
STUDY OF THE MOTION SCHEDULE FORITER REMOTE HANDLING TRANSPORT CASKS�M. Isabel Ribeiro, Pedro Lima, Pedro Apar��cio, Renato FerreiraInstituto Superior T�ecnico/ Instituto de Sistemas e Rob�otica,Av.Rovisco Pais 1, P-1096 Lisboa CODEX, PORTUGALE-mail: mir@isr.ist.utl.pt�This work was carried out within the framework of the contract of association between the EuropeanAtomic Energy Community and Instituto Superior T�ecnicoAbstract. Simulations concerning the motion schedule of remote handling transport vehicles to be usedin the International Thermonuclear Experimental Reactor (ITER), are presented in this paper. Di�erentscenarios for vehicle path layout, simultaneous vehicle motion and unidirectional vs bidirectional motionare analysed and general performance indices compared among them. The results obtained are importantto reduce the duration and increase the reliability of heavy radioactive materials transportation.Key Words. Remote Handling, ITER, Transport Vehicles.1. INTRODUCTIONThis paper presents part of a conceptual study on
exible guidance and navigation solutions for theremote handling transport system to be used in theInternational Thermonuclear Experimental Reactor(ITER). The transport vehicles under study willoperate between the gallery around the Vacuum-Vessel (VV) and the Hot-Cell Buildings (HCB) ofthe ITER complex, and must be capable of safelymoving 20{80 tons of radioactive materials. De-tails about the buildings and transport operationswere taken from several ITER documents, notably(Ribeiro et al., 1997a; ITER/EDA, 1996; Mousdell,1997). The complete study on 
exible guidance andnavigation solutions can be found in (Ribeiro et al.,1997b).The path to be followed includes line segments andcurves of di�erent radius, and requires interfacingthe vehicles with the VV docking ports, a lift, andthe HCB docking ports. Maximum transfer cask di-mensions are 8m � 3:5m� 4m. Loaded casks mayweight from 20 to 80 tons. Inside the sealed trans-fer containers are the component handling systemsresponsible for the operations of loading and unload-ing components. Containers will be decoupled fromthe transportation vehicles.The transport vehicles motion schedule is an impor-tant issue, since the number of casks to be built,the required number of work shifts and the build-ing geometry (e.g., number of docking ports at theHCB, lift location, number of lifts) strongly dependon it. The performance of the transport vehiclesmotion schedule is discussed regarding two issues:i) bidirectional vs unidirectional cask motion in the

galleries of the VV building, ii) one transport vehi-cle moving at a time or more than one moving si-multaneously. The study, supported by simulationresults, concerns divertor cassettes transfer betweenthe four VV ports and the HCB ports. A completetransfer cycle is considered.2. SIMULATION SCENARIOSThe initial stage of the transfer cycle is representedin Figure 1 for eight transport vehicles. Notice thatthe gallery and the HCB are located at di�erent 
oorlevels, connected by the gallery lift.
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When bidirectional motion in the gallery is allowed,each cask moving between a VV port and the liftchooses the shortest path. When more than one ve-hicle moves at a time, tra�c congestions may arise.The distances considered in the simulations weretaken from the drawings in (ITER/EDA, 1996):gallery path radius= 37m; distance from gallerypath do VV docking port=12m; distance from liftto HCB transfer corridor = 25m; length of transfercorridor: 25m. The time spent to overcome the lift,including position on lift and secure, travel betweenlevels and release and free from lift, was taken as 30minutes, (Mousdell, 1997). The casks velocity wasassumed to be 0.125 m/s.The simulations were also based on the followingassumptions:H1 At the beginning of the transfer cycle, all thecasks are undocked, i.e., ready to start moving.The vehicles at the VV ports are loaded withdivertor cassettes and the vehicles at the HCBports are unloaded and ready to move.H2 During the transfer cycle, neither docking orundocking operations and loading or unloadingof components take place.H3 There is a turntable in the lift so that transfercasks may turn to approach the ports (at VV orHCB) with the correct orientation, i.e., cask'sdoor facing the port door.In the simulation results, the values of several di�er-ent variables are presented with the following mean-ings:� Total transfer time { Time needed to accom-plish a complete transfer cycle.� Waiting time { Time spent by each cask wait-ing for other cask at a crossover location orin the gallery near the lift due to tra�c con-straints. The total waiting time is the sum of allcasks' waiting time. It should be stressed thatduring a waiting period, a cask is stopped at aplace di�erent from a port or the lift, with lowpower consumption and reduced safety prob-lems.� Moving time { Time spent in motion by eachcask plus the time spent entering and leavingthe gallery lift (20 minutes). Total moving timeis the sum of all casks' moving time.� Distance { Distance travelled by each cask.Total travelled distance is the sum of all casks'travelled distance.3. RESULTS AND DISCUSSIONFor the graphic display of the simulations, a squareschematic representation of the gallery (Figures 2{3and 7{13) is used to simplify implementation, al-though maintaining the correct perimeter length.

3.1. One Cask Moving at a Time (A)With only one cask moving at a time, no tra�c prob-lems arise, since all the paths are free to be used bythe moving cask. The �rst consequence of this isa null waiting time for all casks. The �rst step isto move a loaded cask from the VV to the HCB.In this situation, there are four unloaded vehicles inthe HCB ports. Therefore, a �fth port at the HCBmust be available to park the �rst loaded vehicle,just arrived from the VV.The initial position of each cask is shown in Figure 1and the order in which casks are transferred betweenVV ports and HCB ports is 1-5, 2-6, 3-7 and, �nally,4-8.Unidirectional motion in the gallery (A.1)In Figure 2, the results of the cask transfer simula-tion are presented for the case where only unidirec-tional motion is allowed in the gallery.
Fig. 2. Simulation results for unidirectional anticlockwisemotion in the gallery and one cask moving at atime. Final stage of transfer cycle.The total transfer time is 7h24m38s. The conse-quences of having only one cask moving at a timeare null waiting time for all casks and total movingtime equal to total transfer time. Total travelleddistance is 1714 meters.Bidirectional motion in the gallery (A.2)With bidirectional motion in the gallery the resultsof the simulation are those presented in Figure 3.The total transfer time is 6h22m46s. Null waitingtime for all casks and total moving time equal tototal transfer time are, once again, consequences ofhaving only one cask moving at a time. Total trav-elled distance is 1250 meters.DiscussionBidirectional motion in the gallery reduces aboutone hour the total transfer time and reduces thetotal travelled distance from 1714 to 1250 meters,because the shortest gallery path to/from the lift ischosen for each cask. No safety level decrease resultsfrom these reductions, since only one transfer caskis moving at a time.



Cask Direction of motion in the gallery1 anticlockwise2 clockwise3 clockwise4 anticlockwise5 clockwise6 anticlockwise7 anticlockwise8 clockwise
Fig. 3. Simulation results for bidirectional motion in thegallery and one cask moving at a time. Finalstage of transfer cycle3.2. More Than One Cask Moving Simultaneously(B)Increasing the number of casks moving simultane-ously is expected to decrease total transfer time.However, when more than one cask moves at a time,tra�c congestions may arise. Three di�erent solu-tions to handle this problem are analysed:� Cask crossover using an extra path between thegallery lift and the HCB;� Cask waiting state in the gallery, near the lift;� Combination of the �rst two solutions, i.e., caskcrossover and waiting state.Due to structural constraints, the best place to cre-ate the extra path that allows cask crossover seemsto be in the way between the gallery lift and theHCB transfer corridor as illustrated in Figure 4. Theactual stage of Tokamak Building design does notaccommodate that extra path. The required spacewill impose some changes in the laydown hall levelbetween the gallery lift and the transfer corridor.Should a 
exible guidance system be used, space fortwo near parallel paths is required. For instance,if inductive guidepath is used, two wires (one perpath) should be installed.Using the second solution, a cask remains at a wait-ing state in the gallery (near the lift) when it iswilling to use the lift to go up and another cask isalready using the lift to come down. If only unidirec-tional motion is allowed in the gallery, this situationwill require no manoeuvres, as referred in Figure 5for the possible situations when (a) the lift occupiesthe gallery, (b) the lift is apart from the gallery.Bidirectional motion in the gallery is used to min-imize the travelled distance between each VV portand the lift entrance. The minimum distance pathis the one to be followed by the cask leaving the VVport (and going to the HCB) and also by the cask
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Fig. 7. Simulation results for cask crossovers betweenthe lift and HCB corridor and unidirectional anti-clockwise motion in the gallery. Two casks mov-ing simultaneously. Final stage of transfer cycle.3.2.1. Cask crossovers between the lift and HCB cor-ridor (B.1). The simulations consider the situationwhen two casks (the one leaving a VV port and theone moving towards that port) move simultaneously.As the only considered possibility for crossover is onthe way from the gallery lift to the HCB transfercorridor (see Figure 4), the lift is �rst used by thecask going up. The two physical paths representedon Figure 4 support the crossover, no manoeuvresbeing required.The initial position of each cask is shown in Figure 1and the order in which casks are transferred betweenVV ports and HCB ports is 1-5, 2-6, 3-7 and, �nally,4-8.Unidirectional motion in the gallery (B.1.1)Figure 7 presents the results of the simulation withcrossovers between the lift and the HCB corridorand when only unidirectional motion is allowed inthe gallery (see Figure 4). It shows that the totaltransfer time is 6h16m32s, the total waiting time ofthe casks are 2h24m48s and the total moving timeis 7h23m12s. The total travelled distance is 1704meters.Bidirectional motion in the gallery (B.1.2)If bidirectional motion is allowed in the gallery, theresults are presented in Figure 8. It shows that thetotal transfer time is 5h14m40s, the total waitingtime of the casks are 2h04m00s and the total movingtime is 6h21m20s. The total travelled distance is1240 meters.DiscussionThe total travelled distances in simulations B.1.1and B.1.2 are 10 meters smaller than those of sim-ulations A.1 and A.2, respectively, because withcasks moving simultaneously only four ports are re-quired in the HCB.These simulations show, once again, that it is advan-tageous to allow bidirectional motion in the gallery,as far as total travelling time is concerned. Only thecasks moving from the HCB to the VV have waitingtimes { each of them has to wait between the HCBcorridor and lift for a cask coming from the VV.

Cask Direction of motion in the gallery1 anticlockwise2 clockwise3 clockwise4 anticlockwise5 clockwise6 anticlockwise7 anticlockwise8 clockwise
Fig. 8. Simulation results for cask crossovers between thelift and HCB corridor and bidirectional motionin the gallery. Two casks moving simultaneously.Final stage of transfer cycle.3.2.2. Cask waiting state in the gallery near lift(B.2). The simulations for situation B.2 considerthat a single pair of casks leaving/reaching a speci-�ed VV port is moving at a time, coincidently withthe assumptions made for situation B.1. When B.2is considered, the pair of casks will have to cross eachother at the gallery level, near the lift. Therefore,the cask travelling from the HCB to the VV portwill be the �rst to use the lift, while the second cask(the one that left the VV port) will be waiting nearthe lift to go up.The initial position of each cask is shown in Figure 1and the order in which casks are transferred betweenVV ports and HCB ports is 1-5, 2-6, 3-7 and, �nally,4-8.Unidirectional motion in the gallery (B.2.1)With cask waiting state in the gallery near thelift and with unidirectional motion in the gallery,the simulation results are those presented in Fig-ure 9. Total transfer time is now 5h11m42s, totalwaiting time is 1h40m02s and total moving time is7h23m12s. The total travelled distance is 1704 me-ters.Bidirectional motion in the gallery (B.2.2)Allowing bidirectional motion in the gallery, the re-sults are those presented in Figure 10. Here, to-tal transfer time is 5h22m22s, total waiting time is1h56m34s and total moving time is 6h41m36s. Thetotal travelled distance is 1392 meters.DiscussionWhen waiting states are allowed in the gallery nearthe lift but not crossovers between the lift and theHCB corridor, the advantage of bidirectional mo-tion in the gallery concerns only the total travelleddistance. The smaller travelled distance requires,however, manoeuvres for the casks going up. Whenbidirectional motion in the gallery is allowed, thetotal transfer time becomes slightly higher. This is



Fig. 9. Simulation results with casks waiting state in thegallery near lift and unidirectional anticlockwisemotion in the gallery. Two casks moving simul-taneously. Final stage of transfer cycle.Cask Direction of motion in the gallery1 anticlockwise2 clockwise3 clockwise4 anticlockwise5 clockwise6 anticlockwise7 anticlockwise8 clockwise
Fig. 10. Simulation results with casks waiting state inthe gallery near lift and bidirectional motion inthe gallery. Two casks moving simultaneously.Final stage of transfer cycle.due to the 10 meters path introduced between thegallery and the lift that are not compensated witha length reduction of other paths.3.2.3. Cask crossovers between the lift and HCB cor-ridor and casks waiting state in the gallery nearlift (B.3). In this case, a combination of caskcrossovers between the lift and the HCB transfercorridor and cask waiting states in the gallery nearthe lift is used to solve tra�c congestions. As such,the �rst cask to use the lift is not constrained, i.e.,for each pair of casks to transfer, both the cask com-ing from the HCB and the cask coming from a VVport may be the �rst to use the lift. To optimize liftusage, for every lift trip a cask is carried. There-fore, the �rst cask to use the lift { the cask comingfrom the HCB or the one that left a VV port { isthe same for all pairs of casks to transfer. The or-der in which the pairs of casks should be transferredalso a�ects the total transfer time, though in somecases by a very small amount. To optimize lift usage

Fig. 11. Simulation results for cask crossovers betweenthe lift and HCB corridor, waiting states in thegallery near lift and unidirectional anticlockwisemotion in the gallery. Two casks moving simul-taneously.once again, the �rst pair to be transferred should bethe one with casks initial location closer to the lift.The last pair to transfer should have casks desti-nations close to the lift to minimize the time con-sumed with the lift already stopped. Simulationshave shown that the shortest time consuming trans-fer cycle is accomplished when the order to transferpairs of casks is 1-5, 4-8, 3-7 and �nally 2-6.The results presented in the sequel correspond to thebest schedule of cask pairs being transferred withthe initial position of each cask shown in Figure 1.Unidirectional motion in the gallery (B.3.1)Figure 11 presents the results of the simulationwhencrossovers are possible in the gallery near the lift andbetween the lift and the HCB corridor, and onlyunidirectional motion in the gallery is allowed. To-tal transfer time is 4h24m38s, total waiting time is57m50s and total moving time is 7h23m12s. Thetotal travelled distance is 1704 meters.Bidirectional motion in the gallery (B.3.2)Allowing bidirectional motion in the gallery, twosimulations were done with two and four as the max-imum number of casks moving simultaneously.With two casks moving simultaneously, total trans-fer time is 4h16m44s, total waiting time is 1h26m56sand total moving time is 6h36m48s. The total trav-elled distance is 1356 meters (see Figure 12).Under this simulation scenario, the possibility of si-multaneously moving four casks was also tested, inorder to check whether it was advantageous to re-duce total transfer time. With four casks movingsimultaneously, total transfer time is 4h16m44s, to-tal waiting time is 7h36m28s and total moving timeis 6h36m48s. The total travelled distance is 1356meters (see Figure 13).DiscussionIn this case, bidirectional motion in the gallerybrings major reductions to the total transfer timeand to the total travelled distance.With bidirectional motion in the gallery, the in-crease from two to four, on the number of casksmoving simultaneously, leads to no advantage: the



Cask Direction of motion in the gallery1 anticlockwise2 clockwise3 clockwise4 anticlockwise5 clockwise6 anticlockwise7 anticlockwise8 clockwise
Fig. 12. Simulation results for cask crossovers betweenthe lift and HCB corridor, waiting states in thegallery near lift and bidirectional motion in thegallery. Two casks moving simultaneously.total transfer time, the total moving time and to-tal travelled distance remain the same. However,the total waiting time changes (from 1h26m for twocasks to 7h36m for four casks). This is due to thefact that with two casks moving simultaneously, thelift is already continuously used. The main conclu-sion is that the lift, namely the total time spent onlift related operations, is the major bottleneck of thewhole system. 4. CONCLUSIONSIf neither cask crossovers between the lift and theHCB transfer corridor nor cask waiting states in thegallery are allowed, it is not possible to have morethan one cask moving at a time. In this case (simu-lations A.1 and A.2), the total moving time equalstotal transfer time and no waiting time exists. Whenmore than one cask is allowed to move simultane-ously, only four ports are needed in the HCB. In thiscase, total transfer time is smaller than total mov-ing time because there are simultaneous movements.With bidirectional motion in the gallery, total trav-elled distance is signi�cantly reduced because eachvehicle uses the shortest path between the lift andthe VV port. Generally, bidirectional motion alsoreduces total transfer time.The smallest transfer time occurs when caskcrossovers and waiting states are allowed (simula-tion B.3.2). With two casks moving simultane-ously, the lift is optimally used. Therefore, allowingmore casks to move simultaneously does not improvetransfer time. Reducing the total travelled distanceis an important achievement because it leads tohigher power autonomy of the casks and/or lowercapacity (thus lighter) batteries. It also decreasesfault probability of vehicles increasing their reliabil-

Cask Direction of motion in the gallery1 anticlockwise2 clockwise3 clockwise4 anticlockwise5 clockwise6 anticlockwise7 anticlockwise8 clockwise
Fig. 13. Simulation results for cask crossovers betweenthe lift and HCB corridor and in the gallery nearlift and bidirectional motion in the gallery. Fourcasks moving simultaneously.ity.The gallery lift is the major bottleneck of the wholesystem. The smaller transfer time is obtained whenthe lift is optimally used. This occurs when it isalways occupied, i.e., when a cask leaving it imme-diately gives room for another cask already waiting.Should lift performance be improved, or the installa-tion of another lift considered, transfer times woulddecrease in all studied cases.5. REFERENCESITER/EDA (1996). Design Description Document -Remote Handling Equipment. Technical Report2.3. ITER.Mousdell, A. (1997). Report on RH Logistics Study.Notes of Presentation at the Remote HandlingCoordination Meeting, Garching.Ribeiro, M. I., P. Lima, P. Apar��cio and R. Ferreira(1997a). Conceptual Study on Flexible Guidance,Navigation and Docking Systems for ITER RHTransport Casks. Technical Report RT{403{97.Instituto de Sistemas e Rob�otica | Instituto Su-perior T�ecnico. 1096 Lisboa Codex, Portugal.Ribeiro, M. I., P. Lima, P. Apar��cio and R. Ferreira(1997b). Conceptual Study on Flexible Guidanceand Navigation for ITER RH Transport Casks.In: Proceedings of the 17th IEEE/NPSS Sympo-sium on Fusion Engineering, San Diego, CA -USA.


