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Objective: The aim of this study is to investigate the effectiveness of the expert
prediction method for estimating the delay factors and the delay time of the nozzle
dam installation and removal tasks.

Background: The radiation managers of nuclear power plants have tried to find the
delay factors to reduce the delay time of the nozzle dam installation and removal
tasks, one of the highest radiation dose tasks performed during the scheduled
preventive overhaul period of nuclear power plants.

Method: Five experts on nozzle dam installation and removal tasks estimated relative
weights for delay factors and the delay time of the task using the analytic hierarchy
process (AHP) method. In the experiment using the steam generator water chamber
mockup simulator the maximum delay time was measured from the difference between
the longest and the shortest performance time of the tasks repeated by the three
skilled workers.

Results: Some unexpected events during the simulation trial lead to a low statistical
correlation between the estimated delay time and the measured delay time of the
nozzle dam installation and removal tasks. Expert estimations using the AHP method
could not reflect the accidental event such as an unexpected excessively tightening
of the bolts on the nozzle dam making the performance time prolonged.

Conclusion: The estimates on the delay time using the AHP method were limited in
usefulness but the debriefing results showed that the estimates of the delay factors
predicted well the real situation of the nozzle dam installation and removals tasks.

Application: The AHP method for delay factor estimation might be usefully applied
to the other high radiation dose overhaul tasks of nuclear power plants such as
refueling, reactor water clean-up, works for decommissioning and so on.

Keywords: Nozzle dam, Installation and removal task, Delay factor, Delay time,
Decommissioning, Preventive overhaul, Nuclear power plant
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1. Introduction

CEW X U HA TS YFRHUHAO| FI|MQI ALlod™e| 2HY 7|2t F7|UNT] AN s IDFHE BY F
SHLFO|CHKim et al, 2000; Kim et al, 2010). HIE2 &Y 3 37t2 O3, 12 ChEotH, Y% HEHO| OjOED SHo =2 3y
Cjof O QoM HE|= HH| XS oA THECEL LEH 2 MYXIQ| Jfol mZEo| 7Y Mk SHA(Kim et al, 2013)0|22 I
ZS A4 of7] ot MYz s, Won0iAal W @R 52 850 MHYT0| FYUD=H 12 Chat SHoE Qb @e
O30 M2l gol= AIOFE 7t21 ZAXIO| A2t d5g I MotAl7|L, BT 82 ZYRI| 37| S(dexterity)S KBHA|
Z &= QUCHKFigure 1). 0|23t W= ZX|0|= S76tn DM = HH0|D2 ML XY EAXLO| 74Ol LEFS X
3t 57| Qo HYAZLS AAztts WEHQ AP W7 QT EICE ST HARM FIXHEL O2fst DLFEMTF ZAS X|CA|7|
= X|HeQls mAsty| o) B2 =S s UCkLee, 2017)

Figure 1. The nozzle dam removal task performed by a subject during a simulation experiment in the steam generator water
chamber mockup

YW AKX 3 A ZY2 Table 12t Table 29| =MEZ TIMEICH

Table 1. The job elements of the nozzle dam installation task

Job element Motions within the job element
1.1. Going into the chamber through the manway
1. Going into the chamber 1.2. Waiting for dam segments to be handed over from the assistant worker through
the manway

2.1. Peeling the protective cloth off the dam segment handed over through the manway
2.2. Moving the segment to the center of the nozzle
2.3. Fitting the segment to the nozzle

2. Installing the center
dam segment

3.1. Turning around to get the left dam segment through the manway
3.2. Moving the segment to the left side of the nozzle
3.3. Fitting the segment to the nozzle

3. Installing the left
dam segment
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Table 1. The job elements of the nozzle dam installation task (Continued)

Job element

Motions within the job element

4. Installing the right
dam segment

4.1. Turning around to get the right dam segment through the manway
4.2. Moving the segment to the right side of the nozzle
4.3. Fitting the segment to the nozzle

5. Tightening the bolts

5.1. Moving the bolts to the segments
5.2. Tightening the bolts
5.3. Checking out the bolts

6. Installing the rubber cover

6.1. Turning around to get the sealing rubber cover through the manway
6.2. Moving the rubber cover to the dam segments
6.3. Fitting the rubber cover over the dam segments

7. Going out the chamber

7.1. Going out the chamber through the manway

Table 2. The job elements of the nozzle dam removal task

Job element

Motions within the job element

1. Going into the chamber

1.1. Going into the chamber through the manway

2. Removing the rubber cover

2.1.
2.2.
2.3.

Turning around to the sealing rubber cover
Peeling off the rubber cover
Handing over the rubber cover to the assistant worker through the manway

3. Removing the left
dam segment

3.1
32
33.
34

Turning around to the left dam segment

Unrolling the bolts

Removing the dam segment from the nozzle

Handing over the dam segment to the assistant worker through the manway

4. Removing the right
dam segment

41.
42.
43.
44.

Turning around to the right dam segment

Unrolling the bolts

Removing the dam segment from the nozzle

Handing over the dam segment to the assistant worker through the manway

5. Removing the center
dam segment

5.1. Turning around to the center dam segment
5.2. Removing the dam segment from the nozzle
5.3. Handing over the dam segment to the assistant worker through the manway

6. Leaving the chamber

. Moving to the manway
. Sitting on the edge of the manway
. Leaving the chamber

S22 S AA MY HYAZLS ABAIZ|E HYR Y 245 HYY WRe K2 =2 QY| HYHYS mefol AlZHol
205 ¥ EXNYXNZREH HAOME S5 oA = EAM2 8- (fumble), 717t BOF a0l DI H(slip), =
EE ZO|7Lt F= IFF0|AQ Dt E= Dot gol B2z A =O0[ALt 2X| Rot= 82, HMAHEES 22 Ko &
25| UFEH AIZO] 225 = ZRERE 7|Qet;

CEY 2 8 N YO HYXA R4E TS Tisty| foiME HYS 24 MYz 22t UF 74 24 HYo| Y
At BIEHoz S0 FYX|Q| WIS Fot0foF B AOICE 2Lt S7|2Y7| +4 S72 o A0l XS 8570
HIE2 SU0|22 A 4 WRoM +d5s HYS It Y S5 83 22 Y sdAUs FT7|= 27ts0litt og
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HHZIZE B 50| Jh58 AZHS UL BRI MYeks AIZHEE YIS 240D M UK A2 5 HA HYAIZIO|
Ch QY HETHSCl oug Sof LEY X 2 HH Mol % 94 NN NATHsHS FHE & UCH HA Yol X9
AZHO 2t 92 THiIAS] XI97Hs4S Bolo] 2t 4 SH0| NIQAZS ZHHHOR 2Y + US HOICh B AR HEJ} B
Y WHoR =IY X LAY 2 2 Ko i XAHSHS FHD BNES S5 4 24 HYO| KA M5
g Fol0] 0|52 HID 2Aokn MBIt BHO| o3 XIUAIZ o) ol EFYS Borstxt Bt

ST AKX @AE FHHOZ 05T 4 Ys YHoZ Anto| 2 (Noh, 2006)1t AHE2 M1 (Analytic Hierarchy Process;
AHP)O| oLt 2 AT E AR QAS HETISHD F2[8H AHP B2 AL ST 2012 FESsH A E Jeong
and Jeong (2013)2 ZHIY HH|A O[] AHRM B7tRQI0| R E 4HE0| AHP BHE AHESIRICE Mohammed (2002)= CHYSH T
EHE Oz Y 7to| LM&E Fot7| sk AHP WS HESHRICE Kim (2012)2 MAK QIHBMS HESHT| Metdt ALEAt ¢
EITo|A i Zto| QMRS HESSl7| QI8 AHPE ArES HEZF QUCH

AHPS| B8 B M7ot BIto| 262 TIMEIThSaaty, 1990). AZHA TN =FY X L HH Aol ALK ALL f
S2RRE YA EQI0R 2ofoto OlUHDE THAs 4 Tk 2 SToME =B MK U A Bl K0S

Table 31t 22 3¢F2| ASFZE ZHSIAL.

Table 3. Decomposition of time delay factors of the nozzle dam installation and removal tasks

The first hierarchy The second hierarchy The third hierarchy
1. Lack of communication among working groups The job elements in Table 1 or 2
Managerial factors 2. Tight work schedule The job elements in Table 1 or 2
3. Lack of training or experience The job elements in Table 1 or 2
4. Fear for radiation exposure The job elements in Table 1 or 2
5. Discoordination with the assistant worker The job elements in Table 1 or 2
6. Biorhythm The job elements in Table 1 or 2
Personal factors
7. Slip The job elements in Table 1 or 2
8. Losing balance The job elements in Table 1 or 2
9. Fumble The job elements in Table 1 or 2
10. Heavy weight of dam segment or tools The job elements in Table 1 or 2
11. Difficult position to get the object The job elements in Table 1 or 2
Environmental factors
12. Lower luminance and blurred visual field The job elements in Table 1 or 2
13. Hot and humid environment The job elements in Table 1 or 2

HM2+E(Table 3)2| AHP 22 24 Z1t 2™ 2X| HYUHAM AIZX[A Fes 3= 7HY Sa% 2212 S7|2Y7| saUe ¥2
ZE9H P M SO 2t AlOkvisual field) 20| XIHLAL Chg22 YA HZF0)| Ot F2i8, HULY FYe= s Azt
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8 =SYNIREL 7 SO 5E AT NHoIUCHFgue 2. =5Y HH UM AR AR = ZUNIRES| £
St X

A
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Figure 2. The weights scored from the responses on the AHP questionnaires for the 13 delay factors of the nozzle dam installation
task (the number denotes the delay factors in Table 3)
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Figure 3. The weights scored from the responses on the AHP questionnaires for the 13 delay factors of the nozzle dam removal
task (the number denotes the delay factors in Table 3)

W 2R X HA ZHE 2t 24 ZP(job element)fl O|X[= A|ZX[AL0I0| HEHS BIIS7| 29 M3eEe| AHP €= Hit
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X HHoME TY YMAHE ZXaF0| AZEX|HR0le] YEE0| 7+ E ASR Ligtn 1 030 2EZ
Ux ARl FEHO| F A= LZTHFigure 4).
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1. Going into the chamber
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3. Installing the left dam segment

5. Tightening the bolts

6. Installing the rubber cover
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Figure 4. The mean weights of the job elements influenced by the time delay factors of the nozzle dam installation tasks

= MA HYUME S HHNIHE FMAHIYO| AR R0l FoE 7hy I Hertn SEUCH 1 OHEoz A% Ui
JHE HMAMEO| Alztx|daclel geto] 2 A2z SEHAUTFigure 5).
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Figure 5. The mean weights of the job elements influenced by the time delay factors of the nozzle dam removal tasks
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3. Time Study on the Nozzle Dam Installation and Removal Tasks using the Steam Generator
Water Chamber Mockup

[ZER[ 2 7HEX|e] BEEE E7I5H7| fI6H0] HE|2 &
& | ]

FS 28 A AZE R}

| 27tSotER = AF0ME S71247] +2 mockupdilA 2Kt &
Yol (Figure 1) AlZts 2oL FTO| A=oY-H 7|17t & =5
3| Ol oo 3E YAt 3010 =EY A % KA Yo Moy HH0| DHHAZ FHOl5HAUCt

AZH 58 HUEE £017] 9310] 24 FHAS Table 1 X Table 292+ 20| HYSHOZ HES = 7} HRSAEMS E30] TES
30| 2028 A SHOHD 018 B0l 94 SHR0| 284S FHHYCE BE0| 022 SHOE 1510l WS 5K missing
data) Tl BIRIIHOIN SYE SUs S| BFLRAIZE ARBH0l BT

4. Evaluation of Effectiveness of the AHP Method for the Delay Time Estimates on the Nozzle
Dam Installation Task

CEY AKX Mol 42 329 mAARIt 242 62, 112, 72| fHE ZHESIRICEL Bat HAAZH2 185.72% AT AT A7t
(397.76X)1t Z|TH AR LAA|ZH127.72K) 2 2 EE{(Figure 6) T Z|Cf A|ZHR|Y2 252.04X FCHTable 4). 24AHEAM ZI L EH MX|
Ao ~RF AZH| AOIM DX SAX {29t A0z HO|X| UUCHTable 4; p=0.7725).
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Figure 6. Performance variation of the three subjects performing the nozzle dam installation task
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Table 4. The mean, the maximum and the minimum nozzle dam installation time of the subjects

J Ergon Soc Korea

Subject Mean Max Min Range F p
1 199.89 224.89 146.28 78.61
2 183.60 379.76 127.72 252,04 0.2614 0.7725
3 176.90 21017 132,55 77.63
Total 185.72 379.76 127.72 252.04

YHOR 3 =EY MK 8 YW AUXW JFNS MX0 208 A) XA Fojo 2 94
P

Tl X[HAIZE

Table 5. The estimated time using AHP and the measured time for each job element delay of the nozzle dam installation task

Job element of nozzle dam installation Estimates using AHP method Measured time (sec)
Weight Weighted delay time (sec) Max Min Range
1. Going into the chamber 0.10 25.61 9.78 437 541
2. Installing the center dam segment 0.23 56.91 94.56 1343 81.13
3. Installing the left dam segment 0.17 4214 40.87 583 35.04
4. Installing the right dam segment 0.17 42.19 32.99 7.02 2597
5. Tightening the bolts 0.18 44.21 305.22 52.03 253.19
6. Installing the rubber cover 0.11 28.03 41.94 14.60 2734
7. Going out the chamber 0.05 13.01 9.96 3.81 6.15
0 50 100 150 200 250 300
1. Going into the chamber  |um
2. Installing the center dam segment ™
3. Installing the left dam segment  [illa
4. Installing the right dam segment  |[lkam
5. Tightening the bolts | ——
6. Installing the rubber cover [l
7. Going out the chamber |

W measured delay

m estimated delay using AHP

Figure 7. Comparison between the estimated and the measured time for each job element delay of the nozzle dam installation

task
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Figure 8. Low correlation between the estimated time using AHP and the measured time for each job element delay of the

nozzle dam installation task

5. Evaluation of Effectiveness of the AHP Method for the Delay Time Estimates on the Nozzle

Dam Removal Task
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0o 2% 2RA7H127.98Z)0t X[Ch AQA|ZH59.64%)0| XHO[2L2E ot AL} X|HA[ZHS 68.34ERICHFigure 9). E4HEM Alk(Table
6) == MA L 2QF AlZHo| AOIM mAHXZE SHH F2IoH A0|7h ARALH(p=0.0071).
140.00
120.00
100.00
80.00 B mean
60.00  max
B min
40.00
20.00
0.00
Figure 9. Performance variation of the three subjects performing the nozzle dam removal task
Table 6. The mean, the maximum and the minimum nozzle dam removal time of the subjects
Subject Mean Max Min Range F p
1 101.66 12798 89.04 38.94
2 7342 79.35 66.78 12.57 6.5926 0.0071
3 85.51 111.13 59.64 51.49
Total 85.52 127.98 59.64 68.34

AHP oz FFot LZH HMA 24 MY AZKA 7IEKE 5
= 7 o P

% Figure 101+ Z¢Ct,

Ao 228 HOf X|HA|ZHY S50 ZF 24 Y9l X|

Table 7. The estimated time using AHP and the measured time for each job element delay of the nozzle dam removal task

Estimates using AHP method Measured time (sec)
Job element of nozzle dam removal - - : -
Weight Weighted delay time (sec) Max Min Range
1. Going into the chamber 0.10 7.16 772 259 513
2. Removing the rubber cover 0.17 11.73 16.71 749 9.22
3. Removing the left dam segment 0.21 14.09 34.83 14.83 20.00
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Table 7. The estimated time using AHP and the measured time for each job element delay of the nozzle dam removal task

(Continued)
Estimates using AHP method Measured time (sec)
Job element of nozzle dam removal - : - -
Weight Weighted delay time (sec) Max Min Range
4. Removing the right dam segment 0.20 13.64 46.58 15.56 31.02
5. Removing the center dam segment 0.25 16.77 22.20 7.11 15.09
6. Leaving the chamber 0.07 495 12.97 3.88 9.09

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

1. Going into the chamber -

2. Removing the rubber cover

3. Removing the left dam segment

4. Removing the right dam... F

5. Removing the center dam...

6. Leaving the chamber
m measured delay m estimated delay using AHP

Figure 10. The estimated time using AHP and the measured time for each job element delay of the nozzle dam removal task

53| MEII7L AHPE AtE3I0] FHTH ZH KA o X|¢lo] 2 =M= 5Y YMIAHE XA, £= HHIHE HH 25
NIHE X7, D27 HA, L4, E[A0|ACE MHZE HHS Sl ZFE X HA|IZH0] 2 &=Ms 2F DMIHE X7, Z5 A
JHE M7, 3% HNIHE HMAH D2AY X7, 4, LM =MHUCkFigure 10). F HHIHEQ X|HA[ZI0] E0{Lt A2 I
MHIHMO| A HAY gh2 HEHoA 25 UMIHES| HZ HEfE X 2of o2 H g5 AE st2tn H480X)2CH AM
X|HEl 4658271 2QE|AU7| HEO|QAC M = gt DAAXE HHOIATT AR Hos 280F AlOF 229| 0{2420] A
AN O MHOM F HMOAHES 2ET N3t o2 ALY F&0 oZ{RCtD C|Ee[HstRIcH MHotAT A80ZE QI
off AOF7t 2ot 2ESICHE BHE2 AHP 240z Soff 55T EYW KA Qo X & W2 XXt STl AlOF7t A
M2 =2 7HEX(11.2%)E 22 Zat #30| RACHFigure 2).

LEW HA AU A0 24 EYHO| X|HA|IZH| CHet AHPE 0|83 FHX|Qt MEX| AlO]o] MTEAE HUAD(R?=0363) &
M F9M(p=0206)= EESIRALHFigure 11). TAHHXHS & HEK HE HHOM XKt ZRAESFK] 31.02%; 0FK 13.64X)2% &
SLEQl X[ 2 AFHO| AHP 0| o5t X|HAIZE FEX|Q] HUTE K SEA|ZICE MEtA AHP WS QEE At QI3 X|
AZEE O|Est7| o= MetshR| fctn

rQ rlo é
=2

|'|_|0|-

4 ol
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Figure 11. Low correlation between the estimated delay time using AHP and the measured delay time for each job element

delay of the nozzle dam removal task

6. Conclusion
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Y X 2 HA Za 2ol AYHY HEE S XNFRQS M| of2R HYS TRIIe| dYe 27 E UEHoE FH
= 490 YEHEOo|1 THEN [olg £ HY LoM= AHP 2H0| ol M R8YCt o 4= Ot DA™t ClEeY
YoM AlZE 0| HY dF0Me B2 = YUK HH HFoMe D=0 fet F2H3, YUY JZHo=Z Qloh AEZA,
TYE 7lgl o3 &Y KM Q 2otEe Rz Qo H2|H et 50| dMsit XM= 0|52 tEE =27t BYUM &
2 ooz motEl LY&O[RACHFigure 2 X Figure 3).

CEHW X % HA Zo| T AL Y SoME S50t 2OFM XF X U0 FAKE BX| Yo SHE
HYUXRE #1717t of A HAUE HEIIE YlSt=HE oS0 RALE XEHQ = AFE S (RS FHIH SA4H &
oo e ZANE A = AS AO|Ch EDF LFT0| BOL X|HAZHS £|A3|5H0]0F St= AT A =0 U7HH| 2ol L2 FO}
OE ST AXEZ oA, =T, B7ILA7] M2 AW T BHAY, HAZAS 2, SAWEZ S(lim, 2015) LA Qb E2] 20
oy MB35t YA thEg ot X[l oot =20 E Aoz TEHEIC
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