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ABSTRACT

The hot cell at the Transuranic Waste ProcessimyeC€TWPC) has been in operation for seven years.
Its mission is to empty, process, and repackagedhtents Remote Handled (RH) concrete waste casks.
The sequence of operation for processing the Rksdasludes using a remotely operated manipulator
(manipulator) to remove the cask contents and eettivem to a work table where operators process the
waste into RH-TRU, CH-TRU, LLW drums using Mastéa& Manipulators (MSMs). The manipulator

is the only piece of equipment that can remove ristEom the cask and represents a single poihtréa
that can shut down hot cell processing shouldilit fauring the first six years of operation thejact
processing goals were constantly in jeopardy dukddigh frequency and extent of manipulator faiu
that forced unplanned down time in the hot cefbtdlitate repairs.

In 2013 a hot cell maintenance outage was plannderecuted to improve the operability and reduce
the equipment failure rate. A new remotely opeta@nipulator, purchased as a spare before thgauta
was installed in the hot cell during the outagéomo installing the manipulator into the hot cediveral
major and minor modifications were made to the ipalaitor to incorporate improvements manipulator
reliability and maintainability based upon opergtand maintenance lessons learned from the previous
years of operation. Additionally a maintenance glmx was added to the hot cell for servicing the
removable manipulator components.

INTRODUCTION

The mission of the hot cell, located at the TWP©ik Ridge TN, is to process 550 cubic metery @
Remote Handled (RH) legacy and newly generatedslelaste. The RH waste is contained in 9 feet tall
cylindrical concrete casks with a nominal volumevafste of 1.66 f Once the waste cask is introduced
into the hot cell, the lid is removed, and the wassttracted using the in-cell remotely operated
manipulator. Following visual examination and treant of prohibited items, the RH TRU waste is the
repackaged into certified drums and loaded intor@® canisters for disposal at the Waste Isolation
Pilot Plant (WIPP) in New Mexico, USA.

The TWPC hot cell has a seven year operating lyistosing the hot cell and its remote capability
equipment, the TWPC has been able to process atiy é&r shipment the contents of 152 casks (231
m°). Nominally 75 casks of high dose rate mategatain to be processed in the hot cell following the
current processing campaign. An additional 98 Rks (163 ) containing low activity RH waste are
being processed in TWPC'’s Cask Processing Enclpspeeifically designed to process casks containing
predominately Contact Handled (CH) waste. Durirggfirst six years of operation several failureshef
vendor supplied manipulator were experienced wieshilted in unscheduled down-time and loss of
throughput, negatively impacting both project selfeénd costs. TWPC analysis determined that most
of the manipulator failures were a function of ti#icult nature of the waste matrix being procelsdsut
some of the failures were attributed to the desitpibutes of the manipulator. At the time of TWPC
design and construction, the manipulator selectasidetermined to be best available fit for purpades
processing ORNL’s waste, regardless of the deditpwever, with each failure that occurred during
processing the TWPC waste operations and designesargng team learned more about the design
performance capabilities and limitations of the ipatator. During processing, TWPC engineering and
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maintenance personnel were challenged to be ceecatist opportunistic in making repairs. While repair
were made with a focus on “keeping it operationaitst of the repair efforts were simply “band aids”
temporary patches.

To understand the importance of improving the malator reliability and maintainability, it must be
stressed that the in-cell manipulator is a singl@tgfailure for almost all significant hot cell egations.
However, the single most important function ofieting waste from a RH cask and placement intolreac
of the four MSMs used to process the waste, owesral other functions. Without the manipulator in
service, waste processing stops. Figure 1 shows#mpulator entering a cask during post outage
operations.

]
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Fig. 1. Post Outage Manipulator Entering a Cask

As a result of past manipulator failures, operatiand maintenance personnel became very innovative
learning how to quickly, and safely repair the npamétor. To facilitate manipulator repairs, maivaace
personnel are required to either enter the hotusilg contamination control means such as a diage

or work in close quarters extending the manipulatast and lower arm through a hot cell drum outtpo
As such, all manipulator repairs have not only tame cost impacts, but also worker dose conseqgsence

In an effort to increase availability, reliabilitgnd maintainability, the TWPC engineering stadiselly
tracked and evaluated the manipulator failure meisihas. A plan was developed to sort the failurés in
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categories of “can be repaired” or “requires madifion” to prevent failure. A new manipulator had
already been procured as a spare prior to plarthsot cell outage. Outage planning was revised t
incorporate a full change out of the existing helt manipulator with the spare. In preparation,
engineering used the historical failure data taniife and plan modifications to mitigate or elimtea
certain of the failure mechanisms. To address iceofathe remaining failure mechanisms, engineering
and maintenance personnel used the spare maniptdatonstruct a full mock-up for devising repair
techniques, that were then tried and confirmedriomcontaminated environment. In summary, an
extensive list of desired modifications was perfednon the new manipulator. While some of the
physical modifications were first performed on theservice hot cell manipulator and then repeated o
the spare manipulator, more than half of the modifons were new and were only performed on the
spare manipulator. These new modifications incluslezh items as a custom designed wrist assembly, a
re-designed end effector, and an overload alartesysAll modifications targeted specific performanc
issues experienced in the hot cell by operatiodsnaaintenance staff. The specific modificationgi®
manipulator are presented in the following discussi

In the end, the fundamental reason for the desigruagrade effort on the new manipulator was to
improve manipulator reliability, availability, amdaintainability and ensure achievement of the TWPC
waste processing goals and milestones.

DISCUSSION

The manipulator, as purchased, was a well-made gitequipment. The general design of the
manipulator enabled it to function in multiple emmviments but it was challenged by the nature of the
TWPC RH waste matrix. In particular, the manipulasonot as well suited for the tasks associated wi
retrieving waste from inside the small diameter étrcrete cask cavity. The in-service performance
history shows that the manipulator regularly impdadhe cask side walls at the upper and lower arm.
This problem is exacerbated as the waste caskpsierdue to the fact that the widest part of the
manipulator must be lowered into the cask in otdeeach the material in the bottom. Figure 2 shthes
relative sizes of the 10.2 cm (4 in.) wall, 15.24 @ in.) wall, and 30.5 cm (12 in.) wall casksiwihe
manipulator inserted into the cask.

In chronological order the first in-cell modificati that was performed on the manipulator was t@des
a pair of serrated jaws that could readily holdeaghaped bar made from %2 diameter bar stockeln th
sub-sea robotics market t-bar jaws and remote bdratjuipment are virtually a standard. Unlike many
other tool grab schemes, tools equipped with a tha be thrown in a jumbled pile, be re-acquied]
rigidly held in both translation and rotation.

The next modification was within 6 months of commieg operations. This modification involved
redesign of a washer and bolt positioned on theoétitke wrist extend screw. The existing washer had
shattered allowing the extend screw to recedetiveavrist at full extension, thereby disabling éx¢end
slip clutch, and thus resulting in loss of the weistend function.

Following a connector failure leading to the wrisbunted camera, a hardened wrist camera connector
was developed. The original camera connector wasyagood quality MIL- spec connector, but in
operation the connector was not adequately pratduoben the high likelihood of impacting the wall of
the cask which caused it to break. As a tempotgrydpe was used to hold the camera connector in
position allowing time for a permanent fix to bevdl®ped and implemented. Figure 3 shows the newly
installed hardened connector. The redesigned mtasmbeen in service since May 2009 and has never
failed.
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Hot Cell Floor

7 T30.5cm (12 in) cask

1524 ¢m (6 in) cask

T-10.2 ¢m (4 in) cask

Fig. 2: Relative size of the manipulator and the casks

Fig. 3 Hardened wrist camera connector
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From May 2009 until September 2011 no in cell miodiions were performed, but numerous wrist and
end effector failures, as well as two failuresha tvrist pitch joint occurred. As earlier mentidnghere

is a lot of work involved in installing a mainterc@ncontainment to the CH drum out port to faciitat
repair. The containment setup process usuallystéake 2 days to complete before the repairs can be
performed on the manipulator. To disassemble ¢oimainment takes an additional day of effort. As th
manipulator continued to show wear and fatigue tevaperations soon was losing an average of orfie hal
to 1 week of operational time each month due toipudator repair down-time. Due to these failurtes i
was decided to order a spare manipulator.

The next in-cell modification was to repair a crackhe “S” shaped tube steel weldment that is pfrt
the upper arm. A picture of the crack is showniguFe 4.

This structural crack presented a challenge beaamuseelding (i.e., hot work) is allowed in the toetl.
Engineering decided to fashion a “splint” for thaaked region of the weldment. A finite element
analysis (FEA) of the affected area was perfornmdgiassumed loads [1] and it was determined that
there was a stress riser in the location of thekcbath on the top and bottom of the weldment. ¢ose
FEA model was prepared and analyzed that inclugedsplint” pieces and the crack. This FEA was
used for determining the shear stress betweersfiimt” pieces and the weldment. Since two-partxgpo
adhesive requires use of an acetone wash priortogreh acrylic two-part adhesive was selected that
developed,

Fig. 4 Upper arm weldment crack
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at cure, a shear strength higher than the reqahredr stress determined from the FEA. The anadysls
the fabrication of the “splint” pieces, orderingtbé adhesive, and the installation of the contaimm
occurred in parallel. The ends of the crack weiléedr(to stop the crack) and the “splint” was bedd
directly onto the weldment. The weldment remaimeddrvice for 16 months until the manipulator was
replaced. A similar modification was repeated amribw manipulator prior to installation into thd ho
cell, with the luxury of being able to weld the peatative splint onto the new manipulator.

As mentioned before, there were two wrist pitcimjdailures during the period between May 2009 and
September 2011. These involved the failure of thetwygitch bearing retaining rings. In both casgsairs
were affected; once by removing the sheared magistnews for the rings, and once by re-drilling and
tapping the screw hole pattern. In June 2012 tlgt witch joint failed again for the same reasolnisT
time the joint could not be repaired and a desigdifitation was initiated to enable returning the
manipulator to service. Once the decision once nadaplement the modification, as with the crack
repair, the material for the modification was omtkrthe modification design was developed, andsete
of parts were made. The first set of parts was ts@tbdify the new spare manipulator as a “dry run”
and the second set of parts were used to modifintbell manipulator. The manipulator was back in
service within ten days from failure to back inéee. As with the crack repair, assumed loads weszl
and a comparative determination of the as-mod#teghgth of the joint was determined. A subsequent
report concluded that the joint was 2.89 timesngfen in axial loading, 5 times stronger in radégding
and almost 17 times stronger in moment loading [2].

In late October 2011 engineering began designdifferent wrist assembly. There had been numerous
failures of the existing wrist assembly and ultietatsequential failures occurred to three diffenenst
assemblies. It was decided that the exiting wiéstigh could not withstand the rigors required faste
processing in the hot cell. It should be re-staed the failure mechanisms experienced were nease
the vendor supplied wrists assemblies were in aay sub-standard, they simply were not designed to
deal with operational requirements and tasks redun TWPC the hot cell. Secondly, and perhaps the
more important reason for a new wrist design is e original wrist assembly was very hard to reim
using the four sets of protective gloves requidaf maintenance technician to place hands into the
containment. The features designed into the nast assembly included use of a face type slip fang
transferring power to the grip motor and clutchitiswitches for the extend/retract function, agpgtion

of commercially available gearmotors with robustrigpexes, and attributes for ease of maintenance.
These design features were derived directly frasadas learned from each of the wrist failure events
The prototype face type slip ring is shown in Fegbr

Fig. 5 Face Type Slip Ring
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A prototype wrist was built and tested on the neanipulator and was placed in service with the new
manipulator as part of the hot cell outage. AltHougvas 3.65 inches longer and weighs 15 Ibs. more
than the original, the new design features andtlted strength of the wrist assembly advantagéteof
the added length and weight. The new wrist has tngldell following restart of hot cell operationghv
only a single grip gear motor failure in 14 montfi®peration.

Prior to testing and placing the prototype wriss@mvice, the maintenance staff assembled and dis-
assembled the wrist several times. It was quiokélized that some of the features were not asteasy
assemble desired, so a second more modular deagydeveloped. Two of these wrist assemblies were
built as spares. Figure 6 shows the final wriséadsy.

Fig. 6 Final Wrist Assembly

Lessons learned also prompted the engineeringtstagtdesign the end effector(s). The original end
effectors were a struggle to remove and replacaaltiee push pull nature of the locking collar. ther,

it was recognized that the end effectors failed mabtch connection between the linkage that opeds a
closes the end effector and the acme screw thaggdtine linkage. Since the arm receives load betige
effector an effort as made to also include whatatbe called a “mechanical fuse”; a feature thatildo
break when over loaded but at the same time woalleldsy to replace. The mechanical fuse for the end
effector is the bolt that connects the drive ptatthe drive screw. If this bolt breaks a new dseesw
and bolt can be installed in less than an hounémbaintenance glovebox. To address the difficafity
removing and replacing the end effector a diffetedking collar was made that rotated from the &tk
to unlocked position. This allowed the locking eojlwhen rotated to the unlocked position, to stee
unlocked position. A parallel acting, and non-platacting end effector were designed and testeth B
types of end effectors are currently in servicthimhot cell. Another advantage of the re-desigreati
effectors is the extensive use of anodized alumintilee end effectors weigh 67% less than the ragi
vendor supplied end effectors while maintaininggstrength and corrosion resistance of the original.
Figure 7 shows the re-designed parallel actingeffettor.



WM2015 Conference, March 15-19, 2015, Phoenix, ¢xrig, USA

Fig. 7 Re-Designed Parallel Acting End Effector

The final significant modification of the maniputatwas the installation of a means to detect an arm
overload condition. As supplied by the vender,ifaipulator is equipped with slip clutches for the
shoulder, elbow and wrist pivot axes, as well asstmoulder and wrist roll axes. These are weibdesl
and work well, but they can only prevent overlogdirthe overload force(s) is parallel to the plarfie
motion of these axes. The manipulator can be oaded by forces that are perpendicular to the piéine
motion, so called “out of plane forces.” These &rcan readily be imparted to the manipulator bezau
the manipulator mast is connected to a bridgerttmates horizontally north, south, east, and westPON
engineering and operations personnel suspectethibatut of plane loading is the primary contridouto
the wrist pitch joint fail. To preclude failure froout of plane overload, an overload alarm systes w
designed and tested on the spare manipulator mpckhe system replaced the original manipulator
mounting which included a means to remotely dismdioe manipulator from the manipulator mast.

When the manipulator was first placed in servitejas thought that being able to remotely discohnec
and re-connect the manipulator would be a valutgalire. This feature was never used by TWPC
during the 6 year service period of the originahipalator. Also, as the project became more familia
with the system it was realized that it would regqud manned entry into the hot cell in order toaeen

and replace the manipulator. Based on that expezjehe remote disconnect feature was removed and
the overload sensing switch installed at that locatFigure 8 shows the lower portion of the ovado
alarm assembly on the spare manipulator mock-ue.ovierload alarm is triggered by the presence of
excessive bending moment reacting at the pointevtier manipulator attaches to the mast, and is
sensitive to both in plane and out of plane forcédperationally, when the overload alarm is triggea
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visual and audible alarm annunciates. When thisrsche operator will move away from the perceived
source of the overload until the alarm goes silent.

Fig. 8 Partial View of the Overload Alarm Assembly

The electrical connection for the overload alarns weade possible by another minor modification which
removed the tool power connector feature from thetwousing; it was also never used. This meaatt th
the in-place wiring that was already installed fritva mast to the manipulator controller could be re
purposed; two of these wires were used to conheab¥erload alarm to the control cabinet outside th
hot cell.

Numerous additional minor modifications were maum@trease the ease of maintenance. For example,
the remote connect connector used for connectmgvtist wiring to the arm wiring was replaced wath
more friendly and reliable molex™ connector. Theote connect feature was a good idea, but when a
wrist repair is performed it was difficult to troeshoot following reinstallation. Should the wnisit

work, it was very difficult to determine whethemiis nonfunctioning wrist or if it was not functing
because the connector improperly mated. Anotimeplsi change was made to prevent the upper wire
guard from getting knocked off. The mounting sgevere modified from #6-32 to 1/4 -20, and beveled
the end of the wire guard. The wire guard has rentknocked off post outage.

During the service life of the original manipulatoraintenance had to change the drive belts twWice.
change the drive belts the lower and upper armrsaweist be removed. All of the arm covers were
secured by over one hundred button head cap sdreavious sizes. The button head screws would get
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abraded as a function of working in the cask. Mafhthe screws had the sockets worn down to thet poin
where the screws could not be removed. The soltidinis was to change all the cover mounting ssrew
to one size, and use hex head screws. Additigralyn-line set of MIL-spec connectors was insthin
the wrist and camera wiring harnesses in the ceftidre lower arm weldment. This change was reguire
because when the lower arm drive belt needed thaerged, the wrist would have to be pulled out and
the two wiring harnesses removed from the wristsimyand most of the lower arm. These activities
were time consuming and exasperating for the miaémtee staff. With the new connector in place they
only need to be de-mated and the wiring harnesdéedmut of the lower part of the lower arm in erd

to facilitate a belt replacement.

Also in order to facilitate maintenance on the §elWPC installed polycarbonate windows over one of
the two pulleys and pulley sets in the upper ameélaarm so that the belt movement can be observed
from outside the hot cell. These windows allow dperations and maintenance staff to observe whether
the belts are loose or not tracking on the pulteysectly. This in-turn provides a predictive téof the
maintenance staff. Figures 9 & 10 show some ofetimesdifications.

Fig. 9 Other Modifications
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Fig. 10 Belt Windows

The last minor modification was to change the aagjishoulder roll hard travel stop. The originalpst
limited the shoulder rotate function to 330 degraesiting a shadow area that could not be entarieda
the manipulator pitches were inverted, but in d@ogt would create the same shadow on the opposite
side of the manipulator. The hard stop was re-gesigo allow a full 360 degrees of motion. The 360
degree hard stop is shown in Figure 11.

Fig. 11 360 Degree Stop
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The last lesson learned relates to the abilithefrhanipulator to grip thin, slippery surfaces sash
plastic sheets and bags. While it may be easyysigdily grab a plastic sheet with the manipul&iod
effectors, it is entirely another thing to be atagull on it with necessary force to move or IBome of
the RH waste casks have been filled with lots affit bags and plastic sheeted items. Even when
exerting a tight grip force, both smooth and sedahanipulator jaws that did not intermesh
demonstrated a tendency to slip when pulling ostaTo address this issue the design of the jeves
was revised to make them intermesh. Similarly, T/RAMSM tongs were reverse engineered and
designed with intermeshing fingers. One of the Mf8lders contains a spring loaded utility knife
attachment that allows a utility knife blade toibstalled onto the finger. When a lot of plastigband
sheeting are being processed in the hot cellvégstime to be able to invert the MSM hand andloeit
plastic. The MSM tongs and fingers are shown irufgdlL2.

Fig. 12 Intermeshing MSM Jaws with Knife Holder
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On-going work

It is a TWPC RCRA permit requirement that the RHstgacask be verified as empty as a part of
processing. This includes the bottom of the cagkeavall of the cask (i.e. the lower corner).dhde
seen from Figure 2 for a 30.5 cm (12 inch) walkddere is not much room for moving the manipulator
into a position where the lower corner can be @daburing the years of waste processing the apesat
staff tried many approaches to move the waste franlower corner of the casks into the middle ef th
cask. These include vacuums, scrapers, dust panane all have met with little or marginal sucds

is known that cleaning the cask to its lower coisavhere the most damage to the manipulator océurs
current project is approved and underway to buildfiset end effector (shown in Figure 13). Thid en
effector will off-set a scraping jaw 38 cm (15 iesh from the centerline of the manipulator allowihg
blade to reach the lower corner of a waste cask.bléwe operates on a linear bearing so it canineima
contact with the bottom of the cask when closihgg Wwill scrape the material away from the cornadt a
pile it in the center of the cask. We hope to hidmg and two more end effector types ready toligshe
end of calendar 2014.

Another project is to attach battery powered rdimgers to the end effectors that can be seen gftrtle
wrist camera (Shown in Figure 14). These will alline operators to gather 3D information from the 2D
wrist camera. Testing will begin in December 2014.

Fig. 13 Intermeshing MSM jaws with knife holder

Fig. 13 Offset End Effector
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Figure 14: laser depth modules

CONCLUSION

The manipulator is a cross between a custom dessigieee of equipment and a standard product. Its
support structure (mast, bridge crane, etc.) argedio custom designed piece due to the facthbagt t
have to fit in the room at the correct height anas. The manipulator portion is a standard exgstin
design with little customization. We have had a tmeek down time replacing the mast linear bearings
once, but we have had a total of 45 weeks of dinve attributable to manipulator repairs, 21 dayth
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last ten months of operation of the first manipatatThe labor cost to operate the hot cell aveyage
$13,185 a day, so the manipulator down time has$2873,300. After the hot cell outage with the
improvements to the manipulator, and commissiotiiegmaintenance glovebox, we have had 36 hrs. of
down time attributable to manipulator failure.

At TWPC the engineering staff has made an efforhoalify a standard manipulator so that it can
function better in its challenging environment. &lse made great effort to minimize the time to repa
and since we now have the protection of the ovdridarm, perhaps the risk of failure has droppdw T
performance metrics show that we seem to have fismessful in increasing the availability of the ho
cell, only time will tell.

Again, it must be said that the manipulator iseagpiece of equipment and well made, it's justthet
right piece of equipment. It is true that even totteere is no commercially available right piece of
equipment. That being said perhaps the most imptdeason is for future remote system development.
Perhaps it would be better to custom build or asieustomize remote systems so that they aress ©
being the correct piece of equipment, rather tlandmcerned about what is commercially available.
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