined operation of the wrench requires screw chasing in 
two dimensions with the hoist to maintain tool psition. 

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

Consider commercial ball-lock pin fastenax, I-Iowever, the pins should be modified to 
provide a gripping head for push-pull operation by the manipulator tongs as shown in 
Fig. 4.1 1. 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. 

Conimercially available toggle an8 swing clamps are acceptable to fasten a module 
expected to be movcd frequently. Plan to provide access to the clamping adjustment 
mechanism by the m ~ p u l a t o r  tools. 

Consider very limited use of other fasteners such as snap Pings, roll pins, cotter pins, and 
spring clips to secure remotely replaceable units. Limit the use of these fastener types to 
hands-on mainEenance equipment planncd for service outside: the cell. 

0 
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-__I 
.-. 

TifsOL? SIZE -I TA') 'I 8" "C It (I D" E 
.............................. . 0,06 Oq 30 318  UNC 16-2A 0.38 

1/2 UNC 13-2A* 0.50 0,40 ..................... 0,38  0,06 
314 UNC 10-2A 0 I 70 0. 6 3  0 , 5 0  0,06 

0,129 
0 , i Z  1 1/4UNC .......... .7--2A 1.10 .- 1,07 0 ,63  

- ............ . ........ .- 0.28 __ 

..................._.I_ 1 UNC 8 - 2 A  0,90 0 .85  0 , 5 0  

__ ~- . 

R 

/----OP-t .ONAL SOCKET GUIDES 

........ _ _  - 

........................ 

FINISHED HEX HEAD, 
STANDARD ANSI R18,2,1 
BOLT SIZED TO MATCH 
THREAD 

PILOT L E A D  

45 
I 

'A MINIMUM OF CLASS 2 A  THREADS ARE REQUIRED WITH 
3 A  OPTIONAL. 

Fk. 4.8. Captive bolt sizes. 
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0 R N L-DWG 87-5472R 

MODIFIED COMMERCIAL 

REMOVABLE 

THREAD and 
PILOT LEADIN 

Note: Recommended fasteners, 3/8", 1/2", 3/4", 1". or 1 1/4" 
American National Standard Thread 

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 modulcs will be required for numerous purposes: including 
spare parts inventorics, in-cell equipment identification, equipment refurbishment, and equipment 
packaging and disposal. 

The modules arc to be permanently labeled (Le., stamped in stainless steel plates for 
protcction from the cell environment). Thc labels or markings are to be placed in locations that 
are clcarly visible to remote viewing cameras. More than one 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 pit. and 
grooves. Cast parts may require a suitable coating, for the sewice environment, to cover the pits 
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ORNL-DWG 80-6852 R 2  

0.12 x 30" TYPICAL 
AT PARTING LINES 
FOR A L L  TYPES 

K 'I 
MANIP- 

TYPE I RETAINED NUT ____ - __ ......-.--.. ...... --11 

PARTING __ 
LINE 

PARTING 
LINE 

+ 
OPTIONAL WELDED 

I/-? NU7 

Fig. 4.10. Captive nuts. 
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QRNL-DWG. 79-6983R3 

( a )  DETENT PIN IN RETRACTED 
POSITION ---- D E T EFJT BALLS 

‘-PARTING PLANE 

( b )  DETENT PIN IN ENGAGED 
POSITION 

Fig. 4.11. Detent pin. 

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 repainled with 
an acceptable paint.* 

Surface finishes should be used to enhance viewing wherever possible. Different colors 
may be used to distinguish betwceri modules or components. Windmill or strip pattenis can be 
used on moving parts to improvc the operator's ability to monitor equipment. To reduce operator 
fatigue, surface glare must be held to a maximum reflectance of 0.35 f, 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, md Inspeclion of Protective Coatings (Paints) for Fuel Reprwessing Plants." 





5. MATERIALS GUIDELIWES FOR DESIGN 

This section contains general gpnidelines for the scltxtion of materials for the in-cdl 
environment of radiochemical process facilities to meet requirements for resistance to ionizing 
radioactivity and the corrosive a osphere than can develop due to spills or leakage from the 

ipment. The wetted parts of thc pmccss equipment are primarily stainless steel or 
als designed to resist corrosion by the process fluids. 

s.1 DESIGN CODES 
ard codes such as those published by the American Society for Testing aid Materialis 
d the American Society of Mechanical Engincers Ressure Vessel mind Bsilcr Coda: 

(ASME Code) are used extensively for the design of dl the. equipmet& These awl other 
~~~~~~~~~ codes should be referenced in the specification OT criteria for each ikm of equipment. 

When a material is expscd to ionizing radiation, absorption or the high-energy pai-lklcs 
can produce microscopic changes in the composition and structure of the materiala The minute 
changes caused by a single reaction lids allmost no obscrvabje effect on the physical, chemical, or 
biological propenajes of the material. However, if the material continues to be exposed to 
radia(hion, a sufficient number of reactions can occur md cause the properties of the material to 
change. 

The nature, extent, and influence of radiation effects on the operational capabilities 0f a 
component depend on many factors, such as (1) the type of material k i n g  exposed, (2) the 

ount of  radiation it absorbs, (3) the exivironmental conditions other lhm radiation, md (4) the 
physical application of the material. 

Radiation effects may alter the pwfomance of components in a variety of ways. 1x1 riiany 
cases, irradiated materials detexioratc much as they would in the absence of radiation, except at an 
accelerated rate- Materials olhcr than metals and ceramics tend to deteriorate far 6xaorc rapidly. 
Some components and materials are cspccially sensitive to radiation effec~q mad may requisc 
special design feamrcs and/or special maintenance programs. Examples are compncnts 
falxicbaed from organic materials, such as plastics and elas&miers; light-tranmitting components, 
such as lenses and vicwing windows; electrical d electronic cquipmcnt; and mlechanicd, 
hydraulic, and pneumatic systems componeim, such as lubricants, seals, hoses, ;and hydraulic 
fluids. 

For example, elastomer seals and hoses in hydraulic equipment nonnally have a rcasonably 
long lifetime, best when they are exposed to a radiarion cmvironment, deterioration is accdcrabed 
and the useful lifctirne may be reduced Physical changes caused by radiation can include 
swelling and changes in strength md elasticity md lead to faulty operation of hydraulic systems. 
A change in the viscosity index of  some organic liquids can impair 1ubridcit.y. Radiation c m  
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produce Irmsient as well as permanent 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 electrical and electronic 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 maintcnance. However, selection 
of metal components or structures requires some caution. Cei-tain alloys are subject to 
embrittlernent. General punpose load-bearing equipment systems such as cranes may need to be 
down-rated over the life of the plant kcause 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 exposure. The choice of qualified radiation-resistant materials and components 
ensurcs greater plant operating life, reliability, and availability by reducing the frequency of 
maintenance. 

Radiation resistance i s  conventiondly stated as tke total dose of ionizing radiation exposure 
that the component can absorb and still remain functional. For gunma radiation, which is of the 
greatest concern in a mprocessing facility, this dssc is normally measured in rads; for example, a 
particular component may be able to absorb 10' rads. The expected lifc of the component before 
failure caused by radiation damagc may be calculated 'By dividing the allowable dose by the dose 
rate. For example, if a component that can absorb lo8 rads is exposed to a hot-cell dose rate of 
l@radsh, thc expected life would be 108/105 = 1080 h. The effects of radiation on various 
materials and components are presented in Appendix B. 

5.2.2 Corrosion-Resistant Materials 
Like conventional chemical prucesses, sadiochcmicd 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 Fj possible to use the 300 series stainless steels, primarily when 
mechanical properties to avoid galling afid wear rcsistance, etc., are required. 

Other materials may be susceptible to corrssivc darnage by material in the process cell 
envimnment, The normal environment in the process cell can be modified by leaks or spills. 
Further, materials used for equipment items that are to be periodically decontaminated, 
contact-maintained, and then returned to service must l.>e resistant to damage by the 
decontamination methods and procedures. 

The plant designer must anticipate unplanned events as well, such as leaks and spas, which 
occur in the form of liquids or fumes. The most severe corrosive environment normally 
encountered by bot-cell compncnbs and Emote-handling equipment consists of nitric acid fumes 
and vapors and/or liquid nitric acid from spills and decontamination procedures. The choice of 
compatible materials md coatings to resist and survive these occasional expxurcs i s  based on 
these corrosionld@co~ttaminatiok7 factors, as well as the selection of compncnts, such as bearings, 
mupl>lings, seals, shafts, etc., from suitable materials to assure functional p e s f i ~ t ~ ~ ~ m ~ .  

Certain methods to overcome materid incompatibilities may be used. Also discussed in 
Sect. 4.1 1, corrosion- and radiation-resistant barrier coatings and sealanrs can be applied to less 
qualified materials to enhance performance. In some eascs, an economic trade-off may allow the 
choice ts accept corrosion and plan for replacement of the component on a ?egdar schedule, in 
place of a severe and costly decontamin2eisn procedure. The trade-off options depend on factors 
of operability, sewice life, ease of replacement, downtime, and overall cost (initial cost, 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, dcscribed below, History indicates that use of the best available 
materials, such as stainless stcel 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 clmicx for metal components for in-cell 
pmxsscs. The corrosion rates of all stainless steels incrcase with nitric acid concentration and 
temperature. Types 3041, md 347, in the a-welded c o n ~ ~ t ~ o n ~  show good resistance to nitric acid 
cornsion and may be used for field-welded fabflcation. Types 315 and 3161, in the annealed 
condition have about the same resistance to nitric acid as 304L and 347; however, unless required 
for other than comsion resistance, the higher cost may preclude meir 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 contcnt 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 
408-sepies stcels or cast chromium steels is not recommended. 

High-silicon cast irons conraining 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 exceptionally 
resistant to nitric acid. This materid has kiter 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 

Nonmetallic materials, resistant to altack by nitric acid, include glass, polyesters, 
hot-cell CQomponCnt~. 

polyethylene, polyvinyl chloride, butyl rubber, saran, and styrene copolymers. 

52-31 Materials Resistant to Galling 

Stainless steel is uscd extensively to fabricate hot-cell equipment. Because of the broad use 
of stainless steel, which is highly prom to galling bctwecn mating parts, attention to design 
against galling is important since galling is not readily detected when it bcgins to occur with 
remote manipulation. The galling problem is most prevalent between mating parts of heavily 
stressed screw fasteners. It is generally avoided by specifying the use of dissimilar mating 
materials. Ttpc following i s  a list of scvcral causes for galling, along with suggested ways to avoid 
dien1: 

1. Paor surface dinish- - Screw threads should be deburred and cleaned. 

2, Inadequate lubricatio - There may be a certain amount of abrasion and [retting if bolt 
threads are not lubricated. Although nat always fcasible, lubrication will prevent materid 
transfer and bus galling (see Sect. 6.3 for recommended lubricants and certain surface 
treatments). 

3. Improper selection of materials - Some material combinations have a high pmpcnsity to 
gall. Nitronic 60 is a trade name antigalling material used primarily for bolt and pin fastenen 
in high corrosion applications, Table 5.1 presents infomation generated by ARMCO Steel 
Corporation, indicating that Nitronic 60 is recommended for components prone to galling atid 
requiring high corrosion resistance. Tests have shown that a precipitation-hardsrled (1 7-4 PH) 
bolt with a Nitronic nut is much better than a Nitronic bolt with a hardened nut. 



Table 5.1. Material galling data 

Stainless steel couple (hardness - BHN) 

Galling 
pressure Wear 

(Psi) factof 

Nitronic 60 (213) vs Type 47-14 PH (313) 

Nitronic 60 (205) vs Type 316 (150) 

Nitronic 60'vs Type 316 (150) 

Nitronic 60 (205) vs Nitronic 50 (205) 

Nitronic 60 (205) vs Type 44@C (560) 

Nitronic 60 (205) vs Nitronic 60 (2 16) 

Nitrcmic 60 (205) vs Type 384 (140) 

Type 304 (140) vs Type 316 (150) 

Type 17-4 PH (3 1 1) vs Type 304 (140) 

~ y p e  17-4 PH (415j vs ~ y p e  316 (150) 

Type 44OC (560) vs Type 440C (604') 

Type 301 (169) vs Type 440C (560) 

Type 17-4 PI3 vs Type, 17-4 PH 

~ y p c :  410 (352) vs rryw 315 (150) 

SQ,OO@+ 4.3 

50,000+ 

38,008 

50,080+ 3.5 

50,000+ 

.50,W+ 2.8 

The  wear factors are weight loss in milligrams after 1000 cycles on a 

?lata abrained from ARMCO Product Data Bullctin S-56A. 
'T'aber metal abrader machine. 

The following design hints can hclp to avoid galling: 

1. Cross-threading - To avoid cross-threading, prepare bolt threads as shown in Fig. 4.8. 
Blunting the starter threads i s  a CQI-IIMO~ practice. 

2. Improper alignment - Misalignment when keginning ta engage ahreads or when tightening 
fasteners will increase the putential for galling. Design examples md procedures to ensure 
positive alignment prior to tightening bolts seciircly are covered i~ Sect. 4. Every effort 
should be rnde  to ensure that bolts are loaded in tension only md not in shear. Pifins or 
shoulders ensure props alignment and are designed to cany shear Isads. A scrcw 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, Iunctional, 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 coritrolled by expsunr: factors of high corrosion or radiation 
embrittlement. Good design practice avoids requirements to perfom adjustments using 
manipulators inside the hostile in-cell ares because of the extreme difficulty. Also, the use of 
special or single purpose tools or fixtures to perfom remote maintenance generally complicates 
procedures. 

5.1 EVALUATIONS AND ASSESSMENTS 

6.1.1 Remote Maintenance Evaluation 

A technique that has been found to ensure that in-cell electmmeckanical equipment is 
remotely maintainable is to prepare a formal remote maintenance analysis during design. T h i s  
evaluation is performed by developing remote maintenance procedures to a prescribed level of 
detail. The first step is to identify in-situ removablc modules. Next, rank operations required to 
remove and replace each module in order of execution. It is only necessary to identify specific 
tools required to perform each operation if, for rare cases, a certain special tool is needed to 
perfom that operation. For each operation, the following questions expect affirmative m s w c ~ :  
1. Can the applicable maintenance system gain access to reach the area and p ~ o m  the 

operation? 

2. Docs the operator have adequate visibility through the camera to perfom the task? 

3. Are the lift points properly positioned for the module to eithcr hmg 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 see the guides? 

6. Is there adequate clearance to allow installation and removal? 

If maintenancc 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 mplaced. List the 
procedural steps nquired for removals disassembly, and replacement. 

Occasional adjustments, such as shimming, etc,, are made outsidc 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 thc engineering drawings and the inspcction plm, 
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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, unlubncated, and under low stress conditions. This assessment includes 
calculating or estimating the radiation dose or exposure to which the equipment will be subjectcd. 
hclude 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 a 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 rhe life of the plant. Motor life is short compared to plant life. 
The major causes of electric motor failure in high-radiation fields 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 (see 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, e.x%xxd and open. Enclosed gearing, 

chosen for in-cell use in the past, has almost always been flvm 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 md seal material. If this life i s  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 shaft 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 ( S e e  Tablc 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 bc 
acceptable in specific applications. 

It i s  almost always appropriate to design a motor and gear reduces 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 sane time, as Equired. 

Open gearing, as shown in Fig. 6.1, is generally designed to operate dry or with a dry-film 
lubricant and is appropdate for low-speed and/or internittent 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 careful and precise dimensions. This 
problem can be minimized by utilizing large-tooth gears, @eo, minimum diametral pitch). 

6.2.3 Mechanical Drive Shaft Coirplings 

Rotary mechanical drive shafe couplings vary widely, aid selections are mutually 
dependant on alignment, torque, arid speed. Motor drives are coupled mechanically in various 
schernes, Encased gear drivcs typically have input and output couplings to connect both motors 
and equipment. Some examplcs 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 
techniqucs when the mating parts are designed with self-aligning fCahirCS. 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 i s  limited only by the 
ingenuity of the designer. Proven, simple designs are usually the best choice. One mcthod i s  
illuslrated in Fig. 6.2, relying on coupling engagement by gravity. 

High-speed rotary drives generally require precisely aligned motor couplings. Installation 
and replacement cannot be performed remotely by convcntional means. When high-speed is 
required, as for centrifuge units, the rnodulc 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. 6.1. Open spur-gear shaft coupling methad. 
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TO BE RETAINED ON 
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CAUTION. MANY DIMENSIONS 
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CRITICAL-SEE REF. 
DWG. 

Fig. 6.2. Motor mount for remote assembly. 

limitcd by weight and size. Motor failure. would then bc corrected by replacing the entire module. 
Some high-speed motors can be coupled by remote means. Thcse are special designs with tapered 
engagements to ensure vibration-free shalt 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) are 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 
horiimntal, some horii~ntal movement of a module is required after it has been lowered to the 
operating elevation. Znstead of pinning, this type coupling may be spline-guided, on one shaft, 
and spring loaded to automatically engage, after positioning, upon motor stamp. 
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Fig. 63. Law-speed commercial Jaw-mnpling. 

Male/female spline shafi couplings are applicable for in-cell use. The lead-in or remote 
features illustrated in Fig. 6.4 are mnsidered 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 Ixvel gears have been used to couple shafts that have to be 
decoupled and recoupled remotely. ‘ h e  discussion in Sect. 5.2 on open gearing is relevant when 
gears are used to couple shafts. Figure 6.1 illustrates this solution. A fabricated coupling that has 
hecn successfully tested is shown in Fig. 6.5. Tihe 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 
&st suited for most applications in hot cells. The use of standard bearings in hot cells is 
complicated by radiation effect5 on lubricants and some bearing materials. The bearing lubricant 
(Sect. 6.4) and seals (Sect. 5.5) are subject to degradation. But, in many cases, the design choice 
is restricted to accepting the stmdard bearings md seals in the motors and reducers, as received. 
The radiation dose assessment (Sect. 6.1.2) can help determine the nced to upgrade the expected 
life of the equipment by improving the radiation resistance of the shaft bearings and seals. New 
bearings can be Rushed and relubricated with radiation-resistant lubricant prior to installation in 
the process cell areas. 
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Fig. 6.4. Spline coupling example with lead-in feature. 

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 severd 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 journal 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 10 acid attack and radiation damage to the lubricant (many of these bearings may require 
closc tolerance alignment that cannot be maintained in the process cell where there i s  no 
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Note: Dimensions in inches 

\ 

Fig. 6 5 .  A fabricated coupling example. 

capability for machine adjustment), 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 asembled out-of-cell and replaced as an assembly. 

0 R N L--DWG 88- - 5724 

BEARING CARTRIDGE SPANNER NUT 
STAKED IN PLACE 

TAPPED HOLES FOR 
UNSEATING, 2 REOD 
I a00 APART 
(rotated for clarity) 

(split housing pillow 
block not shown) 

-___- 

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 
A C m -  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 nced for periodic lubrication of the screw and 
supporting bearings. Also, the design of power SCIEW 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 black assembly for small shafting. 

As itn open gear drive design (Sect, 6.2.2), power screws should be designed and si7xd for 
dry operation. The screw, nut, and bearings suppohng 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 o f  the screw. This compensates for sag in the case 
wherc the screw is horizontal md eliminates the need for precise alignment of the nut and scrcw. 

6.2.6 Electrical Pigtails 

A pigtail is the cable bun le that mns from a motor, other electrical device, or instmment 
component to a junction box. Electrical connections should be made up at the device in a 
conventional, nonremote m m e r  (Le., soldered screw terminals). The cable bundle should be 
stmcnnrdly secured to the electrical component 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 Sect, 7) designed for remote manipulation is 
connccted 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 &,fore a cable failure due to 
radiation damage, If the pigtail is required to flex as a part of nsmial spratism, 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 @ d e  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 bundle as shown in Fig. 6.8. For greater 
movement, cable festoons have been used as seen in Fig. 6 'j; 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 k e n  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. 

ORNL-DWG 88-5722 
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Fig. 6.8. Short-motion cable suspension. 

6.2.8 Linear Motion 

Several techniqucs have been successfully utilized in providing for linear movemene in 
- remotely maintained machinery. Whccls running on tracks have perhqs been used most ofLen, 

l'he combination of V-grooved wheels and track on anc side and cylindrical or crowned wheels 
on a flat track for the opposite side is acceptable. Cylindrical or crowned wheels on Rat tracks for 
both sides, with similar wheels perpendicular lo 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 replaccable module. Difficulties have been experienced with remote assembly of 
ball-bushing and shaft assemblies. Designers face two problems with ball bushings. First, there is 



76 



77 

ORNL-DWG 88-5736 

I=&---- 

. ”  ij 3.12 t 0.06 * Go t 5O (typ 2 sides shown) 

VIEW A-A 
(F-5) 

SCALE 2X 

31.12 
CURVE LEG 

34.00 

I 
.___.I_. l___l.._._ll 114.5Q 

GROUP-2 
Note: Typical dimensions in inches 

Fig. 6.10. Flexible cable-way for large bundles. 

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 to 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 

Rcmotc manipulator application of lubricants in the process areas of hot cells is riot 
recommended. Rathcr, the practice hac been to use radiation-resistant lubricants during initial 
lubrication of the equipment. This is u s i ~ l l y  done before the equipment e~nters the process cell. 
Table 6.1 lists a summary of nuclear radiation-resistant lubricants. 

One recommended design practice to select components that are expected bo receive poor 
lubrication is to apply a sevcre service factor of 1-1/2 to 2. This reduces wear or1 poorly lubricated 
parts arid extends lire. 

Many applications such as fastener threads. jack screws, or slide-ways may require an 
uncured layer of graphite or inolybdcnum disulfide. For low-use applications, this type of 
lubricant may be preferred over radiation-resistant greeasc since dry films do not trap airborne 
contamination. 

Special-purpose, dry lubricaiits with good radiation resistance such as soft metal films, 
phosphating. flame spray, silicates, and ceramics are alqo avaiiablc. All of these are difficult to 
apply and could not practically be replaced in-cell. For this reason, they should be used only 
under c~rcimmstances svhare application outside Fhe cell is possible. 

6.4 SEALS 

6.4.1 Mechanical Static Seals 

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

1. 

2. 

3. 

Elastomeric Seal Kings Many conventional elastorners and themitplasdc resins may be 
used where ;he radiation level is 10*/rad or greater. Appendix €4 contains infocPImation on the 
effects of radiation oil thcsc materials. Cften an encased plastic will continue to 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* urethane rubber is suggested for static O-rings. It exhibits 
good properties beyond lo9 rad dose levels and has a proven record in hot-cell equipment. 
Elastomeric Q-ririgs arc very difficult for hot-ccU maintenance equipment to haradle. 
Pitsvisions should be made for rings more  an 5 crn (2 in.) in diameter to be installed with the 
O-ring groove horizontal. In addition, captive O-ring grooves should be used i f  the nsdule i s  
to be handled in-cell with the seal exposed. 

Metallic seral rings -Metallic seat rings (Table 6.2) may be required in high-radiation fields. 
' 1 4 ~  high sealing forces and high-quality contact surfaces required for metallic seal rings bend 
to offset their usefulness. Ax additional constraint on metallic rings is that they must be 
installed and handled by the in-cell inaintcnauice equipment. This may mean the addition of a 
"sucker stick" (a flzt-tab handle attrmcbment to the ring ahat can be gripped by a nianipulator, 
as in Fig. 4.10) or an access slor in rlme ring groove. A method of i-e?aining the sed whik the 
module is trarrsprted QI under repair may also be required. 

Packing ~ Two types of stranded commercial packing, asbestos-graphite (John @rme.r) and 
graphite (Grafoil$), offer excellent radiation resistance. However, packing presents two major 

*E. I. duPont de Neniours Rr Co., Inc., Elasmrner Chemicals nept., Wilmington, IIE 19898. 
?John Crane Bzcking Carp., Morton Grove, HL 60053. 
$Union Carbide Corp., Carbon ProducB Division, Chicago, JL 60606. 



Tabfe 6.1. Summary of nuclear radiation-resistant lubricants 

Product 

Operating Radiation 
rang&" "F dose limit 

('C) (108 rads) Product description Recommended use 

NRRG-159 
(NLGI Grade 2-1/2) 

NRRG-235 
(NLGI Grade 2) 

NRRG-335 
fixGI Grade 2) 

NRRG-509 
(NLGI Crdde 0) 

Chevron Industrial 
Grease Mediumb 

(NLGI Grade 1 - 1/21 

Chevron SRI 
Grease Zb 

(NLGI Grade 2) 

-10 to 325 
(-23 LO 163) 

0 to 200 
(-19 to 93) 

0 to 250 
(-18 to 121) 

0 to 200 
(-19 to 93) 

-10 tQ 325 
(-23 to 153) 

-10 to 325 
(-23 to 163) 

50 

50 

30 Special synthetic aromatic 
oil; sodium amate thick- 
ener, selenide oxidation 
inhibitor 

50 Synthetic aromatic oil, 
silica thickener; sele- 
nide oxidation inhibitor. 
Contains graphite and 
molybdenum disulfide as 
"residual lubricants" 

Synthetic aromatic oil, 
sodium amate thickener. 
selenide oxidation 
inhibitor 

A soft (ASTM worked 
penetration 360 to 380) 
version of NRRG-335 
containing molybdenum 
disulfide 

Mineral oiksodium amate 
thickener, oxidation and 
mst-inhibited; excellent 
worked stability 

oil; polyurea thickener, 
oxidation and rust 
inhibited 

5 One medium grade; mineral 

10 

Antifriction bearings; motors; 
pumps; accessories 

Low-speed, high-load sliding 
surfaces, screw mechanisms; 
Provides residual lubrication 
in remote machinery, such as 
remote valves 

Antifriction bearings, valve 
actuating and screw 
mechanisms 

Special pmduct for enclosed 
gear trains or any services 
including a semifluid lub. :w 

Antifriction bearings; motors; 
pumps; accessories 

Antifriction bearings; motors; 
pumps; accessories 
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Ta4le 6.2 Static seals with hot-sell applications 

Size range Temperature 
range Phone number 

Sed Composition Diameter Cross section Make-up force Sed press ('e Noncircuiar ( I T S  number) Manufacturer(s) 

E-Seal 

X-Seal 

V-Seal 
Mk 1 

V-Seal 
M k  I1 

0-Ring 
(Elas) 

Integral 

K-Seal 

Grayloc 

Hydradyne 

Spiral- 

Coated 11/4/12 
Inconel 

Coated 1/4/19 
300 or 
Hast 

Coated 5/8m 
718N O r  

32 1 

Plastics Minite 

Elastomer AU custom 

Coated 1 r 2 2  

Metal lW40 

metal base 

metal 

C03td 1 /4/24 

Coated metal Standard flg. 
metal 

0.1081.2 18 

1/32/ 1/8 

3/64 / 1/18 

0.050 

0.090K).300 

0.125/0.?50 

U16/ 114 

m I 11/11 

20 100 lb/in. 

-DISCON- 
TINUED- 

400 

350 

Very low 

Very low 

18/280 

VCKy high 

Very low 

A W 4 0 0 0  70to 1200 

ATW15000 450 to 1900 

104/38000 4 5 0  to 1900 

lO*/loooO -175 to 500 

l~'*DooOo -65 to 450 

A T m m  450 to 1200 

/ 1 m  450 to 1700 

l O " ~ S a 0 0  -450 to 2200 

/25m 

No 

No 

No 

Yes 

Yes 

NO 

No 

NO 

301-937-4010 Press Science, Inc. 

2 13-269-91 8 1 

213-837-5101 Parker Seal Div. 

on net 

on net 

on net 

Wiggins Corn. Div. 

Parker Seal Div. 

Parker Seal Div. 

Parker Seal Div. 

213-8434000 Haskel Eng. & 
on net SUPPlY CO. 

713-747-1240 GIXY~OC To01 CO. 
88-527-4011 

213-764-0570 Hydrodyne Div. of 

509-963-1 130 Flexitallic Gasket 

on net FPI, Inc. 

83483-5000 CO. 

06 
P 



Size range Temperature 
range Phone number 

Seal Composition Diameter Cross section Make-up force Seal press ("F) Noncircular @TS number) Manufaciurefls) 

fusible 
metal 

Conoseal 

UAP 
C-Ring 

J-Ricg 

ow 
Lo load 
sed 

Cormgated 

Soiid wire 

PL 

SPCZ. 
energ. 

Clam seal 

Rat 
WaShCX 

h w  melt Infinite 
point 
alloys 

Metal 1/12 

Coated 0.1?6/280 

Coated 0.250/300 

Coated 0.25016 

304 stairdess 0.375110 

Metal wire 0.3121300 

metal 

metal 

metal 

steel 

300 Series 11120 
SS 

Copper 1/10 

Up to 2 in. 

0.03211 1 318 

0.03 1fQ.625 

0.03610.093 

0.125fO.500 

-ln 

a 

Half of 0-Scal 
250n50 

251600 

7001800 

69cIo 

6OOl2100 

-DISCON- 
Tl.WJED- 

Very high 

-600 

-450 to 2ooo 

-450 to 3m 

-450 to 2200 

-450 to 2500 

-450 to 1300 

450 to 1200 

450 to 1 2 0  

-450 to 950 

Yes 

No 

Yes 

Yes 

NO 

Yes 

Yes 

Yes 

NO 

None 

213478-0921 AemqUip 

803-783-1880 UAP Components, 

UAP Components, 

203-239-3341 Advanced Products 

Advanced Products 

Advanced Products 

Advanced Products 

Advanced Products 

on net InC . 

Inc. 

88-643-8 I1 1 CO. 

eo. 

co. 

co. 

co. 

482- I746 Varian Associates 
Local 



Table 6.2 (continued) 
~~ ~~ ~ ~~ ~ 

Size range Temperature 
range mane number 

Seal Composition Diameter Cross section Make-up force Seal press (‘F) Norcircular (FTS number) Manufacturefls) 

Wheeler 

Gamah 

K-Seal 
( S m  

Condren 

Grafoil 

Omega 

Apex 

Graphite 
metal 
insert 

gasket 
ASB 

Metal wire 
Metal 

Plated 
metal 

ASB-SS 

Graphite 
packing 

Monel, 17-4 
hconel 

Monel, 17-4 
hconel 

Graphite 
ss 

Asbestos 

To order 

1/2/60 0.125/0.750 

25/60 0.082Jl.375 

2/24 std. flg. 3/16 
or special 
order 

To order 

0.27/18 0.29/0.104 

0.27/18 0,29/0.104 

27/32/20 1/32/ 1/16 

hfinite 

Very high 

300 

100 

Very high 

Very low 

300 

300 

4 4 , 0 0 0  

10-”’ATM -450 to 900 
wm -325 to 3 180 

VafloooO -423 to 1800 

Vacf2MXXM -360to 1200 

ATM/2000 -40010 1200 

Vac/a5000 1420 to 1750 

Vac/Z5OOO -420 to 1750 

-240 to 1600 

No 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Varian Associates 
303-364-641 1 Gam& D~v. Of 
88-234-3131 Stanley 

213-849-658 1 Sien-acin/Harrison 

201-247-6800 Condren Gorp. 

Aviation Gorp, 

on net 

342-5500 

On net John C m  Parking 

716-633-5990 Servotronics, Inc. 
4 3 7 4 1  1 

Servotronics, Inc. 

eo. 

312-454-2000 Union Carbide Cop. 
on net 

00 w 

“Not applicable. 
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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 scveral commercially available seals that are generally acceptable €or hot-cell 
service. These are usually flat face-to-face seal ring shafi assembly cartridges in a variety of 
radiation-resistant ring material combinatioris to suit the type of service (Le., 
carboa-versus.carbon, or versus-ceramic, or versus-stellite, or ceramic-versus-graphite, etc.) 
sclscted for tempcramree, pressure, and fluid-type service. One ring i s  fixed to the shaft and the 
opposing ring is attached to the housing with a metal kl lows to compensate for linear and slight 
ansjlar movement. Tkc standard versions of these seals generally utilize elastomeric gaskets to 
seal the cartridge to the housing, In high radiation they may have to be replaced with metallic 
static seals. Labyrinth seals are acceptable for some in-cell applications, 'lhese are all-metd seals 
and usually have no spc ia l  problems associated with in-cell servicc. 

6.4.3 Linear Shaft Seals 

Metal bellows seals are the most effective means for scaling 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 witlimt lubrication and are silbjece $8 radiation damage. 

6.5 PNEUMATIC AND IPYDRAULIC SYSTEMS 

the experience base in this teclmology is also limited. 

5.5.1 Pneumatic Systems 

There are several disadvamages to in-cell pneumatic systems. First, if the system is sizeabk 
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 
desigiml to operate with oil added to the air or gas. Unless a closed loop system i s  used, the oil is 
discharged into the cell atmosphere and can collect on windoavs or 7'V lens and impair viewing. 
Commercial compracnts have numerous elastomeric parts that have a limited life in high g m m a  
fields. 

Even with thcse disadv'mtages, pneumatics do have some applications in-cell. Cylinders are 
attractive €or relative small linear motions, such as actuating valvcs, operating toggle devices, etc. 
Commercial cylinders can be used if the reduced life caused by operating without lubrication and 
deterioration of components due to radiation is acceptable. 

Cylinders that do not use elastomeric 01- organic materials and are designed to operate on 
oil-less pneumatics have been produced and tested (see Fig. 6.1 1). It is noted that th is cylinder 
will leak operating gas into the cell because the rod seal requires some leak rate for dry-film 
lubrication. 

The use of pneumatics and hydraulics in hot-cell systems has been limited. For this reason 

6-52 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 watei -base hydraulic fluids5 would eliminate 
niany of these obje~tions, and several systems that use these fluids, including a fuel-assembly 
shear, have becii designed. fabricated, and cold-tested. IIowever, in-ccll experience with 
hydraulics i s  limited; hence, these should be utilized with caution. 

6.6 IN-CELL SENSORS AND ACTUATOR C8NTROIAS 

In-cell sensors should be selected froin the types that require no in-cell adjustments during 
rccalihration. These adjgusments siiould be made out-of-cell. Sensor system should provide a 
continuation of correct measurement output upon returning to a powered-up condition following a 
total loss of power including any back-up battery system. Any sensor that can be isolated from its 
S O ~ J ~ C ~  of mcasmred variable (for instance, the closing of a valve in a process line to a prcssure 
transduccr) must have limit-of-travel S ~ ~ S O T S  monitoring the position of the isolation device. 

All in-cell limit switches should have the wires fronii both the nomally closed and normally 
opcai contacts brought out-of-cell for monitoring Control logic should be written to detect either 
open or shoclened wiring conditions, and the opening of a normally closed limit switch should be 
the end-of-travel detected actuation. A!1 in-cell limit switches should be energized by 24 V dc to 
minimize the insulation requi~enients on the in-cell wiring. Critical actuators should have three 
indegeridenr lilllit-Qf-"tavd sensors at each cad of the actuator travel. Each set of three Sensors 
avould then be used in the control system in a two-of-three voting schcme. 

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. z,em or full stroke indicator for psition transmitter 
calibration The second actuated at cach end should be used as m over-wave1 system shutdown. 

Each rotary actuaiur should have a rcsolver type of position transmiiter for position 
monitoring when required by 14ie control system to be positioned at locations othcr than the 
end-of-travel limits. All mechanical drives should hdvc some type of signal flag, which indicates 
that the drive is in modon and can k seen ftom a system monitor if available. Each achuator 
motor should have crarrent monitoring of its power, so shutdown can be accomplished on an 
overload cnndition. Software timers should be provided to detect excessivc actlaator operation 
times. Certain actuator systems, which depend on their position monitoring systems for ability to 
E..e driven to one of the er,d-of-travel limit sensors for position measurement recalibration, should 
have a mechanical counter or a meclranical position indicator such as a pointer which moves 
across a visible sea? and can be seen from a system monitor in case the psition monitoring 
systern fails. These v-ould be used to rcsct the position transmitter PO the comct psition after 
position monitor mainteffiance. 

5,7 COVERS AND ENCLOSURES 

6.7.1 IJnit SEaieRdiri.2 

In preceding sccdons, discussions covered local or tinit shielding to pmtcct con-npnents 
from radiation. There are three materials that are generally employed for such shielding: steel, 
lead, and depleted uranium. Steel presents few design OF fabrication problems md i s  the most 
economical. However, it is the least effective from the slmdpoht of providing pIQteCtiQn. 

Lead metal is a morc effective shiclding material than steel but is inore difficult to design 
and fabricate. Lmd i s  frequcntsy en-ncased in stainless seed for prsteceion and to facilitate 
handling. If the shielding enclosure i s  of rectangular geometryy, lead plate may be stacked in M 
open slaidess steel 'mx md &e top welded in p3ace. W k n  the shape of the shield i s  cylindrical or 
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complex, a s t e l  or stainless steel shdl is fabricated and fined with molten l e d  or lead shot. Lead 
pouring is a unique fabrication technique; hence, when designing cast-lead shields, seek guidance 
firom an experienced lead fabricator. 

Depleted uranium is a more effective shielding material than lead, but the design and 
fabrication problems associated with uranium are f;rr more complex. Comeqently, the cost is 
also higher than for lead or steel shields. As with lead pouring, it i s  imperative lhat competent 
advice be sought before proceeding fo design depleted uraiurn shields. 

6.7.2 Isolation Enclosures 
It is frequently necessary to isolate systems or subsystems of ~ e ~ ~ ~ ~ c ~  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 peub’lems encountered with enclosures are in sealing the doon and panels. The maaterid 
p ~ b ~ e ~ s  associated with gaskets are discussed in Sect. 6.4.1. The second dificulty encountered 
i s  in achieving the degree of llamess necessary on the sealing surfaces. ‘Fhis is due Lo 
combinations of physical size of the openings and designers not recognizing the rigidity 
requirements foe machining the surfaces. 

QS OSHA CONS1 

There are no OSHA requirements on hot-cell ~ ~ u ~ ~ ~ e ~ t  after it is installed in the process 
cell area as long as human access to the cell has ceased. owever, if m e c h ~ c d  ~~~~p~~~~ is to 
undergo a development or cold-testing phase, compliance with ~ ~ ~ l ~ ~ ~ b ~ ~  OSHA r ~ g ~ a ~ o n s  is 
Kcpired. The required personnel guards and shiieids generally interfere wi~& remote ~ ~ ~ ~ ~ e n ~ ~ e  
and should be removed once the e ~ ~ ~ p ~ c n t  is installed In cell. 
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Fig. 7.1. I-Ianfoesrd-Purcx 3 j a w  connector. 

excessive wear debris in the seal area. Typical leak rates for thcse various seals in bye 
Hanford-Purcx connector are givcn in Table 7.1 I If these comcctars IJSC these radiation-resistant 
seals, then seal holders mnd retainers are also rcquired to protect the seal from damage in handling 
and to ensure that tlie seals are suitable for installation with manipulators. 
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1. 

2. 

3. 

4. 

5. 

Bolts on the flanges should be designed with a captured feature, as described elsewhere in this 
document and. if possible, spring loaded. Spring loading prevents a ~ E V ~ Q U S ~ ~  lncsened bolt 
from rethreading itself due to v ~ ~ r a t ~ o n  while other bolts are being ~ o o ~ n e d .  
Also, as described in Sect. 4, guide pins are rcquired eo assist in the renicte mating of the two 
flange. faces" TWQ guide pins of different lengths should be used, 

Hanges that mate horizontally with overhead access PO the imit heads are much easier to 
handle remotely than verzically mated flangcs. If vertically mated flanges rare ~~ecessa 
a method of supporting the j ~ ~ ~ ~ ~ ~ ~ ~ ~ s  in the proper position is requimd. Guidc pins 
should not bt;: used to siipport vertically mated flanges in the proper ~~~~~~~, 

Since flanges require seals that must be replaced periodically, a method of ~~~~~~~~~~ this seal 
remotely without darnage LO the seal or sealing surfaces must be devised. The method s 
dtpends on the s i x  of the flange, the ~~~~~~~i~~~~ of the ~ ~ ~ ~ ~ e ~ a ~ ~ ~ ~  sysi~ms, 
ingenuity of the equipmcnt designer. 

flanges with the least number of bolts should be used. For E 
3-b~l;  flangcs have k e n  successfully used. Also, flanges 

th: ~~~~~~~~~~~ several types of 

SeTdenCeS Or precision to?+@liIlg of  the hk should b.3 aV0ided. 
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2. 

3. 

4. 

Angled connectors (90') of the push-puil design promote ease of handling cornpmd 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 
wilh a lanyard design for unplugging provides an alteinstive 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 md sockets in each mating half are 
preferred over pins only in one half and all sockets in the other. The stepped feature pmvides 
an alignment feature that can be "felt" by a force-reflechg servomanipulator and effectively 
minimizes pin damage. 

Several design guidelines, c o v e ~ d  in Sect. 6, idso apply to electrical connectors and 
jumpers, which include: 

1. Rovide sufficient length for strain relief to minimize cable damage, however, not so much as 
to encounter a tangling hazard during opeHatiorn/reI~~a.cement. 

2. Position the mounting of thc eIcctrIcal comcctors for ease of viewing by the remote operator. 

3. Avoid the use of set screws. 

4. Use visible and permanent alignment tnarks to promote engagement of mating pieces. 

5. Select materials compatible with the process cell envirormient (Le., austenitic stainless steels 
for connector bdjes,  ceramic inserts, noble metal plating 011 pins and sockets, hemetically 
sealed units, etc.). 
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Natttwmlly occurring forms of the great majority of elements are stable. However, a few 
elements of high 3tornic weighty such as uranium, exist entirely as unstable radioactive isotopes.'2 
Some elements, such as lead, consist mainly of stable isotopes but ailso have same radioactive 
species. The unstable substances undergo spontaneous changey sometimes called radioactive 
disintegration or decay. 'This decay i s  associated with the emission I T Q ~  the atomic nucleus of an 
slectricaily charged particle, either an alpha particle (a hs;%ium nucleus) or a bcta particle (an 
electron). In marly instances, gamma radiation accompanies the particle emission. ~ r e q u e n ~ ~ y ,  the 
decay pmducts themselves are radioactive, subsequently expelling an alpha or a k t a  particle. 
After a few disintegrations, an atomic species with a stable riuclcus is final.l.ly formed, 

In addition to the naturally occurring radioactive species, tkzcre are more than 
radioisotopes of the known elements. T'nese ~ ~ i ~ ~ i s ~ ~ o p e ~  f ime k e n  obtrli 
~ o ~ b a r ~ r n e ~ t  of stable elements: with charged parlicks in accelerators, by capturr: of ncuutmns, a% 
as a result of nuclear fission. 

Alpha (and bcta particles, depending on &cir kinetic energy, can usually be Wpped by the 
outer layers of the skin and arc: most h m f u l  to humans if the radioactive materials are ingested 
with eating of food or by breathing contaminated air. Thcse particles e m  cawe damage to irnkemd 
organs. Many elements, depriding on their particular ~ ~ a r ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~  are attracted 10 various 
organs and have a definite lifetime in the body. 

whethcr internal or external to fhc body. Gamma radiation is reduce OF anenuatcd most 
effectively by shields or matenak consisting of heavy elements. %lac at%enuation p)r~cesses for 
high-energy gamma-ray photons are complicated and consist of several. reaclions. tJsudPy, the 
attenuation propertics of a material arc pmpopllonal to the atomic number and density. Thus, 
uranium shiclds gamma rays better than lead, and lead shields better t f m  iron. Lead is ca common 
gamma-ray shicld, but in ~ W S L  lilrgcr t l ~ s i ~ h ~ ~ s s e ~  of s t ~ ~ t u r a l  materials (such as steel and 
concrete) can be more cost-effective and stili do an adequate job of shielding.' 

Ncutrons are also extremely penetrating. To reduce neutron dose, it is necessary to lower 
Lhcir energy or slow them down. 'The slower, Jess energetic neutrons then have a higher 
probability of being absorbed. A hydrogen nucleus is the most elTective ~ ~ d ~ r ~ ~ o r  of nieutrons 
because a neueron can lose nearly 100% of its kinetic energy in onc collision. Heavies nuclei are 
nut as effective in slowing down neutrons. Therefore, lighter shields with high hydrogen cnntcnt 
are the most effective, Examples of  thesc materids arc water, polyethylene, and most organic 
materials (comipounds of carbon and hydrogen). Concrete i s  a good, all-around shield hecause it 
contains some water that moderates neutron energy and other intermediate weight clements that 
attenuate gamma rays and absorb neutrons. 

Gamma rays are more yenetrariiig than charged particles and constitute a healt 
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Contamination is primarily a surface effect except where extremely porous surfaccs are 
involved; thereforc, decontamination of properly designed equipment or structures usually 
involves surface removal, Activation, on the other hand, can occur at distances inside the 
material, deAnending 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 radioactivc. The 
material will Lhen produce its own source of gamma rays. This is usually not a problem except 
where high-intensity neutron soix-ces are involved, such as in nuclear reactors or experimental 
facilities. 

REFERENCES FOR ABI’ENDIX A 

1. GeneraI Handbook ofKadiarion Monitoring, U.S. Atomic Energy Commission, 1958. 

2. Radiological Health Handbook, U.S. Department of Health, Education, and Welfare, 

3. S .  Glasstone md A. Sesonske, Nuclear Reactor Engiriee~ing, Van Nostraid, New York, 

1970. 

1967. 



RADIATION EFFECTS ON V 

Tables B.1 and B.2 and Figs. B . l  and B.2 present data ion how mdiadon can affect various 
types of materials and components. Designers are cauhned, however, that the information given 
here should 'be considered general and used for 'hugh" material selection. For more specific 

'I'rmsistoirs 
Glass 

LhlGitL? 
Water 

Butyl glibber 
Natural rubber 
Organic liquids 

Vespel 
Graphite 
Polyethylene 

Mine sal-fillcd phenolic polymer 
€ ~ y ~ r ~ ~ ~ r ~ ~ ~  oils 

~ ~ ~ l ~ ~ ~ ~ r ~ ~ ~ ~  
ceramics 

Plastics (some) 
Carbon stcels 
SeainIcss steels 

Alurninurn alloys 

Tenon 

1 o5 

IO6 

1 o7 

1 os 

1 0l2 

mala developcd from high-energy accelerators. 
bAppraxiinate valucs ~hai  will vary wiih iypcs of 

applications. 
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infomation, the desjgnrr should cons~akt vendor data that can be obrairaed by consulting the 
vcndots listed in the Nraclcar News Eluycrs Guide, published annually by the American Nuclear 
Society.* 

'l'he designer will also need to undcrsEmd the mea ing  of radiation measurement units u w i  
in the fdlowing tables arid in similar types of tables The amount of energy absorbed in a material 
becalm of nuclear irradiation is referred to as the radialion dose and i s  measured in several 
different units. Idowever, gamma ray is the type of radialion to 'oe considered in the design of 
advanced fuel rcproccssing facilities. 'Ibe dosc from gamma rays is rneasimili in terms of the 
amount of energy absorbed per amit mass of marcrid. 'lhe m i &  are usually ergs per gram or rads.. 

One rad is equal to 100 erg& absorbed in my material Whcrr using rads, the material must 
be spccificd [that is, rad (tiswe). rad (carbon), etc.]. Many of thc doses in the tables are €or 
carhm, and the units are rad (e). 

'Table B.l  shows hi (1) normal glass changes color at very low levels, (2) water 
decomposes at a b u t  lo6 rad, (3) polymeric materials arc: among the lowest resistant to radiolysis, 
and (4) inorganic matcrids are highly radiation iesisiant, 

"~opies  can lx obtained from the Arkmicar, Nuclear Socieiy, Enr 555 Kensington Avenue, La Grange P d ,  PI, 
60525. 



Table B.2. Radiation effects un insulators" 

Radiation e x p u r e  
or threshold 

Material rads erg& Parameter rnensured Effect 

Teflon 
Tellon 

Tcflon 

Vinyl 

Polyethylene 

Pol yelhylene 

Mylar (magnetic mpc) 

Mylar film 

Polypropylene 

GJass/clorh 

Mica paper 

Pyrcx 701 

3 . 1 ~  lo* 

4.4 x lo" 

4.0x loQ 

4.0x 109 

1.0x 108 
4.0x lo' 

4 . 0 ~  I@ 

1.3x lo" 

8.7 x 108 

1.5 x Id 

1.3 x lo" 

1.3 x lt9 

1.3 x io9 

1.3 109 

3.7 x 106 
4.4x 108 

4.0 x 10" 

4.Q x 10" 

1 .o x toL" 
4.0 x 10'' 

4.0 x IO" 

1.3 x 1o'O 
8.7 ioi5 

1.5 x 10'0 

1.3 x IOL1 

1.3 x 10" 

1.3 x 10" 

1.3 x 10" 

Elongation 

Color and hardness 

Elongation 

Color and badness 

Elongation 

Tensile strength 

Insulation rcsistaice 

Insulation resistance: 

Volurrie resistivity 



'Table 8.2. (contin~eb) 

Radiation exposure 
oi ihreshold 

Mica (tape) 

Phenol 
fomddehyde-Bakelite 
(pap'  filler) 

Polyvinyl chloride 

Cell~low nitmte-Pyralrn 

Methyl 
meiiiacp iatte-l,wcite 

MonnchloroFnfluor- 
ethy!cne-@ndrm 

kluclmtberrc 

Phenol 

Pol ystyrcne- Anphenol 

Polyvinyl fomal- 
I omvar, Yorinex 

Mycalex 

Anod17ed aloriimrn 

formaldehyde-Karbdk 

Melaiiiiiw 
f~irddehyde-Mclnna~ 

Nyclad 

i Rcmslex 

1 .1  x lu" 

5.4 x ad 

2 . 4 ~  Id 

2.2 x no5 
5.1 x lo6 
1 . 1  x IO' 

3 . 6 ~  Id" 

2.0 x lo' 

7.8 x 10' 

4.8 x l e  

3.0x  lo" 

5.8 x lo" 

1.3 x le 

6 . 6 ~  10' 

1.8 io8 

3.4 x 10' 

3.4 x IO' 

3.4 x io7 

1 . 1  x 10" 

5.4 x IO'O 

2.6 x Id 

2.2 x 10'0 

5.1 x Id 
1 . 1  x lo' 

3.6 x IO" 

? O x  lo-" 

1.8 x lo' 

6.8 x 10" 

3 . 0 ~  1O'O 

5.8 x 1O'O 

1 . 7  x lo1' 

6 . 6 ~  lo '  

1.8 x 10'0 

3.4 x lo' 

3.4 x 109 

3.4 x 109 

Abmsioii resistance 

Mea? bxxkdnwn 

Tensile strength 

Elongation 

Elongation 

Tensile strength 
elongation 

Water absoiytion 

Flnngaim 

Elongabon 

Watci absorpiion 

Tensile strength 

Power factor 

Insillasion icsiitance 

Impact streirgth 

Water ah.colption 

Insulation resistance 

Insularion rcsismce 

Jnsuladon rcsistancc 

Depades by 35% of initial 

Degades by 61 % of initial 

De5adw by 25% 

V J U C  

value 

Degmdm by 25% 

Degraecs bjj 25% 
Degrades by 25% 

Degrades by 25% 
Cepdes  h y  25% 

Ccgades by 2% 

Depxks by 2% 



Table 8.2. ~ ~ o ~ t i ~ ~ ~ d ~  

Radiation exposige 
OT Lhreshokd 

Refrasii 

Asbestos 
mw-Coming 367 on 

gm3s cloth 
Nemvacite patting 

Dow-Coming S-2071 

Massset 622E 

hw-Coming 5-675 

Kish 41 2-M 

Kish 4 2 0 4  

Kish 458-G 

Scotchcas1212 

Scotck.ast 5 

5.4 x I@ 5.4 x lot1 Cdor and hardnt3sr 

1.0 x 10' 1.0 x I@ Elongation 

2.0 x IO7 2.0 x Id Surface study 

Dx4KculC constant 

Dieltxrric c6xlsmt 

Dielectric constant 

Dielectric constant 

T i i s  table condns  the results of a number of experhenla? effoas and may iast-x) a guide for t t x~n l ; a lk  
selection af both ~ g d c  and inorganic insulations. The main design problem errcountere9 by clcct~unic circuit 
designers in selecting insdation nia~erials o r  imulators i s  determiriing whi:ther cmnmcrcidly amiYaldle items 
designated by trade names contain rnaerials ttgst resist radiation damage. 
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a 
__- DAMAGE .................... - UT1LITY 

llllli~l~lllil!lllilllilllill INCIPIENT YO M 1 LD NEARLY ALWAYS USABLE 

%%%w-d MODERATE TO SEVERE LlMlTED USE 
......... .... ......... .. MILD TO MODERATE OFTEN SATlSFhCTOWY 

EE.ASTOI".$EWS 
ACRYLIC RUBBER 
BUTYL RUBBER 
FL1!048 RUBBER 
HYFPABOPB 
NRTl lRAi  RUBBER 
NEQPRENE RUBBER 
A M Y  I.ONBiW!BE RU5BEdi 
WLVSULFIDE RUBBER lTt-ilQKOL) 
SIL?CONE RblBBEF4 
STYRENE EUTADlFhsE RUBBER 
W L Y U R  ETHANE RlPRBER 
ETHYLENE PROPYLENE RUBBER 

........ -. ---+I___--- -$ .............. 

i E XT I L ES 

NATURAL FIBERS 
COTTON 
RAYON 
ACETATE 
wob: e 
SILK 

POLYMIBE (PIYLOM) 
AROMATIC PBLYM6LIE ENOMEX) 
POLVACRVLlC (ORLON, ACRYLOWI) 
VINYL (SAR4N, DYKE!.) 
POLYESTER :DACRON) 

..................................... .................... M&q*iim3!gx*3 
.................... I____- 

' ALTHOUGH RADIATIOM STAGiLITY ( IN THIS TA3L E l  AWL5ES PRIWP.RIL.Y TO M,IECWAN!GAL 
PROQEATIES, ALL OF THE PHYSICAL PROPERTYES ARE A L 8 0 8 T  ALWAYS MODIFIED A T  
THE SAME DOSE LEVEL. 

bELASTOP+lEnF ARE THE ORG4NAC M4TERIACS MOST SEHIlPlVE TO R4DIATIOPd. 
C OXIDAVIOPI DFaAS71C4l.i.Y REUUCES THE LIFE OF d LUBR;CAMB, A Y 0  RAC)IATION 

ACCELERATES ?ME OXIDATION PHENOMENA. 
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AC Moti>r Reliance Electric 
Class R 1 x no” for 8-600 v 
w/sen/ice RH for >600 v 

AC 
DC 

Scivo motor Incrtial Motor 

Actuators Limit torque 2 x I O H  Uses rcliancc: eicctric motors 

Uscd at HETF ReSolWB No rthem Prtxi siori I io9 

Li HI i t  innea,~lis-Y--foncywell 1 x IO8 

Laboratories 

swi tches 

LVDT Schoeritr. 1 x 

El W t r i C d  Kyle ‘r’echnnlogies 6 x Fixes and ncxible 

ElcctricaI Boston insulated wire 2 x  lo8 Powcr jnd instrument 

wire cable 

wire cable cable, wide sclection 

Optical encoders ltck measumncnt 1 x IO6 

Proximity Moneywell Capdcitek I x I d  r n p n d s  on sale 

systems 

dctcctors 

“Nation& Electric h.lmufacturer’s Association (NEMA) Standard\, MG-1, 1978. 
qnstitute sf Eleclrical Electronic Engineers (IEEE) Standards. IEEE 123, IEEE 334, LEEE 

‘American Nariond Stiindanfs Institute (ANSI) Standards, N45.2-2, NlOl.4 
469,1980. 





ulc Design Check 

following checklist is included to aid the designer in reviewing a preliminary 
1 ~ ~ ~ ~ ~ ~ ~ n t  design fm ~omplianre with r e ~ ~ o l ~ - ~ ~ ~ ~ t e ~ ~ ~ c e  design guidelines. 

1" 

2, 

3. 

4.. 

5" 

6,  

a. 

8. 

4. 

4 8" 

11. 

12. 
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D.2 Design Priorities Checklist for Large Remotely Qperated Process Cells 

The design of any equipment io be remotely operated  CUR^ maintained in radioactive areas 
necessarily involves trade-offs of one design feature for morher. The following design priorities 
are to be considered: 

1. The item must fulfill functional requirements. 

2, 7'hc item must be maintainable with the rcnrote maintenance equipment available, 

3. The item should be as reliable as possible. 

4. The item should be maintainable in as short a time as possible. 

5. The cost of the item should be considered in terns of lifetime costs; that is, its original cost 
plus the cost of maintenance and the loss attributed 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 @e 

made by the designee that is, whether to use ore costly components that fail less frequently or 
to use less costly components that mist be replaced more frequently. 

D.3 Dcsigai Checklist for Equipment Installation and. Renmval 

1. 

2. 

3. 

4. 

5. 

6.  

7. 

8. 

Have the reaction loads arid ferccs generated by the equipment items (particularly at the 
moiinting location) k e n  considered? 

Clan ehe equipment item be mounted without bolts (Le., guide pins and gravity) md satisfy 
stress and maintenance requirements? 

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

Is t h e  sufficient clearance :o and around fasteners and lifting bails to permit the impact 
WEnCheS and other maintenance cquipinent Eo reach the faskner or lifting hail? 

Have tlie utility requirement? (electric, pneumatic, instrumentation) and the connecting 
locations (i.e., in relation to utility stations) k e n  aonsitletcd? 

Are elxe fastener-torque rrsquiremen&a within thc sated load capacity of the maintenance 
equipment item? 

Can an adapter plate or similar device be used to permit the w e  of commercial equipment? 

Have allowable clearances caused by interlacing and adjacent equipment maintenance 
movement been considered? 

The following guidelines should be considered in establishing design requircmenls: 

1. Each equipment item should use a maximum of two guides for close alignnmit and as many 
as i-~cessarqr for gross alignment. Guides should be of different lengths, engaging sequentially 
one at a time. 

E .  Installation md disassembly forces arid loads must be predetermined to prevent damage to 
the component and maintenance equipment. Specifically, electromeclnaadcal manipulators 
should not routinely be loaded beyond 50% of their rated capacity, whereas cranes should not 
be loaded in excess of 100% of their rated capacity. 

3. The me of external fastening devices or guides at semigemmnent locations should be 
minimized, %%ere this is iiot feasible, these compnsnts must either be protected, designed to 
withstand damage caused by probable accident situalions, or designed to bc replaced with a 
minimum of cell downtime. 
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4. Fasteners used on or with mounting equipment should be designed to remain with the 
equipment when loosened (Le., captive). 

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

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

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