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核一廠 1號機 EOC-27大修燃料水棒連接桿斷開處理專案報告 
之修訂 2版修正內容對照表 

104.04.14 

項 次 章 節 頁 次 原 文 內 容 修 正 後 內 容 

1 摘要 ii 
根據目前證據分析，得到重要結

論如下： 
重要結論如下： 

2 摘要 iii 

本案主要的肇因分析工作已經

完成，惟為進一步確認肇因分析

結論，仍持續進行次要的分析項

目。依據目前所完成的安全評估

(JCO)內容，已包括正常運轉、
可預見運轉事件、設計基準事件

等各項運轉狀況。即使未來肇因

分析因有新的證據而有所改變

時，也不影響安全評估(JCO)之
有效性，亦即不會影響機組再起

動及運轉的安全。 

運轉安全評估(JCO)內容包括正常
運轉、可預見運轉事件、設計基準

事件等各項運轉狀況。評估結論確

認均不影響機組再起動及運轉的安

全。 
除上述運轉安全評估外，經由評估

確認，不會在燃料吊運中發生燃料

水棒連接桿斷開事件。即使發生，

其後果及影響可由現行之最終安全

分析報告(FSAR)第 15.1.30節-燃料
吊運意外事件涵蓋。 

3 前言 1 

本事件之肇因分析現仍由燃料

廠家持續進行中，台電公司除持

續要求燃料廠家儘速執行外，另

已完成 

台電公司已完成 

4 前言 1 

針對核一廠 C1F029 燃料水棒連
接桿斷開的事件，相關的肇因分

析工作仍持續依計劃進行中，但

依據目前所完成的安全評估內

容，已包括正常運轉、可預見運

轉事件、設計基準事件等各項運

轉狀況。即使未來肇因分析因有

新的證據而有所改變時，也不影

響安全評估(JCO)之有效性，亦
即不會影響機組再起動及運轉

的安全。此次 C1F029 燃料水棒
斷開之異常現象應屬非系統性

失效，台電公司會繼續追查肇

因。 

運轉安全評估(JCO)內容包括正常
運轉、可預見運轉事件、設計基準

事件等各項運轉狀況。評估結論確

認均不影響機組再起動及運轉的安

全。 
除上述運轉安全評估外，經由評估

確認，不會在燃料吊運中發生燃料

水棒連接桿斷開事件。即使發生，

其後果及影響可由現行之最終安全

分析報告(FSAR)第 15.1.30節-燃料
吊運意外事件涵蓋。 

5 5.3 17  整節更新 

6 6.0 19 

本事件之肇因分析現仍由燃料

廠家持續進行中，台電公司除持

續要求燃料廠家儘速執行外，另

已完成 

本次連接桿斷開事件，係由數個發

生機率極低的非預期事件同時發生

所造成，這些非預期的事件若為獨

自存在，無法導致本次失效事件，

因此可歸納本次失效事件為偶發失

效，且再發生的機率低。但台電公
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司仍保守假設運轉中可能發生水棒

連接桿斷開事件，並已完成 

7 8.2 26 

本事件之肇因分析現仍由燃料

廠家持續進行中，台電公司除持

續要求燃料廠家儘速執行外，另

已完成 

台電公司已完成 

8 8.2 26  

除上述運轉安全評估外，經由評估

確認，不會在燃料吊運中發生燃料

水棒連接桿斷開事件。即使發生，

其後果及影響可由現行之最終安全

分析報告(FSAR)第 15.1.30節-燃料
吊運意外事件涵蓋。(新增說明) 

9 9.0 27 

依據目前已完成的安全評估

(JCO)，可確認包括正常運轉、
可預見運轉事件、設計基準事件

等各種狀況下之爐心安全。即使

未來肇因分析因有新的證據而

有所改變時，也不影響安全評估

(JCO)之有效性，亦即不會影響
機組再起動及運轉的安全。 
台電公司評估，此次 C1F029 燃
料水棒異常之現象應屬非系統

性失效，且已擬訂運轉期間爐心

監測計畫，可確保機組繼續安全

運轉。 

運轉安全評估(JCO)內容包括正常
運轉、可預見運轉事件、設計基準

事件等各項運轉狀況，評估結論確

認不影響機組再起動及運轉的安

全。 
除上述運轉安全評估外，經由評估

確認，不會在燃料吊運中發生燃料

水棒連接桿斷開事件。即使發生，

其後果及影響可由現行之最終安全

分析報告(FSAR)第 15.1.30節-燃料
吊運意外事件涵蓋。 
根據以上論述，此次 C1F029 燃料
水棒異常之現象應屬偶發失效，且

台電公司已擬訂運轉期間爐心監測

計畫，可確保機組繼續安全運轉。 

10 
附件八 

1.0 1 

燃料廠家歸結有兩個主要
因素造成本次失效事件發
生，但這些因素一般來說並
不會存在於正常的燃料束
中。燃料廠家研判，有許多
因素共同造成本次事件，任
一因素均無法單獨導致本
連接桿斷開。燃料廠家評估
下列因素為導致本事件發
生之主因： 
z 本斷開連接桿有獨特的表面
瑕疵，是由材料缺陷所引起。 

z 本斷開連接桿存在有非預期
的應力狀態，此現象在本燃料

束上為唯一特例。(詳述如第

燃料廠家研判，有許多因素共
同造成本次事件，任一因素均
無法單獨導致本連接桿斷
開，這些因素一般來說並不會
存在於正常的燃料束中。其中
兩個主要因素如下：  
z 本斷開連接桿有由材料缺陷所
引起之獨特的表面瑕疵。 

z 本斷開連接桿存在有非預期的
應力狀態，此應力之可能來源為

運轉溫度下發生燃料匣頂緊下

繫板的狀況(詳述如第八章)，但
需配合表面瑕疵才有可能造成

裂縫起始。 
因此本次燃料束水棒連接桿
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八章) 斷開為特殊案例。 

11 
附件八 

1.0 2 

雖然完整肇因分析尚未完
成，但根據目前熱室檢驗及
其他運轉證據，顯示本連接
桿斷開事件應為非系統性
失效(non-generic event)。到
目前為止，採用與 HALC相
同 之 連 接 桿 設 計
(ALC+HALC)燃料已有超
過 14,000束運轉經驗，且每
束照射過燃料均有多次吊
運紀錄，本次水棒連接桿斷
開係唯一發生之事件。其
中，已有超過 2,500 束(i.e. 
2,998 束)使用相同水棒連接
桿設計之燃料束達到比
C1F029高的燃耗。 

根據目前熱室檢驗及其他運
轉證據，顯示本連接桿斷開事
件應為偶發失效 (non-generic 
event)。到目前為止，燃料廠
家採用與 HALC 相同之連接
桿設計 (ALC+HALC)之燃料
已有超過 14,000 束運轉經
驗，其中已有 2,998 束使用相
同水棒連接桿設計之燃料束
達到比 C1F029 高的燃耗，且
每束照射過燃料均有多次吊
運紀錄。本次水棒連接桿斷開
係唯一發生之事件。 

12 
附件八 

1.0 2 

在肇因分析之外，燃料廠家
成立一個由核安專家組成
之多領域小組，進行本連接
桿斷開事件之爐心運轉安
全評估。雖核一廠目前已檢
查一號機爐心其他燃料，確
認水棒連接桿功能均正
常，可持續使用(如主報告附
件一)。但基於保守，安全評
估假設即使爐內燃料已存
有瑕疵之連接桿，甚至於運
轉期間發生連接桿斷開
時，安全評估之結論確認電
廠在一般運轉狀態、預期運
轉事件和設計基準事故下
安全系統仍可以正常運
作，可繼續安全運轉(如主報
告附件九)，即使未來肇因分
析因有新的證據而有所改
變時，也不影響安全評估之
有效性。 

核一廠已檢查一號機爐心其
他燃料，確認水棒連接桿功能
均正常，可持續使用(如主報告
附件一)。但基於保守，燃料廠
家亦已完成本連接桿斷開事
件之爐心運轉安全評估，安全
評估假設即使爐內存有連接
桿瑕疵之燃料，甚至或於運轉
期間發生連接桿斷開時，安全
評估之結論仍確認電廠在一
般運轉狀態、預期運轉事件和
設計基準事故下安全系統仍
可以正常運作，安全運轉無虞
(如主報告附件九)。 

13 
附件八 

2.1 3 

根據目前現有的分析結
果，本次不鏽鋼連接桿斷開
事件之過程為：開始階段是
沿晶應力腐蝕龜裂(IGSCC)

肇因分析結果顯示，本次不鏽
鋼連接桿斷開事件之過程
為：開始階段是沿晶應力腐蝕
龜裂(IGSCC)機制，之後再轉
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機制，之後再轉為輻射促進
腐蝕龜裂(IASCC)機制。因
為本連接桿在運轉中所承
受的應力極低，初步結果顯
示，本斷開事件係由製造殘
留應力加上較嚴苛之運轉
環境所造成(高溫、高輻射、
較嚴苛之水化學和富氧化
性之雙相流環境)。 

為輻射促進腐蝕龜裂(IASCC)
機制。 

14 
附件八 

2.1 3 

斷面分析之主要分析結果
大部分來自上半截連接桿
包含凸緣部分的樣本 I之複
製膜檢驗，將透過斷開面切
割後之 SEM 及金相檢驗得
到最終確認。 

刪除 

15 
附件八 

2.1 3 

IASCC及 IGSCC在 SEM檢
視時均是出現沿晶破裂，對
本連接桿而言，其中子通量
已到達 1.38x1021 n/cm2，因
此已在 IASCC 之發生門檻
5x1020~2x1021 n/cm2 之範
圍內，顯示 IASCC 是本事
件之貢獻因子，但無法明確
得知裂紋成長機制是在哪
一個位置從 IGSCC 轉變成
IASCC。 

IASCC及 IGSCC在 SEM檢視
時均是顯現沿晶破裂特徵，對
本連接桿而言，其中子通量已
到達 1.38x1021 n/cm2，因此已
在 IASCC 之 發 生 門 檻
5x1020~2x1021 n/cm2 之範圍
內，顯示 IASCC 是本事件之
助因。 

16 
附件八 

2.1 3 

目前的分析證據顯示，裂痕
之成長是沿晶機制，最有可
能在開始階段為 IGSCC 機
制，當中子通量累積達到
IASCC之發生門檻後，裂紋
成長再轉換為 IASCC 機
制。而肇因分析小組認為初
始裂痕可能是由製造瑕
疵、材料缺陷及外部環境所
造成。但如果失效機制是
IASCC，則硬度增加、沿晶
破裂特性和高裂紋成長速
率等效應均需被考慮。而不
鏽 鋼 之 IASCC 門 檻 為
5x1020~2x1021 n/cm2，且本
連接桿斷開處之中子通量

裂痕之成長在開始階段為
IGSCC機制，當中子通量累積
達到 IASCC 之發生門檻後，
裂紋成長再轉換為 IASCC 機
制。肇因分析小組認為初始裂
痕是由製造瑕疵、材料缺陷及
外部環境所造成。 
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遠高過於門檻值。裂縫成長
速率的計算和裂縫起始的
評估仍在進行中。 

17 
附件八 

2.2 4 

2.非系統性失效 
  根據現有證據，燃料廠
家認為本連接桿斷開事件
是非系統性失效，前述之貢
獻因子均無法獨自造成本
事件，必須是複合效應方能
造成本事件之發生，因此本
事件係為非系統性失效。截
至目前為止，未發現有任何
有關製作過程、材料供應及
燃料設計之系統弱點。 
  除此之外，在 93 年國
際間開始使用 ALC/HALC
連接桿設計後，本事件是唯
一發生事件，運轉經驗包含
23 個反應器環境及超過 55
個運轉週期，已有超過
14,000束使用經驗，且有較
本連接桿更高燃耗之使用
經驗，也有貯存在用過燃料
池及乾貯之經驗。基於前述
使用數量和造成本事件之
狀況及破壞機制，本事件不
會是通案。 
z 結論指出本事件為非系統性
失效且再發生的機率很低。目

前的證據顯示必須有許多因

素共同發生才會造成本事

件，任一單獨因素均不會導致

本事件。這些因素如下： 

2.偶發失效 
  根據現有證據，燃料廠家
認為本連接桿斷開事件是偶
發失效，前述之主因及助因均
無法獨自造成本事件，必須是
複合效應方能造成本事件之
發生，因此本事件係機率極低
之偶發失效。調查結果並未發
現有任何有關製作過程、材料
供應及燃料設計之系統性弱
點。 
  民國 93 年起燃料廠家開
始使用 ALC/HALC 連接桿設
計，運轉經驗包含 23 個反應
器環境及超過 55 個運轉週
期，已有超過 14,000束使用經
驗，且有較本連接桿更高燃耗
之使用經驗，也有貯存在用過
燃料池及乾貯之經驗，本事件
是國際間唯一發生之案例。 
z 以上調查結論指出本事件為偶
發失效且再發生的機率很低。證

據顯示必須有許多因素共同發

生才會造成本事件，任一單獨因

素均不會導致本事件。這些因素

如下： 

18 
附件八 

2.2 4 

運轉經驗顯示本事件為非
系統性失效。另外在製程監
管方面的經驗回饋摘要如
下： 
z 確保製程監管之監督確有執
行，已查對核一廠燃料製程紀

錄並無異常。 

在製程監管方面之重要查證
摘要如下： 
z 已查對核一廠燃料製程紀錄並
無異常，製程監管之監督確有執

行。 

19 
附件八 

3.1 7~9 (GWd/MTU) (MWd/MTU) 
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20 
附件八 

3.1 9 

(1)註：燃料燃耗大於核一廠
本 次 水 棒 連 接 桿 斷 開
(C1F029)燃耗之燃料數量，
共 2,998 束(786 束 ALC + 
2,212束 HALC)。 

註：核一廠本次水棒連接桿斷
開 (C1F029)燃料之燃耗為
43,724.86(MWd/MTU)，燃耗
大於 C1F029 之燃料數量共
2,998 束(786 束 ALC + 2,212
束 HALC)。 

21 
附件八 

5.1 15 

肇因小組正針對材料是否
偏離設計規範進行評估作
業，調查包含斷開連接桿之
鋼材及製程，目前已完成下
列調查： 
z 已審查棒材的檢驗過程、測
試設備和方法。所有棒材皆

經過 100%的超音波檢測(橫
斷方向和 40 度角)和渦電流
檢測。未經檢測的棒材兩端

在進行標示和包裝前已被移

除。 

肇因小組已針對材料是否偏
離設計規範進行評估作業，調
查包含斷開連接桿之鋼材及
製程，調查結果如下： 
z 已審查棒材的檢驗過程、測試設
備和方法。所有棒材皆經過

100%的超音波檢測(橫斷方向和
37 度角)和渦電流檢測。未經檢
測的棒材兩端在進行標示和包

裝前已被移除。 

22 
附件八 

5.2 16 

肇因分析小組正調查製造
過程，以評估相關製程是否
存在原有的缺陷或偏差。目
前有以下結論： 

肇因分析小組已完成製程調
查及評估相關製程是否存在
原有的缺陷或偏差。有以下結
論： 

23 
附件八 

5.2 17 
燃料廠家正針對 DAG-156
之化學成分進行檢驗，重點
在鹵素及鉛含量。 

燃料廠家已針對 DAG-156 之
化學成分進行檢驗，重點在鹵
素及鉛含量，檢驗結果並未發
現任何異常。 

24 
附件八 

5.3 20 

肇因分析小組正評估連接
桿的設計是否存在潛在的
缺失，可能造成本連接桿的
斷開。 

肇因分析小組已評估連接桿
的設計是否存在潛在的缺
失，可能造成本連接桿的斷
開。 

25 
附件八 

5.3 20 

肇因小組正調查是否可能
有污染物質卡在流徑，而導
致在無螺紋區域產生初始
裂痕進而導致連接桿斷開。 

肇因小組已調查是否可能有
污染物質卡在流徑，而導致在
無螺紋區域產生初始裂痕進
而導致連接桿斷開。經目視檢
視後確認，並無堵塞現象。 

26 
附件八 

5.4 21 
肇因分析小組已調查該燃
料束之運轉環境，初步結論
為： 

肇因分析小組已調查該燃料
束之運轉環境，結論如下： 

27 
附件八 

5.5 23 
肇因小組正針對電廠燃料
吊運及燃料廠家製造燃料

肇因分析小組已檢視所有燃
料廠家內部燃料束和組件的
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過程之吊運歷史進行調查
與評估。初步評估結果如
下： 
燃料製造廠： 
z 肇因小組已針對連接桿及水
棒上端塞等組件進行一系列

測試，測試目的在對測試組

件各別施加壓縮力以使組件

彎曲甚至斷裂，以找出各組

件連接處彎曲程度與壓縮力

或之關係。 
z 肇因小組已針對連接桿及水
棒上端塞等組件進行一系列

測試，測試目的在對測試組

件各別施加側向力以使組件

彎曲甚至斷裂，以找出各組

件連接處彎曲程度與側向力

之關係。 

吊 運 程 序 和 狀 況 報 告
(Condition Reports)，並未發現
有異常負荷的狀況。為了進一
步瞭解，已進行兩項測試以瞭
解燃料吊運時可能發生的極
端效應。 
z 進行側向負荷測試，以評估若要
在連接桿無螺紋區域產生可被

燃料廠家組裝操作員發現的裂

紋，需要多大的壓縮負荷。相關

測試詳述於章節七、10.6，測試
結果顯示在處理不當的狀況

下，也不會產生裂紋。 
z 進行偏移的壓縮測試，以評估若
要使連接桿和水棒上端塞之連

接處產生永久變形和失效，需要

多大的負荷。測試結果顯示，當

負荷上升至 1,800 磅時，上繫
板、連接桿和水棒的組件皆未發

生塑性變形。負荷測試完成後進

行 PT檢測，並未顯示在連接桿
無螺紋區域有產生裂紋。相關測

試詳述於章節七、10.7。 

28 
附件八 

5.5 23 

z 因為電廠曾發生燃料鎖緊裝
置在燃料吊運期間斷裂之情

況，肇因小組須調查電廠大

修燃料吊運歷史。 
z 肇因小組亦同時審查相關電
廠燃料吊運步驟之重量指示

變化(週期 25至 27)。截至目
前為止，並未發現有任何燃

料吊運異常現象。不鏽鋼經

輻射照射後會造成延展性降

低和拉伸強度增加，廠家正

調查吊運過程超過正常預期

之負荷對連接桿造成的衝

擊。但國際間已有超過 14,000
束 ATRIUM-10吊運經驗，因
此吊運對本事件之影響可能

性極低。 
z 在連接桿與水棒上端塞之連
接處，燃料設計計算扭矩設

定為 12.9 Nm (製造時為 10 

z 因為電廠曾發生燃料鎖緊裝置
在燃料吊運期間斷裂之情況，肇

因小組已調查電廠大修燃料吊

運歷史，並無發現任何異常。 
z 肇因小組亦審查相關電廠燃料
吊運步驟之重量指示變化(週期
25至 27)，並未發現有任何燃料
吊運異常現象。廠家另已完成吊

運過程若發生超過正常預期之

負荷(正常負荷的 2.5 倍以上)對
連接桿造成的衝擊測試，確認不

鏽鋼連接桿不會因而產生裂

紋，因此吊運對本事件之影響可

能性極低。 
z 在連接桿與水棒上端塞之連接
處，燃料設計計算扭矩設定為

12.9 Nm (製造時為 10 Nm)，潤
滑劑之摩擦係數設定為 0.225。
由上述設定計算出在連接桿與

水棒上端塞之連接處之應力為
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Nm)，潤滑劑之摩擦係數設定
為 0.225。由上述設定計算出
在連接桿與水棒上端塞之連

接處之應力為 26.8 MPa，小
於 304L不鏽鋼材料在爐心運
轉 溫 度 下 的 強 度 105 
MPa(ASME設計數值)。 

z 在爐心中運轉產生之熱應力
與製造時施加之扭力效應會

使連接桿產生不到 50%之降
伏限值，但燃料廠家在應力

分析時只考慮連接桿鎖緊扭

矩及運轉中熱應力（膨脹應

力），並未包含鋯合金的輻射

成長效應、原始棒材的冷加

工過程、和製作連接螺桿的

冷加工過程之殘留應力、由

最小螺牙根部至過渡區之上

緣之應力集中效應因子

（ notch stress concentration 
factor）和不鏽鋼材料之輻射
硬化效應。 

z 全新 304L 不鏽鋼之應力集
中因子約為 2.0，當連接桿
受輻射照射硬化後，其應力

集中效應將增大。若考量以

上因素，其螺牙連接處之應

力可能會高於材料的 50%
降伏限值。 

26.8 MPa，小於 304L不鏽鋼材
料在爐心運轉溫度下的降伏強

度限值 105 MPa(ASME 設計數
值)。 

z 公牙的 304L不鏽鋼之熱膨脹速
率高於母牙的鋯合金，此熱膨脹

差異會降低連接處之張應力。由

於螺牙連接處長度較短及鋯合

金在輻照下會產生鬆弛效應

(relaxation)，因此鋯合金的輻射
成長量並不明顯。原始棒材製造

過程及螺紋車製所產生的殘留

應力，並不足以導致裂縫起始，

但可促進裂縫成長。然而，在設

計之初並未考慮到無螺紋區域

接近第一螺牙處之應力集中因

子 (notch stress concentration 
factor)。此應力集中因子在 304L
不鏽鋼未受輻射照射前約為

1.8，當連接桿受輻射照射硬化
後，其應力集中效應將增大。若

考量以上因素，其螺牙連接處之

應力可能會高於材料的 50%降
伏限值。 

29 
附件八 

6.0 25 

檢查前 FMEA結果再評估 
初始 FMEA(未對受損燃料
執行任何檢查前)指出有 9
個失效點，經由肇因分析時
之資料收集，評估結果只有
水棒連接桿斷開處與現有
證據相符，初步肇因評估並
未顯示其他 8個可能失效點
的失效機率會增加。該 9個
失效點之再評估如下： 
 

六 、 失 效 模 式 影 響 分 析
(FMEA)之再確認 
  HALC的材料組成為不鏽
鋼及鋯合金，考量其材質對環
境(溫度、快中子通量、水化學
敏感性)之差異。本次失效是在
上端塞內部不鏽鋼連接桿斷
裂，此位置中子通量較高，水
質溫度及氧化性高，因此較易
發生不鏽鋼輻射促進應力腐
蝕破裂(IASCC)。在燃料束底
部不鏽鋼組件所處環境之中
子通量較低、溫度較低，且受
到有效加氫水化學保護，不易
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發生 IASCC。而與上繫板直接
連接之不鏽鋼荷重傳輸鍊組
件所處環境，中子通量及γ加
熱效應較斷開點低，材料發生
IASCC的機率較低。其它組件
則為鋯合金，不易發生 IASCC
現象。所以前述 8個可能失效
點發生類似故障機率不高。因
此在 HALC 設計之荷重傳輸
鍊上最可能發生故障點為本
次連接桿斷開處。這些可能失
效位置多以機械強度考量，但
本次失效原因為不鏽鋼輻射
促進應力腐蝕破裂，除了本次
連接桿斷開處之外，其他可能
失效點的個別評估如下： 
 

30 
附件八 

7.0 45 目前為止白色物質與裂縫
起始並無關聯性。 

白色物質與裂縫起始並無關
聯性。 

31 
附件八 

7.10 53  

(新增說明)  
使用全新(非輻照後)庫存材料
進行之檢驗測試，主要是在燃
料廠家的德國技術中心進
行，測試項目及結果如下： 

32 
附件八 

7.10 
56~6

0  

(新增下列章節) 
10.4衝擊韌性測試 
10.5連接桿和水棒上端塞組件
壓接作業的殘留應力評估 
10.6側向負荷測試 
10.7偏移的壓縮測試 

33 
附件八 

8.0 61 目前有兩種理論可以解釋
可能的應力來源。 

最終僅有一種理論可以解釋
可能的應力來源。 

34 
附件八 

8.1 61 理論 A 理論 A說明全面補強 

35 
附件八 

8.2 
61~6

2 理論 B 理論 B說明全面補強 

36 
附件八 

8.2.2 64 81.2MPa 81.4MPa 

37 
附件八 

9.0 
65~6

7 暫行強化措施 現行強化措施 
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38 
附件八 

9.0 65 

燃料廠家在 104年 2月初發
行了暫行燃料吊運導則給
客戶，用以補充現有的吊運
程序，若有類似荷重傳輸鍊
失效跡象，能在燃料吊起前
及時發現。基於上述的肇因
及可能貢獻因子，燃料廠家
對其製造廠發行了由肇因
分析小組所建議的暫行強
化措施，如表 9，這些額外
之檢查作業超越了原本設
計及製造的規範要求。 
 燃料廠家已就其肇因分
析小組依據目前已知可能
失效因素所作建議發行暫
行強化措施，肇因分析仍持
續進行中，這些暫行強化措
施將持續執行直到最終肇
因分析定案。當失效機制與
貢獻因子能夠更進一步瞭
解時，會重新檢視及更新暫
行強化措施，這些暫行強化
措施的執行都將列入紀
錄 ， 可 於 燃 料 廠 家 之
WebCAP或MAEVA追踪查
詢。 

燃料廠家在 104年 2月初發行
了暫行燃料吊運導則給客
戶，用以補充現有的吊運程
序，若有類似荷重傳輸鍊失效
跡象，能在燃料吊起前及時發
現。基於上述的肇因及可能助
因，燃料廠家對其製造廠發行
了由肇因分析小組所建議的
現行強化措施，如表 9，這些
額外之檢查作業超越了原本
設計及製造的規範要求，這些
強化措施的執行都將列入紀
錄，可於燃料廠家之WebCAP
或MAEVA追踪查詢。 

39 
附件八 

10.0 68  第十章重新編寫 

40 
附件八 
所有章節 

 Hv0.5 HV0.5 

41 
附件九 
摘要 

i 

事件之肇因分析現仍由燃
料廠家持續進行中，台電公
司除持續要求燃料廠家儘
速執行外，另已完成本「核
一廠運轉期間若發生水棒
連接桿斷開安全評估報
告」， 

台電公司已完成本「核一廠運
轉期間若發生水棒連接桿斷
開安全評估報告」， 

42 
附件九 

1.0 
1 

連接桿斷開的肇因分析持
續進行中。目前必須假設，
爐心中有其他燃料連接桿
因為起始裂紋而導致斷開

本報告保守假設，爐心中有其
他燃料連接桿因為起始裂紋
而導致斷開的可能。 
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的可能。 

43 
附件九 

4.0 
5 

連接桿斷開的肇因分析持
續進行中。目前必須假設，
爐心中還有其他燃料連接
桿因為起始裂紋而導致斷
開的可能。 

本報告保守假設，爐心中有其
他燃料連接桿因為起始裂紋
而導致斷開的可能。 
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核一廠一號機燃料檢查計畫  

 

一、 目的 

一號機 EOC-27大修 Phase Ⅱ燃料挪移作業期間，發生 C1F029燃料在

爐心發生移出困難的現象。經水中攝影機目視檢查發現燃料上繫板（Upper 

Tie Plate；UTP）有疑似抬升現象。  

為確認爐心其它燃料是否有類似 UTP疑似抬升現象，特訂定此爐心燃料

檢查計畫，以作為現場作業之遵循依據。 

 

二、 檢查計畫 

（一）清查 C1F029燃料在前週期的 UTP完整性 

調閱 EOC-26大修爐心查證 DVD，清查該束燃料的 UTP在前週期的

完整性。（經清查，確認該束燃料的 UTP無異常現象） 

（二）清查爐心中同型 UTP燃料的移動狀態 

一號機週期 28之爐心中與 C1F029同型 UTP燃料共有 89束(含

C1F029則為 90束)，其中 84束在本次大修燃料挪移過程中歷經其在爐

心位置的變動，另 5束(C1F031、C1F032、C1F034、C1F038、C1F039) 

在本次大修未變動其爐心位置。 

（三）清查位置變動之 84束同型 UTP燃料的 UTP 完整性 

該 84束在本次大修燃料挪移過程中歷經其在爐心位置的變動，在

燃料挪移過程中皆未發現異常現象。惟為進一步確認該 84束燃料的

附件一 

R1 

R1 
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UTP 完整性，在爐心查證過程中，再利用水中攝影機目視檢查該 84

束燃料的 UTP 完整性。（經目視檢查，確認該 84束燃料的 UTP無異常

現象）。 

（四）檢查位置未變動之 5束同型 UTP燃料的 UTP 完整性 

1. 針對位置未變動之 5束同型 UTP燃料執行燃料吊升測試，以驗證該 5

束燃料在燃料吊升過程中是否會發生 UTP疑似抬升現象。 

2. 注意事項： 

(1)吊升測試之行政管制依程序書 216之規定辦理。 

(2)吊升測試過程全程錄影，並進行逐步確認及品質查證。 

(3)若吊升測試過程中出現異常現象（如高度或重量指示不正常，或出

現異常警示）時，立即終止測試，並依程序書 216規定，將燃料置

放定位。 

3.吊升測試方式： 

吊升測試方式，如表一。 

（五）抽樣目視檢查爐心燃料的 UTP 完整性 

針對爐心中相關燃料之 UTP執行抽樣目視檢查。 

檢查方式：從水平方向或側面檢查鎖定機構（locking device）與

UTP的相對位差。 

若任一型式UTP的燃料抽樣目視檢查發現其鎖定機構與UTP的相對

位差有異常現象，該型 UTP燃料將進行全部檢查。 

R1 

R1 
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（六）全爐心檢查 

核一廠並於 1月 17日檢查所有爐心燃料上繫板與燃料間隙，檢查結果

一切正常。此次大修所有燃料檢查之結果，除 C1F029燃料外全爐心燃

料之上繫板均顯示正常。 

  

R1 
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表一、吊升測試方式 
燃料編號：            抓取高度              

步驟 程序 重量指示 接受標準 執行者 
（值班） 

複查者 
（核技） 

品質查證 
（品質） 

1 第 1次吊升至”HOIST 
LOADED”出現後再提升約 1”
，暫停，確認高度及重量指

示正常，無異常警示。若至

約 6”未出現”HOIST 

LOADED”警報則暫停，放回

原位，討論決議後續行動 

 暫停時確認重

量大於 600lbs 

   

2 若步驟 1無異常，則續吊升

至約 15”，暫停 5分鐘，確

認高度及重量指示正常，無

異常警示 

 暫停時確認重

量大於 600lbs 

   

3 將燃料置放定位      
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1. EXECUTIVE SUMMARY
This document reports the findings of the investigation of the mechanisms that occurred in the Chinshan 
Unit 1 failed Load Chain Connecting Bolt. The Connecting Bolt completely separated at the end of 
December 2014 during a normal lift of fuel assembly C1F029 during a refueling outage. This failure of the 
Connecting Bolt had no impact on the integrity of fuel rods, and it did not affect the health and safety of 
the public. 
In response to the failure, AREVA established a team of international experts to perform a Root Cause 
Analysis (RCA). The RCA team consists of international experts from Richland, Washington, USA; 
Lynchburg, Virginia, USA; Erlangen, Germany; Lyon, France; and Paris, France.  
Based on the information available to date, AREVA concludes that the failure started from an initiating 
event that created a surface imperfection in the side of the Connecting Bolt. After event initiation, a 
fracture propagated through the bolt with assistance from residual stresses in the bolt and environmental 
influences. A portion of the Connecting Bolt remained intact until the final attempted lift of the fuel 
assembly. During the attempted lift, but before the assembly lifted off of the core plate, the mass of the 
fuel assembly exceeded the strength of the remaining material. At that point, the final fracture occurred, 
and the upper part of the load chain separated from the fuel assembly.  
AREVA concludes that there were two main causal factors that initiated the failure event, and these 
factors would not normally exist in a fuel assembly. No individual item is expected to trigger this type of 
fracture if acting independently. In other words, it took multiple factors to cause the failure. The initiating 
events are determined to be as follows:

there was a unique surface imperfection possibly arising from a material defect, and 
the Connecting Bolt had an unexpected stress state, unique to this fuel assembly.  The stress was 
possibly caused by the Fuel Channel locked to the Lower Tie Plate as described in Section 8).

In addition, the root cause investigation has identified several other factors that contributed to the failure 
or accelerated the propagation of the fracture across the bolt. These contributing factors are not expected 
to cause this kind of failure by themselves.  They are as follows:

Enhancement of corrosion by an aggressive chemical environment  often found in BWRs

Irradiation damage to austenitic stainless steel

Residual stresses from manufacturing
AREVA has determined that this failure is not a generic event and is limited to the unique condition of 
C1F029. AREVA performed an exhaustive review of worldwide operating experience of this Connecting 
Bolt design and determined that the failure of the Connecting Bolt at Chinshan was the only one of its 
kind.  Over 14,000 fuel assemblies with this Connecting Bolt design have been delivered to customers 
worldwide without a failure. Of those, more than 2500 fuel assemblies with the same load chain design 
achieved a higher level of irradiation exposure in comparison with C1F029.
The investigations included a detailed review of design and manufacturing processes, and the team has 
determined that there is no systematic weakness in the design or manufacturing of the fuel assembly load 
chain. Even though this investigation determined that the event is non-generic and possibility of 
recurrence is low, AREVA is implementing measures to detect or prevent the individual causal factors. 
These measures include additional inspections and changes in manufacturing tooling.



N° FS1-0021080 Rev.  3.0 Report on Root Cause Investigation of the 
Load Chain Connecting Bolt Failure at 

Chinshan Unit 1 - Non-Proprietary VersionHandling: None   Page 8/67

AREVA – Fuel BU
This document is subject to the restrictions set forth on the first or title page

In addition to the root cause investigation, AREVA established a multi-disciplinary team of nuclear safety 
experts to analyze reactor operations in the event of a Connecting Bolt load chain failure (Reference [1]).
It is important to note that Taipower has already verified continuity of the load chain for every fuel 
assembly in the Chinshan Unit 1 core. However, this analysis considered reactor operations using a 
conservative assumption that one or multiple load chain failures are present during the cycle. This 
detailed analysis determined that the fuel, the plant, and its safety systems can operate as designed even 
in the unlikely event of a load chain failure. This analysis included normal operations, anticipated 
operational occurrences, and design-based accidents. This analysis remains valid regardless of the 
causes noted in the root cause investigation. If any additional information should change the root cause 
determination, this plant safety analysis will still remain valid.

2. INTERPRETATION
The following interpretations are made based on descriptions of the load chain failure event and the 
detailed investigations documented in Sections 3.2, 5 and 7. See Sections 7.1.1, 7.3.1 and Figure 19 for 
more information related to the orientation references contained in Section 2.1. 

2.1. HOT CELL RESULTS
Based on the currently available results, the fracture of the Chinshan Connecting Bolt can be attributed to 
intergranular stress corrosion cracking (IGSCC) initially, followed by irradiation assisted stress corrosion 
cracking (IASCC). Since the stress in the Connecting Bolt during normal operation is quite low, the 
preliminary explanation is residual manufacturing stresses and some unexpected stress state, unique to 
this fuel assembly, contributed to the fracture mechanism, which was also assisted by the challenging 
operating environment (combination of high temperature, high radiation, challenging chemistry, two-phase 
oxygen-rich coolant with the possibility of localized boiling due to gamma heating).  
According to the visual and SEM-investigation of the replicas of the fracture face, the primary crack 
initiated at or close to the 180° circumferential position (see Figure 19). The final rupture can be located 
close to the 0° circumferential position. The final rupture seems to have occurred by a transgranular 
forced fracture, but only on a negligible area [

]. It is concluded that the Connecting Bolt was 
not able to bear any significant load during the first lifting attempt of the fuel assembly at EOC 27. Surface 
indications were detected at the position of crack initiation on the outer surface of the Connecting Bolt.
SEM images at different magnifications in the 180° location show multiple locations of cracking.
Identification of the exact primary crack initiation location is still inconclusive.
Both IASCC and IGSCC propagation would appear as intergranular under SEM.  At the fracture location,
the calculated fluence is 1.38x1021 n/cm2 [7] (calculated using a representative model that accounts for 
the actual detailed operating history of bundle C1F029 over three cycles) therefore, the fluence at this 
location is within the range of the threshold necessary for IASCC [     ] [2].  The 
reported fluence threshold for IASCC can vary based on test conditions and is not considered an absolute 
value.  Rather, it demonstrates that the calculated fluence is in the range for IASCC to have contributed to 
the failure but does not conclusively show at which point the crack growth mechanism transitioned to 
IASCC from IGSCC.
At this time, it is evident that the crack propagated through an intergranular SCC mechanism, most likely 
initially IGSCC, followed by IASCC once the bolt reached a sufficient fluence threshold.  Crack initiation is 
contemplated with possible contamination or surface damage events, whether from a manufacturing 
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process, material defect, or from an external environment.  But if the operating failure mechanism is 
IASCC, the increased hardness, intergranular characteristic of the failure face and high crack growth rate 
can all be accounted for since, as stated above, the neutron fluence threshold for IASCC of austenitic 
stainless steel in normal water chemistry in BWRs is in the range of [    ]. Conclusive 
determination can only be made through tests on irradiated material.
Elements causing or promoting corrosion of austenitic steel (e.g., Cl, S or F) have not been observed, 
however, analysis of replica R2.X by EDX was not possible because due to high dose rates.  Additionally, 
these detrimental elements are strongly soluble in the RCS and may have been removed from the 
fracture region after final fracture of the Connecting Bolt while still in the core.
An indication of a blocking of the water channels on both sides of the staking could not be found. It should 
be noted that this could be due to removal of deposits at the NPP Chinshan plant when a Scotchbrite pad 
was used on the component. To the contrary, there was evidence observed of flow through the slot 
passage on the underside of the Connecting Bolts.  Markings of flowing fluid can be seen in the pictures 
of the lower side of the staking flange (see Figure 19 and Figure 20).  Because of these markings, the 
passage slots were not blocked, but could have been reduced in area such that the rinsing effect was also 
reduced. A reduction in the rinsing effect could have influenced the exchange of fluid in the thread relief 
area.  This is not to say that the use of Scotchbrite would have not removed crud build up in the slots.  
However, Scotchbrite was not used on the bottom of the staking flange where evidence of fluid flow is 
present (see Figure 19).

2.2. NON-GENERIC EVENT
As stated earlier, and based on the data available to date, AREVA considers the Chinshan Connecting 
Bolt failure to be a non-generic event. None of the expected contributing causes identified herein would 
be expected to individually produce a failure of the Connecting Bolt. As a result, AREVA concludes that 
the failure of the Chinshan Connecting Bolt was caused by a combination of factors that jointly contributed 
to this failure. Based on the data provided to date, there is no evidence that the failure extends beyond 
the single Chinshan failure, and there is no evidence to suggest a systematic breakdown of manufacturing 
processes, material supplies, or fuel assembly designs.
In addition, the uniqueness of the Chinshan event is further supported by the fact in that no other 
occurrence of a broken Connecting Bolt has been reported since the introduction of the ALC/HALC design 
in 2004.  The operating experience and manufacturing process for this design spans 23 different reactor 
environments and more than 55 cycles of operation. Many of the 14,000+ fuel assemblies delivered to 
reactor sites have been handled more frequently and been irradiated to higher burnups than the failed 
Chinshan bundle (C1F029), and many of these are now in spent fuel pools or above ground storage.  
Based on the above numbers of delivered fuel assemblies, the conditions or mechanisms that caused this 
fracture in C1F029 cannot be described as universally leading to failure of any noticeable frequency.
There is no data to suggest a failure mechanism generic to this fuel design.
Finally, AREVA is confident that the fuel, the plant, and its safety systems can operate as designed even 
in the highly unlikely event of a load chain failure. This safe operation includes normal, anticipated 
operational occurrences, and design-based accidents.
The conclusion indicates this failure is a non-generic event and possibility of recurrence is low. This 
conclusion is supported by the evidence that a combination of factors jointly contributed to this failure. A 
chain of events occurred that would not normally cause a failure by themselves.  These are as follows:

There was a unique surface condition and stress state that initiated the crack
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After the initiation of the crack, crack propagation (by IGSCC and eventually transitioning to 
IASCC) ultimately drove the connecting bolt to failure with potential enhancement by crud 
deposition and other corrosion processes.

The operating experience shows that the event is non-generic (only one failure on a worldwide experience 
feedback basis). Also regarding manufacturing oversight in relation to experience feedback, it is noted:

Manufacturing oversight is in place to ensure proper fabrication, and the manufacturing records 
show no anomalies during production of the Chinshan fuel
Specific tests showed that normal manufacturing cannot induce residual stresses that would result 
in the failure seen in fuel assembly C1F029
The large operating experience of the connecting bolt as shown in Table 1, Table 2 and Table 3
demonstrates that over 14,000 bundles have been built without any indication of failure.

Because a unique chain of events occurred to cause this failure, and because there is significant 
operating experience and manufacturing verification to prevent a defect, the fracture in fuel assembly 
C1F029 cannot be described as universally leading to a failure of any noticeable frequency.  Based on the 
interim examination results and the large, successful operating experience, AREVA considers this failure 
is a non-generic event. As a result, recurrence of a similar event is not expected.

3. DESCRIPTION OF PROBLEM

3.1. BACKGROUND OF THE DESIGN
AREVA’s ATRIUM 10 featuring a Central Load Chain was introduced in reload quantities in Europe in 
1992.  Lead Test Assemblies of the design were introduced in the US in 1994 [ ] followed by 
reloads in 1997.  Three variants of the load chain (see Figure 1) have been supplied: the original 
Standard Load Chain (SLC), the Advanced Load Chain (ALC) and the Harmonized Advanced Load Chain 
(HALC).  The ALC was introduced in reloads in 2004 at [ ] and was supplied only to US 
reactors. The upper connection of the ALC is essentially a larger version of a proven guide tube quick 
disconnect design used in PWR fuel assembly designs.  With the ALC, the Zircaloy Connecting Bolt was 
replaced with a 304L stainless steel Connecting Bolt that is threaded into the Water Channel (WC) Upper 
End Plug (UEP).
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Figure 1. ATRIUM 10 Load Chain Design Variants.

The HALC was introduced beginning in 2007,[ ] took the first US reload of HALC designed 
fuel and has been used in US, Taiwan and European applications. Compared to the ALC, the HALC 
features a redesigned locking lug and locking ring to address a desire to have a more robust control of the 
locked condition when the Upper Tie Plate (UTP) was depressed. The Connecting Bolt attachment to the 
water channel was unchanged. The one-piece Connecting Bolt fabricated from 304L stainless steel round 
bar used in the ALC and HALC spans the approximately 12 inch distance between the WC UEP and the 
UTP. 
(Note: Chinshan has only taken delivery of bundles with the HALC design.  Nevertheless, the ALC and 
HALC operating experience is taken together as both the ALC and HALC feature the same Connecting 
Bolt lower end connection which failed at Chinshan.  The difference between the ALC and the HALC is 
only in the interface mechanism with the upper tie plate, which is not a concern in this investigation.)
To date, over 14,000 fuel assemblies of ALC/HALC design have been delivered to nuclear power plants 
worldwide (see Table 1 and Table 2 for ALC and HALC deliveries to US customers and Table 3 for 
deliveries to European customers).  An operating experience review shows that the event at Chinshan is 
the first and only failure of a load chain Connecting Bolt. This Operating Experience includes reactors 
built by GE, ABB and Siemens, and cycle lengths of 12, 18 and 24 months to a maximum burnup of 58
GWd/MTU.  Each irradiated fuel bundle is handled multiple times throughout its life.

Customers/Reloads Delivered In Operation BU > C1F029 Max BU (GWd/MTU)
[ ] 300 0 152 51,195
[ ] 280 0 26 45,107
[ ] 374 0 50 51,073
[ ] 296 0 144 51,276
[ ] 232 0 92 50,174
[ ] 280 0 89 49,793
[ ] 304 0 92 51,531
[ ] 200 0 76 50,883
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[ ] 184 0 63 48,111
TOTAL 2,450 0 784

Table 1. Deliveries of ALC design to US customers.

Customers/Reload Delivered In Operation BU > C1F029 Max BU (GWd/MTU)(1) 
[ ] 280 279 0 42,143
[ ] 308 308 0 23,114
[ ] 284 145 49 50,083
[ ] 272 271 0 42,105
[ ] 316 316 0 22,716
[ ] 260 0 0 Not in Operation
[ ] 288 78 131 49,175
[ ] 302 147 31 49,218
[ ] 284 283 0 40,546
[ ] 288 288 0 22,780
[ ] 248 0 16 45,720
[ ] 242 104 192 49,180
[ ] 234 234 101 45,595
[ ] 222 222 0 25,107
[ ] 238 110 84 49,695
[ ] 226 224 127 46,396
[ ] 226 226 0 25,345
[ ] 222 0 0 Not in Operation
[ ] 232 0 122 51,696
[ ] 324 148 140 49,875
[ ] 320 320 201 51,407
[ ] 320 153 268 50,197
[ ] 312 307 128 45,561
[ ] 216 0 65 50,137
[ ] 308 308 0 43,246
[ ] 292 292 0 23,102
[ ] 316 315 8 43,770
[ ] 300 300 0 24,290
[ ] 100 98(5) 44(5) 47.282
[ ] 102 102 0 41,079
[ ] 124 124 0 34,943
[ ] 104 0 0 Not in Operation
[ ] 94 94 48 50,545
[ ] 106 106 0 35,206
[ ] 132 72 0 18,148
[ ] 92 0 0 Not in Operation
[ ] 170 166 111 49,093
[ ] 176 175 0 35,639
[ ] 164 164 0 37,571
[ ] 189 17 0 17,023
[ ] 176 175 0 37,317
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Customers/Reload Delivered In Operation BU > C1F029 Max BU (GWd/MTU)(1) 
[ ] 185 185 0 19,849
[ ] 200 0 0 Not in Operation

TOTAL 9,793 6,856 1,866

(1) For fuel assemblies from a particular reload that are currently in operation, the burnup is the projected burnup at the end of
the operating cycle.  For reloads where all assemblies are no longer in operation, the burnup is the actual discharge burnup.  

(2) [ ] has just ended and is in a refueling outage.  Values for [ ], [ ], and [ ]
are reflective of assemblies in Cycle 21.

(3) [ ] recently completed a refueling outage where assemblies from [ ] and possibly [ ] were 
discharged. [ ] has not provided the loading of specific assemblies to date but 192 total assemblies will be in the core 
for cycle that recently started.     

(4) [ ] has ended but the plant has not restarted.  Values for [ ] are reflective of in Cycle 27.
(5) Splitting delivered reload batches between individual plant units is a common practice for Taipower units.  For example, 

assemblies delivered as part of [ ] have operated in both [ ].  Of those 
assemblies reaching the burnup of C1F029, 36 were from [ ] while an additional 8 are in operation at 
[ ].  This practice is applicable to all delivered Taipower reloads.

* Current Cycle of Operation

Table 2. Deliveries of HALC design to US customers.

Design 
Plant 
Code

Reload 
Name Type 

# of 
assemblies 
delivered  

# of 
assemblie
s currently 

in core 

max. 
assembly 
burnup 
of the 

reload in 
case at 

least one 
is  

> 43725 

# of 
assemblies 
discharged 
with EOC-

burnup  
> 43725 

# of 
assemblies 

in core 
with BOC-

burnup  
> 43725 

ALC    C12    23XP/04-20    10-9QXP    2 - - - - 
ALC    C12    23XP/04-21    10-9QXP    2 - - - - 
ALC    C13    21VL/06-02    10-9QXM   1 - - - - 
ALC    C13    21VL/06-03    10-9QXM   1 - - - - 
ALC    C13    21VL/06-05    10-9QXM   1 1 - - - 
ALC    C13    21VL/06-06    10-9QXM   1 1 - - - 
ALC    C24    25VL/06-01    10-9QXM   4 - 44116 2 - 
HALC   C04    29/08-265      10-9QXP    4 4 57816 - 4 
HALC   C04    33/12-271      10-9QXP    8 8 - - - 
HALC   C04    33/12-272      10-9QA      80 76 - - - 
HALC   C04    34/14-273      10-9QA      40 40 - - - 
HALC   C04    14-229     10-9QXP    4 4 - - - 
HALC   C05    A1/12-349      11-9Q        8 8 - - - 
HALC   C12    28/09-27       10-9QXM   146 104 48276 38 30 
HALC   C12    28IFG/09-26   10-9QXM   4 4 - - - 
HALC   C12    29/10-28       10-9QXM   126 118 - - - 
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HALC   C16    30VL/08-16     10-9QXM   8 8 - - - 
HALC   C16    32/10-21        10-9QXM   104 104 - - - 

HALC   C17    
F25VL/09-
40      10-9QXM   8 2 54400 6 2 

HALC   C17    F28/12-41       10-9QXM   110 110 - - - 
HALC   C17    F29/13-42       10-9QXM   28 28 - - - 
HALC   C17    F29/13-43       10-9QXM   54 54 - - - 
HALC  C17   F30/14-45       10-9QXM   38 38 - - -

HALC   C17    
F30VL/14-
44      11-9Q        8 8 - - - 

HALC   C21    21/09-28       10-9QXP    120 - - - - 
HALC   C21    22/10-29       10-9QXP    92 - - - - 
HALC   C22    24/08-06         10-9QXM   108 6 55976 102 6 
HALC   C22    24/08-07         10-9QXM   20 3 56156 17 3 
HALC   C22    25/09-08         10-9QXM   48 34 55534 14 18 
HALC   C22    25/09-09         10-9QXM   32 16 56062 16 16 
HALC   C22    25/09-10         10-9QXM   60 27 56102 33 23 
HALC   C22    26/10-11         10-9QXM   64 64 - - - 
HALC   C22    26/10-12         10-9QXM   72 72 - - - 

HALC   C22    
28VL/12-
14A      11-9Q        2 2 - - - 

HALC   C22    
28VL/12-
14B      11-9Q        2 2 - - - 

HALC   C22    28VL/12-15     11-9Q        2 2 - - - 
HALC   C22    28VL/12-16     11-9Q        2 2 - - - 
HALC   C24    28/09-05       10-9QXM   180 164 47615 16 2 
HALC   C24    29/10-06       10-9QXM   120 120 - - - 
HALC   C24    29B/10-07      10-9QXM   46 44 - - - 

Table 3. Deliveries of ALC & HALC to European customers.

AREVA’s product development process requires design verification testing.  The design verification 
testing of the load chain included tensile testing. The entire load chain, which includes the LTP, cage 
assembly and UTP, were put under increasing tensile loading.  As a component of the load chain failed 
(or started to yield), it was removed from the test system, and the tensile testing continued.  The first 
component to fail in tensile loading was the LTP FUELGUARD grid, then the UTP’s handle and grid 
flatness failed, then the locking lug failed (deformed but still functional) at a final tensile loading of 
[ ].  The Connecting Bolt (specifically the threaded connections), WC and upper and 
lower end plugs did not show any evidence of failing. See Table 4 for a summary of the test results. 
Based on this testing, a failure of the load chain would not have been expected to occur in the Connecting 
Bolt.
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Table 4. ALC/HALC tensile testing results.

3.2. DESCRIPTION OF THE EVENT
On December 28, 2014 during fuel outage at end of cycle 27, Chinshan’s fuel handlers attempted to lift 
C1F029 fuel assembly to move it to a new location in the core for a fourth cycle of operation.  During the 
lift, the load cell on the fuel handling crane indicated an immediate drop in mass below the load cell trip 
point. This indication meant that the entire weight of the fuel assembly was not registering on the load cell.
In order to confirm the function of load cell is normal, the crew stopped and reversed the crane.  The fuel 
handlers then moved the crane to the next fuel assembly location and proceeded to lift the fuel assembly 
as normal.  This movement confirmed that the crane was working as designed.
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Figure 2. Raised fuel channel (in the background) in comparison to a fresh fuel assembly.

The fuel handlers moved back to C1F029 and attempted to lift it again.  The crane again indicated less 
than the load cell trip point, so the fuel handlers reversed the crane and lowered it again.  Chinshan 
contacted AREVA to report the problem, and AREVA Fuel Services deployed to help remove the failed 
assembly.  Figure 2 shows the fuel assembly and its relative height next to a fresh fuel assembly. 
When Taipower notified AREVA of the event, AREVA created an initial Failure Modes and Effects 
Analysis (FMEA) to identify possible failure zones. This was done prior to any examination of the fuel at 
the Chinshan site.  The initial FMEA identified 9 possible locations supporting a possible load chain failure
(see Figure 17).

1. Cap Screw Missing:  Post-irradiation examination (PIE) of the failed bundle showed the Cap Screw 
to be in place inside the bushing.

2. WC Bushing Braze Failure:  PIE of the failed bundle showed the Lower Tie Plate (LTP) Grid was 
intact and undamaged.  

3. Cap Screw Head Failure:  PIE of the failed bundle showed the Cap Screw to be in place and 
attached to Lower End Plug (LEP).  

4. LEP Connection Failure: PIE of the failed bundle showed LEP to be in place and connected to 
Cap Screw.  

5. LEP-to-WC Weld Failure:  PIE of the failed bundle showed the LEP was observed to be in place 
and the weld to the WC was intact.  

6. WC Square Tube Failure:  PIE of the failed bundle showed the WC was unbroken with no 
evidence of yielding or bowing.  

7. UEP-to-WC Weld Failure:  PIE of the failed bundle showed the UEP was observed to be in place 
and the weld to the WC was intact.  

8. UEP Failure:  PIE of the failed bundle showed the UEP was observed to be unbroken and the weld 
to the WC was intact.  

9. Connecting Bolt Failure:  The overall most limiting minimum cross section of the Connecting Bolt is 
at its upper end at the threaded connection to the Compression Nut; however, this location is not 
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where the Connecting Bolt failed.  PIE of the failed bundle showed the Connecting Bolt failed at 
the minimum cross section on the lower end at the UEP-to-Connecting Bolt threaded connection.  

Following removal of the fuel assembly from the core, the fuel services team proceeded to remove the 
fuel rods.  Visual examination of the central load chain identified the broken Connecting Bolt (Figure 3).

Figure 3. Location of threaded joint of broken Connecting Bolt.

The fuel assembly cage was disassembled, and the Connecting Bolt upper piece was sent to the Institute 
of Nuclear Energy Research (INER) hot cell for examination.  Later, the upper part of the central water 
channel was removed from the bundle and also sent to INER.  The separation appears to be a fracture 
with environment assisted cracking around the edges.  Figure 4 and Figure 5 show the broken bolt and 
the receiving connection. Figure 5also shows reddish crud deposits on the fracture surface.

Figure 4. Upper part of stainless steel Connecting Bolt.
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Figure 5. Lower receiving connection at the top of the central water channel.

4. APPROACH/ROOT CAUSE ANALYSIS PROCESS
The AREVA root cause analysis team uses a systematic process to evaluate the event and identify the 
underlying causes that resulted in the event. The RCA uses the PACTS process to help discover the 
facts. PACTS is an acronym for the “graduated” problem solving process common to the RCA and basic 
problem solving methodology. PACTS provides a flexible foundation for problem solving methodology.  
PACTS stands for the following:

Problem Statement
Analysis
Causes
Testing
Solution & Implementation

The Issue Owner of the RCA team is the World Wide Engineering Manager for Fuel Mechanics.  In this 
role, he is accountable for investigating and correcting the issue.  In addition, the RCA team periodically 
reports to a world-wide management review team.  The management review team ensures senior 
management awareness, and provides concurrence on prioritization and appropriateness of corrective 
actions. 
Major focus areas (see Figure 6) include the evaluation of potential items of interest including material-
related defects, manufacturing defects, design weaknesses, environmental influences, and handling of 
the fuel bundles.  The items of interest may identify potential causes or influencers, and the RCA team 
may consider potential multiple contributors. 
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Figure 6. Items of interest for Root Cause Analysis. 

The descriptions below are a summary of initial approaches and findings and should not be construed as 
an exhaustive list.  

5. SUMMARY OF RCA FOCUS AREAS

5.1.1. MATERIAL DEFECT
The RCA team investigated the potential for material deviation from original specifications. The 
investigation encompasses processing and inspection of the bar stock used to fabricate the load chain 
Connecting Bolt, which is the specific subcomponent of the load chain that was discovered to be failed.  
Specific investigations completed include the following:

Bar stock inspection processes, test equipment and technique were reviewed.  All bars are 
100% [ ] using both [ ] angles and [

] inspected.  [
]

Material traceability at the supplier was reviewed and AREVA maintains control of 304L 
material in its own inventories.  (The hot cell examination has confirmed the material type
satisfied 304L specification by ICP-MS analysis.)
Bar stock and Connecting Bolt manufacturing processes were reviewed.  While a solution 
anneal heat treatment is performed, subsequent straightening operations in the bar (2 
steps) and an allowance for straightening of the final-machined bolt can induce 
manufacturing stresses that could be retained in the final part.
Each heat lot of bar stock material is subjected to a variety of tests performed per ASTM 
A276/A479 (for composition and mechanical properties) and per ASTM A262 (for corrosion 
resistance) on the finished size of bar stock material.  The mechanical property tests 
specifically include requirements to measure yield strength, ultimate tensile strength, 
elongation, and reduction of area.  The results of the mechanical property tests on heat lots 
from 2004 – 2013 have been evaluated and compared to the heat lot of the failed 
Connecting Bolt.  The results reflect a consistent product manufactured during this time 
frame with no deviations in the mechanical properties.
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5.1.2. MANUFACTURING DEFECT
The RCA team investigated manufacturing processes to determine if there are inherent weaknesses or 
deviations.  Key findings to date are as follows: 

Review of records determined that there were no equipment or process upsets during the 
production of the Chinshan lot of Connecting Bolts. 
During the fabrication of the Connecting Bolt at the supplier, as each part is removed from 
the Computer Numerical Control (CNC) turning machine, it is dimensionally inspected and 
visually inspected by the operator at 100%. This in-process inspection does not fulfill the 
Quality Inspection required by the AREVA approved Inspection Plan. It is used to 
determine process feedback for the operator as to the machine operating conditions (i.e., 
tool wear, feeds and speeds).
Quality Inspectors performed an overcheck to either 1.0 AQL Level II Normal sampling 
frequency quantities, which provides a 95/95 confidence level, or 100%, as directed by 
AREVA-approved Inspection Plans for certification of conformance to the specifications. 
The failed Connecting Bolt was fabricated in manufacturing lot 239998 which was 
comprised of 427 pieces.  So, the Inspection Plan required that 50 pieces be randomly 
selected for 100% inspection of all features identified in the Inspection Plan for a 1.0 AQL 
Level II Normal frequency. The inspection results of 50 pieces fully meet the specification.
The Connecting Bolt surface finish is inspected according to the Inspection Plan (see 
Figure 7 for actual inspection record for surface finish of the failed Connecting Bolt). No 
abnormal conditions were noted.
 

 

Figure 7. Inspection Test Report for Connecting Bolt Certificate of Compliance 87630/0 for manufacturing 
batch number 239998.

 
The Inspection Plan for the Connecting Bolt also has a requirement for 100% visual 
inspection of the manufacturing lot for surface condition (see Figure 8 for actual inspection 
record for surface finish of the failed Connecting Bolt). No abnormal conditions were 
noted.

 

Figure 8. Inspection Test Report for Connecting Bolt Certificate 87630/0 for batch manufacturing batch 
number 239998 shows passing results.

 
AREVA ANF-Karlstein Source Quality Inspectors also perform an overcheck.   Following 
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component machining (and assembly), no additional mechanical property testing is 
performed.
At AREVA’s ANF-Karlstein facility, prior to assembling with the Connecting Bolt to the WC 
UEP for torqueing and staking, the operator visually inspects the Connecting Bolt for 
damage and unusual appearances.  No abnormal conditions were noted.
The chemical specification for [ ] thread lubricant is available.  Reviews of 
solutions in inventory and the application process (see Figure 9) have been performed.
Aslo, the [ ] lubricant from a Connecting Bolt archive sample coated from the 
same time period the failed bolt was coated was reviewed. In all cases, no unacceptable 
results have been identified.

 

Figure 9. Typical application of [ ] thread lubricant. 

After the [ ] is dried, the Connecting Bolt is clamped into the torqueing fixture
(see Figure 11) and the WC UEP is screwed onto the threads and torqued into place.  All 
manufacturing processes associated with the clamping and torqueing have been reviewed.
No abnormal conditions were noted.

 Torque and crimp operations were qualified and controlled using calibrated tools (see 
Figure 10) by experienced operators. All calibration records for tools and qualifications for 
assembly personnel have been reviewed. No abnormal conditions were noted.

    

Figure 10. Qualified and calibrated torque wrench

Reviews confirm that fixtures are used to ensure proper orientation of parts during the 
assembly and staking (crimping) operation used to mechanically lock the Connecting Bolt 
to the WC UEP (see Figure 11); preventing rotation of parts during operation.  AREVA 
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controls the staking process with a [ ] as shown in Figure 12.  A 
100% visual inspection was performed and compared against visual standards of staking 
results. No abnormal conditions were noted.

 

  

Figure 11. Fixtures used for mounting of WC UEP and staking (crimping).

Figure 12. Staking (crimping) the connection.  

After the torqueing is performed the thread relief area of the Connecting Bolt is no longer 
visible or accessible to be inspected.   

After staking has taken place the staking gap is checked using a feeler gauge (see Figure 
13) and the remainder of the locking hardware is installed on the Connecting Bolt/UEP 
which then becomes the Connecting Bolt Complete (assembly).

When assembling the Connecting Bolt Complete to the WC by welding, operators perform 
a 100% visual inspection of each part of the cage. 
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Figure 13. Inspection of finished connection using a feeler gauge.

Note: The staking process was evaluated for susceptibility of uneven stressing of the 
threaded joint that would result in a condition of non-alignment of the Connecting Bolt and 
WC UEP.  Parts (Connecting Bolts and WC UEPs) subjected to normal staking ([ ] mm
displacement) and abnormal staking ([ ] mm displacement) were processed and the 
alignment of the Connecting Bolt to WC UEP was found to be unaffected. Staking was 
evaluated earlier in the design process to understand the effect of crack propagation due to 
the staking operation and to confirm any cracking due to staking was limited to the staking 
flange.

5.1.3. DESIGN WEAKNESSES

The RCA team evaluated the design of the Connecting Bolt to identify any features that could contribute 
to the load chain failure in the location of the Connecting Bolt lower connection.

Inspection of the minor thread roots show that they are present in the transition radius of the 
thread relief diameter, but they are not in the minimum diameter of the thread relief itself.
As shown in Figure 14, a review of the thread design shows the end of the minor diameter thread 
root is in the [ ] mm radius and [ ] angle area, not in the thread relief region ([ ] mm 
diameter).
For each staking site, any crack propagation path should stay with the rim and not move into the 
thicker bolt cross section. This functionality is accomplished by the [ ] mm fillet radius features 
at the base of the rim and the thin thickness of the rim itself compared with the volume of material 
in the bolt connection.
For each of the four staking sites, there are two small passages (for a total of 8) to allow flow into
the thread relief area after connection to the WC UEP.  As part of its study, the RCA team 
investigated the propensity of this configuration to trap contaminants which may further lead to an 
initiating event that could result in a failure.
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Figure 14. Close-up view of lower end Connecting Bolt threads showing minor thread.

5.1.4. ENVIRONMENTAL INFLUENCE
The RCA team has reviewed the operating environmental condition of the bundle with the failed load 
chain.  

Reactor coolant water chemistry indicates [

] and very far below the 
chloride “Action Level 1” limit of [ ] stated in the EPRI BWR Water Chemistry Guidelines [5].
The Cycle 27 reactor coolant chemistry is also well within the Fuel Warranty Specifications.  The 
reason the [ ] level was investigated was because the trend is uncharacteristic in 
comparison to the three preceding cycles at Unit 1 (see Figure 15). The chemistry impact on 
corrosion of certain materials will be considered in the RCA evaluation, however, it should be 
noted the Cycle 27 RCS [ ] level is not considered to be related to the failure mechanism
at this time. 
Reactor coolant water chemistry shown in Figure 16 indicates [ ] levels higher than 
recommended level in EPRI BWR Water Chemistry Guidelines.  According to the guidelines, it is 
recommended that reactor water [ ] be controlled to maintain the quarterly average 
concentration [ ]. EPRI report NP-7458-S [6] discusses test results where [ ] levels 
above [ ] resulted in an increased susceptibility to IGSCC in 304 stainless steel.  
However, BWRVIP-190 Revision 1 states “…The majority of evidence indicates that [ ] has a 
negligible effect on IGSCC at concentrations below [ ] (2-60) and perhaps has no 
detrimental effect up to [ ].” So, considering the conflicting guidance, it is inconclusive at 
this time whether or not Cycle 27 RCS [ ] level is a contributing factor.
The preliminary EDS evaluation of fracture surface indicated no presence of chloride or sulfur 
traces.
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Figure 15. Chinshan Unit 1 Cycles 26 and 27 [ ] Concentrations in Reactor Water. 

Figure 16. Chinshan Unit 1 Cycles 26 and 27 [ ] concentrations in Reactor Water.
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5.1.5. HANDLING OF THE FUEL
The RCA team investigated if normal handling of the bundle could contribute to the failure of the load 
chain.  The focus of handling is on both manufacturing operations at AREVA sites, and normal operations
at the reactor site.   

5.1.5.1. INVESTIGATIVE TESTING 

The RCA team reviewed all AREVA internal fuel assembly and component handling procedures and 
Condition Reports and found no indication of unacceptable loading.  
Two tests were developed and performed to investigate extreme effects of fuel handing operations for 
better understanding.  

A Lateral Load test was performed to determine if the amount of compressive loading required to 
generate a crack in the Connecting Bolt thread relief could be noticeable to AREVA Operations 
personnel during fuel assembly fabrication. The test is described in Section 7.10.6 and concluded 
it is not possible to for a crack to have been generated due to mishandling. 

An Offset Compression test was performed to determine the loads necessary to result in 
permanent deformation and failure of the Connecting Bolt at the WC UEP threaded connection.  
Test results show for loads up to 1,800 lbs., there was no plastic deformation in the UTP, 
Connecting Bolt and WC segment.  The dye penetrant test performed at this load did not indicate 
cracks in the thread relief area of the Connecting Bolt.  The test is described in Section 7.10.7. 

5.1.5.2. BUNDLE HANDLING AT THE REACTOR SITE
The RCA team reviewed the handling of bundles at the reactor site.  Broken channel fasteners or 
other possible upset may be informative in determining if unacceptable loading of the Connecting 
Bolt could occur. 
The team reviewed crane load files for the failed bundle and surrounding bundles over the 
operating history for which data is available (i.e. End of Cycles (EOC) 25 through 27) and has not 
identified evidence of abnormal handling [9]. Irradiation of stainless steel is well-known to reduce 
ductility and increase tensile strength and so, the RCA Team investigated potential credible loads 
in excess of normal handling expectations and their impact on the Connecting Bolt.  The 
successful operating experience of over 14,000 assemblies with this type of connection indicates 
this type of handling upset is unlikely.
During product development, design calculations supporting the Connecting Bolt-to-WC UEP 
threaded connection consider stresses due to torqueing at 12.9 Nm (requirement is [ ] Nm) and 
a lubrication friction factor of [ ].  The resulting stress level was 26.8 MPa compared to a
yield stress limit of 105 MPa at reactor operating temperatures for 304L material (ASME Design 
Value).  Differential thermal expansion was reasoned to effectively reduce the stress since the 
male part of the connection (304L) has a higher expansion rate than the female part of the 
connection (Zircaloy).  Radiation growth of Zircaloy is not considered significant due to the small 
gage length and relaxation of the zirconium alloy under irradiation. Residual stresses in the part 
from coldworking of the starting material bar stock and subsequent coldworking of the Connecting 
Bolt during machining are not considered to be significant to initiate cracking alone but can assist 
crack propagation.  And lastly, a notch stress concentration factor for the presence of the minor 
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thread diameter runout into the upper portion of the thread relief radius was not considered in the 
design.  This notch factor is [ ] when the 304L material is new (i.e., prior to irradiation) and as 
the Connecting Bolt undergoes irradiation hardening, the notch factor increases in its effect.  
Considering all of these factors combined, the stresses at the threaded joint could potentially be 
increased above 50% of the yield limit. 

6. REVIEW OF PRE-INSPECTION FMEA
The initial FMEA (performed before any examination of the damaged fuel assembly took place) identified 
9 possible locations supporting a possible load chain failure (see section 3.2 and Figure 17).  Through the 
information collected during the root cause investigation, only the Connecting Bolt continues to be a 
failure location fitting to the current scenarios.  The leading causal factors do not indicate increased failure 
risk for any of the other locations. The 9 originally suspected failure modes and their associated 
dispositions are as follows:

1. Cap Screw Missing:  Staking imparts very little stress to the Cap Screw.  Not subject to stresses 
due to differential thermal expansion in a compressive state.  Located below the active zone for 
reduced irradiation effects.  Configuration not conducive to crevice corrosion.

2. WC Bushing Braze Failure:  AREVA has a long history of the successful use of brazed 
connections in nuclear applications.  Not subject to stresses due to differential thermal expansion 
in a compressive state.  Located below the active zone for reduced irradiation effects. 
Configuration not conducive to crevice corrosion.

3. Cap Screw Head Failure:  PIE of the failed bundle showed the Cap Screw to be in place and 
attached to LEP.  

4. LEP Connection Failure:  The LEP is fabricated from a relatively large cross section of material.  
Short threaded length offers minor stresses due to differential thermal expansion in a compressive 
state.  LEP is located below the active zone for reduced irradiation effects.  Configuration not 
conducive to crevice corrosion.

5. LEP-to-WC Weld Failure:  AREVA has a long history of Zircaloy-to-Zircaloy welds used 
successfully in nuclear applications.  Not subject to stresses due to differential thermal expansion 
in a compressive state.  This weld is located at the start of the active zone for reduced irradiation 
effects.  Configuration not conducive to crevice corrosion.  

6. WC Square Tube Failure:  AREVA has a long history of large square and round Zircaloy
components used successfully in structural nuclear applications (PWR guide tubes and BWR tie 
rods).   The WC is not subject to stresses due to differential thermal expansion.  Location is in the 
active zone, expected performance similar to fuel rods.  Configuration not conducive to crevice 
corrosion.

7. UEP-to-WC Weld Failure:  AREVA has a long history of Zircaloy-to-Zircaloy welds used 
successfully in nuclear applications.  Not subject to stresses due to differential thermal expansion 
in a compressive state. Located near the end of the active zone for reduced irradiation effects.  
Configuration not conducive to crevice corrosion.

8. UEP Failure:  The UEP is fabricated from a relatively large cross section of material.  Located just 
below the top of the active zone for reduced irradiation effects.  Material less conducive to crevice 
corrosion than 304L mating component material.

9. Connecting Bolt Failure:  The overall most limiting minimum cross section of the Connecting Bolt is 
at its upper end at the threaded connection to the Compression Nut, which was the expected 9th 
possible failure point.  Failure of the Connecting Bolt at the lower end was not considered in the 
initial FMEA as likely since the upper end has a comparatively lower cross-sectional area and from
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purely mechanical considerations would have failed before the lower end. Considering the causal 
factors discussed in this report, the upper end of the Connecting Bolt is well above the active zone
and the irradiation effects are reduced.

Figure 17. Schematic of Pre-Inspection FMEA.

7. TESTS AND EXAMINATIONS

7.1. HOT CELL (INER) VISUAL EXAMINATION OF FAILED CONNECTING BOLT

7.1.1. VISUAL EXAMINATION OF FRACTURE FACE 1

The visual examination of both fracture faces was carried out in the Hot Cell Laboratory of INER with a 
digital camera. The fracture face of the rod segment containing the flange is furthermore referred to as 
Fracture Face 1 (FF1), Figure 19 through Figure 21. The circumferential positions shown in Figure 19 are 
arbitrarily chosen. Their relation to the actual orientation within the fuel bundle is shown in Figure 18.
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Figure 18. Orientation of Fracture Face in fuel bundle.
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Figure 19. Close-up image of FF1.
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Referring to Figure 19, the general appearance of FF1 is grainy with no indication of macroscopic 
plastic deformation. The fracture surface is slightly tilted to the axis of the bolt having its highest 
elevation at 180° and its lowest at 0°.  About 1/3 of the surface extending from approximately 90° 
to approximately 270° is covered by reddish deposits (close to the outer surface) and a flat surface 
close to the 180° position (most probably post-fracture mechanical deformation introduced during 
the handling of the fuel assembly) can be observed. The remaining part of the fracture surface 
appears grayish in color.

Figure 20. Close-up of FF1 at 0° position

Figure 21. Close-up of FF1 at 180° position showing rough surface indications
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On initial observation, the surface indications shown in Figure 21 in the machined thread relief transition 
area of the fractured end of the Connecting Bolt is not a surface that would have been created by a sharp 
cutting tool used in a normal machining operation in unblemished material during manufacturing of the 
Connecting Bolt. The surface indications can be further described as shallow rounded profile 
depressions. A defect caused by machining of unblemished material (e.g., from a worn cutting tool) 
would have a shape that would be in line with the cutting tool used during turning on a lathe and thus 
would be shaped more like a long oval with sharp angled ends. The Connecting Bolt manufacturing 
drawing, A1C-810304-1, has a surface finish requirement just below the General Notes (Zone E9). The 
surface finish callout is for a default finish of Rz16 (which applies to the thread relief features) in 
accordance with ISO 1302.
The surface indications shown in Figure 21 would not have been acceptable to a Rz16 finish and if 
present to the extent seen in the figure during manufacturing would have been observed by the machine 
operator or quality inspector (at the supplier), or AREVA source inspector or AREVA ANF-Karlstein 
torqueing and staking operator before assembly of the Connecting Bolt to the WC UEP. As the review of 
records determined, no abnormality was found during fabrication. If a much smaller surface defect 
caused either by a mechanical deformation or removal of a non-metallic inclusion during manufacturing 
was present, visual inspection may not be sufficient to identify this kind of surface indication. In order to 
increase the sensitivity to reveal a surface indication and provide a higher safety margin, an inspection 
using dye penetrant will be done in the interim until an improved ultrasonic methodology is approved.

7.1.2. VISUAL EXAMINATION OF FRACTURE FACE 2
The lower surface of the fracture face contained within the upper end plug will be referred to as Fracture 
Face 2 (FF2). The examination of FF2 is in agreement with the observations of FF1; Figure 22. The 
fracture face meets the outer surface in the 180° circumferential position near the thread runout. The 
mating surface of the end fitting appears metallic bright, but it must be considered that it was treated with 
Scotchbrite prior to packaging at Chinshan for transportation to INER.
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Figure 22. Close-up of FF2 contained within the WC UEP.

The Scotchbrite was used in an attempt to remove the accumulated crud that filled the area where the 
end of the Connecting Bolt was (see Figure 23). During the handling of the UTP/Connecting Bolt 
segment, crud from the UTP, Connecting Bolt, and fuel rods drifted down into the depression of the WC 
UEP. There was strong interest to obtain pictures/video of the fracture surfaces while the fuel assembly 
was still in the reactor and the services crew was instructed to use Scotchbrite to attempt to clear out as 
much of the crud so video/pictures could be taken of FF2 which was still contained within the WC UEP.
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Figure 23. Close-up of FF2, WC UEP and Fuel Services tool used to remove crud of the upper face of the 
WC UEP with Scotchbrite.

7.2. CHEMICAL ANALYSIS 
A chemical analysis of the crud removed from the bolt well above the fracture location (see red box in 
Figure 24) was reported by INER and is presented in Table 5.

Figure 24. Location of crud sampling by AREVA Fuel Services.
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Element Wt %
Al 0.017
Ca 0.147
Co 0.003
Cr 0.015
Cu 0.012
Fe 1.651
Mg 0.005
Mn 0.004
Na 0.194
Ni 0.011
Zn 0.076
Si 0.030
Zr 0.003
S 0.093

Total 2.262

Table 5. Chemical analysis of crud sample.
Crud sampling was performed to gain insight to the water chemistry in the vicinity of the impacted fuel 
assembly.  Most values are typical of what is seen in BWR crud and correspond well to the reported 
chemistry data.  The reported values for sodium and sulfur were unexpected as they are typically from 
soluble species and the reported levels do not correlate with the reported RCS conductivity.  Despite the 
discrepancies, nothing in the crud analysis indicates a contributing mechanism to the bolt failure.

7.3. HOT CELL (INER) FF1/FF2 REPLICA PREPARATION AND EXAMINATION
Replicas were taken from FF1 and FF2 using standard practices. These will be furthermore denoted as 
R1.X and R2.X, respectively. The second digit denotes the order the replicas were obtained.  For 
instance, R1.1 was made of the FF1 surface first, followed by R1.2.

7.3.1. SEM EXAMINATION OF REPLICA R1.1

Replica R1.1 (with a dose rate in contact about 80 Sv/h) was carbon coated and examined in the 
scanning electron microscope (SEM). Almost the whole fracture face shows an intergranular crack 
characteristic. 
The majority of the fracture face in the reddish areas (90° to 270°) shows rather rough grain surfaces 
caused by an extracted oxide deposit and a surface with a higher degree of oxidation (see Figure 25
taken at 180°). 
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Figure 25. R1.1, 180°.

Upon approaching the 0°-circumferential position, these features decrease and a well-defined 
intergranular fracture face with local steps on the grain surface becomes visible. 

Figure 26. R1.1, 0° position, showing trace of small crack.

At the 0°circumferential position on the fracture face a, crack can be seen (see Figure 26). The large 
feature seen near the top of the figure is an artifact of the replica and not from the actual fracture surface.
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Figure 27. R1.1, 0° position, local transgranular area attributed to final fracture.

Figure 28. R1.1, 0° position, local transgranular area of the final overload failure.

Only a small fraction of the fracture face seems to possess a transgranular fracture characteristic (see 
Figure 27 and Figure 28). This area can most probably be attributed to the final ruptured area.

Figure 29. R1.1, 0° position, slip lines crossing a twin boundary.
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The region near 0° shows little corrosion product with evidence of slip bands that likely represent the fresh 
fracture surfaces formed at the latest stage of failure.  The slip bands indicate significant plastic 
deformation.  The linear steps clearly represent slip bands and not fatigue marks as they do not run 
through grains, but rather remain associated with individual grains.  Any movement over grain boundaries 
typically showed cross-slip, evidenced by a complete shift in the direction of the striation (see Figure 29).

7.4. HOT CELL (INER) EDX EXAMINATION OF REPLICA R1.1
EDX measurements on the fracture face of R1.1 at two arbitrary positions were carried out and 
detrimental elements, such as Cl, F and S were not found. Finally the flange surface in the deformed area 
of the stakings gave no indications for any further cracking.
Analyses of extracted deposits from the annular gap between thread and bolt were carried out by means 
of EDX and no detrimental elements, such as Cl, F and S were found.

7.5. HOT CELL (INER) CONNECTING BOLT STRAIGHTNESS MEASUREMENTS
An inspection of the straightness of the failed Connecting Bolt was performed by INER.  Figure 30 shows 
the setup used for the dimensional inspection.  Inspection of the bolt did not indicate any significant plastic 
deformation in the bolt shaft. Subsequent detailed analysis of the results by AREVA concludes the
Connecting Bolt is within the permissible drawing tolerances [4].

Figure 30. Straightness measurement setup.

7.6. HOT CELL (INER) SEM EXAMINATION OF FRACTURE FACE 1

Once INER developed tooling to perform cutting within the hot cell, efforts were focused on sectioning 
FF1 in order to reduce the dose rate of individual sections to permit removal of the sections from the hot 
cell for SEM and EDX examination.  The initial sectioning performed is shown in Figure 31.
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Figure 31. FF1 layout for sectioning.

Figure 32. FF1, Specimen I showing evidence of intergranular cracking.
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Figure 33: FF1, Specimen II, 180 °Position, showing evidence of intergranular cracking.

Figure 34: FF1, Specimen III, showing evidence of intergranular cracking.

Most of the surfaces of all three Specimens of FF1 shown in Figure 32, Figure 33, and Figure 34 exhibit
intergranular cracking. Grain faces appear covered with heavy oxides. In areas from the 270° Position
around to the 0° Position and continuing to the 90° Position transgranular cracks are observed (see
Figure 35).  The transgranular cracks represent a much smaller proportion of the fracture surface than the 
intergranular cracks.  There is no apparent plastic deformation in the material at the 180° Position 
determined to be most likely site of crack initiation.  
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Figure 35. FF1, 270° Position - Images of cracking, including evidence of transgranular cracks.

A close examination of the fracture surface at 180° confirms the primarily intergranular nature of the 
fracture.  Several distinct cracks are visible, but none can yet be clearly defined as the initiating crack.  It 
is evident that the outer surface of the bolt at this location does not demonstrate the designed edge of the 
bolt (see dashed red line in Figure 36).  Rather, material has been removed either by a corrosion 
mechanism or a mechanical interaction during manufacturing.  This region is shown in Figure 36.
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Figure 36. FF1, Specimen II, 180° Position shows intergranular cracking.

After cleaning and examining Specimen II with citric acid (to remove the crud, corrosion, and deposits, 
see SEM micrographs in Figure 37 and Figure 38), it is possible that the surface indications at the 180°
Position originated as metallic or non-metallic inclusions which were uncovered by the machining 
operation (i.e., not a machining defect but a material defect exposed by machining). Stated differently, it 
is possible that during machining, an inclusion was exposed and likely removed from the bolt.  This led to 
a surface irregularity, potentially with edges of a differing local chemistry.  

This interpretation is based on the appearance of the material within the red circle below in Figure 39, and 
multiple machining passes running through the surface imperfection area.  The color appearance of the 
local area as shown in the SEM images could be driven by differences in overall orientation, angle, and 
distance/focal length compared to the rest of the surface.  Additionally, if an inclusion resulted in a local 
difference in chemistry, this area could have experienced different oxidation kinetics from the rest of the 
surface, once again leading to color differences.  

These surface defects could have subsequently initiated corrosion pits which led to transgranular crack 
initiations (examples of which are indicated by red arrows in Figure 40).  The region to the right of the red 
circle is the more advanced failure region, where significant pitting has already occurred and likely where 
the primary cracks initiated.  
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Figure 37. Side view of FF1, Specimen II at 180° Position before citric acid cleaning.

Figure 38. Side view (30x) of FF1, Specimen II at 180° Position after citric acid cleaning.
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Figure 39. Side view (50x) of FF1, Specimen II at 180° Position (after cleaning).

Figure 40. Side view (~130x) of FF1, Specimen II at 180° Position (after cleaning).

Figure 40 highlights various instances of transgranular crack initiation sites within this region associated 
with more recent crack initiations. An additional image at the 180° Position (Figure 41) shows another 
potential inclusion (within the oval), similarly oriented to the site already discussed.  Inclusions of this size 
are not expected, nor are a history of their occurrence in this product documented.  Therefore, if these 
images are the result of inclusions, it would be unexpected to see others elsewhere on the surface of the 
bolt.
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Figure 41. Side view (500x) of FF1, Specimen II at 180° Position (after cleaning).

Figure 42. FF1. Specimen I close-up of White Spot near 270° Position.
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An SEM examination of the White Spot near the 270° Position (see Figure 42) displays a morphology that 
indicates boiling is likely occurring in the annulus.

7.7. HOT CELL (INER) EDX EXAMINATION OF WHITE DEPOSIT

SEM-EDX of the white deposit at the 180° Position indicates elevated levels of Fe, Si, Al, Cr and oxides
(see Figure 43) whereas the 270° Position only indicates elevated Fe, Si and oxides (see Figure 44).
These results are expected and not unusual given the water chemistry of Chinshan Unit 1. It was also 
noted that the deposit was not conductive.  The amount of the deposit suggests involvement of water flow 
rather than the typical crud deposits seen on fuel assemblies. These variations are believed to indicate 
that the white deposits consist of many various components, likely deriving from crud, corrosion products, 
and soluble species of the RCS. A review of thermal-hydraulic conditions at the connection indicates that 
boiling due to gamma heating could occur.  The significant presence of silica in the white deposit, which is 
not an elemental component of any of the cleaning fluids or lubricants used during manufacturing, 
suggests some contribution of the RCS to formation of these deposits.  However, at this time, no direct 
link between the white deposit and crack initiation exists.
In Figure 21, at the 180° location, the rough surface indications are located next to the white spot.  It is 
believed that the surface indications were created during manufacturing.  While the white spot is not 
believed to have caused the crack initiation, it is an indication of the local environment of the failure 
(chemical species present).  Therefore, the white spot may help determine how the surface indication 
initiated local pitting which eventually led to crack initiation. However, the relation between the white 
spots and crack initiation on a normal surface is determined to be low.
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Figure 43. EDX of White Spot near 180° Position.
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Figure 44. EDX of White Spot near 270° Position.

7.8. HOT CELL (INER) MICROHARDNESS MEASUREMENTS 

7.8.1. MICROHARDNESS MEASUREMENTS OF FRACTURE FACE 1
Specimen I of FF1 was cross-sectioned, mounted, ground and polished in preparation for 
metallography and microhardness measurements. Figure 45 shows the orientation of Specimen I in 
the Connecting Bolt and where the microhardness measurements were taken.  The microhardness 
tests have been done prior to etching (the last step of metallography sample preparation). The 
hardness of different points is shown in Table 6 according to the optical microscope picture shown in
Figure 46. Hardness measurements provided by INER are much higher than measurements of 
archived material from the same bar stock (see Section 7.10.1).  
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Figure 45. Location of Specimen I microhardness tests within the Connecting Bolt.

Location 1 2 3 4 5 6 7 8 9

Hardness (HV0.5) 338 335 329 341 321 338 324 332 302

Location 10 11 12 13 14 15 16 17 18

Hardness (HV0.5) 338 321 341 345 335 348 327 341 351

Location 19 20 21 22 23 24 25 26 27
Hardness (HV0.5) 347 335 313 321 338 324 331 317 335

Table 6. Vickers microhardness measurements of FF1, Specimen I (reference Figure 46).   
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Figure 46. Location of microhardness measurements of FF1, Specimen I

Similarly, Specimen II of FF1 was cross-sectioned into two Specimens IIa and IIb as shown in Figure 47.
Specimen IIa was mounted, ground and polished in preparation for metallography and microhardness 
measurements. As with Specimen I, the microhardness tests have been done prior to etching and the
hardness measurements at different points are shown in Table 7 according to the optical microscope 
picture shown in Figure 48. As with Specimen I, the hardness measurements of Specimen IIa, are much 
higher than measurements of archived material from the same bar stock (see Section 7.10.1).  

Figure 47. Location of Specimens IIa and IIb within FF1.

IIa

IIb

Figure 50a

Figure 50b
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Increased hardness values, such as seen in the irradiated samples, will correspond to increased strength 
levels and decreased ductility of the material.  This change in mechanical properties is expected whether 
the increased hardness is attributed to irradiation, coldwork, or a combination of both.  

Figure 48. Location of microhardness measurements taken on Specimen IIa.

Location 1 2 3 4 5 6 7 8 9

Hardness (HV0.5) 338 320 323 318 335 326 318 344 329

Table 7. Vickers microhardness measurements of FF1, Specimen IIa.

7.8.2. MICROHARDNESS MEASUREMENTS OF CONNECTING BOLT SHAFT
To better understand the influence irradiation on microhardness, measurements were also taken across 
the diameter of a specimen removed from the Connecting Bolt shaft at location shown in Figure 49.
The five measurements taken are shown in Table 8 and are consistent with what would be expected at a 
short distance above the active fuel zone with reduced fluence.

Figure 49. Location of microhardness measurements on Connecting Bolt shaft.

Location 1 2 3 4 5
Hardness (HV0.5) 195 187 185 178 203

Table 8. Vickers microhardness measurements of Specimen from Connect Bolt shaft.
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7.9. HOT CELL (INER) METALLOGRAPHY EVALUATION OF FRACTURE FACE 1
Metallographic examination of the cross-section of Specimen I, shown above in Figure 46, was completed 
after polishing and etching the sample.  Similar to the archive material discussed in Section 7.10.1, the 
grain boundaries are heavily decorated (Figure 50).  Additionally, while coldwork at the surface resulting 
from the machining operations is evident, no signs of coldwork through the bulk of the material exist.  This 
result corresponds well with the residual stress measurements performed on archive samples discussed 
in 7.10.3.
Referring to Figure 47, Specimen IIb was similarly mounted, polished and etched. Photomicrographs 
shown in Figure 51 reveal a similar microstructure with heavily decorated grain boundaries. 

Figure 50. Polished and etched micrograph of FF1, Specimen I, showing detail of grains.

Figure 50a Figure 50b
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Figure 51. Specimen IIb after mounting, polishing and etching.

7.10. ARCHIVE COMPONENT EXAMINATIONS
All examinations performed by AREVA’s Erlangen Technical Center on archive components and materials 
are recorded in Reference [10].

7.10.1. HARDNESS MEASUREMENTS

An unirradiated, archive Connecting Bolt from the same material bar stock lot of the failed bolt at 
Chinshan was examined. The first section taken at the top end of the archive Connecting Bolt is shown in
Figure 52. This location was selected because the Connecting Bolt lower end was still attached and 
staked to the WC UEP at the time and testing at the top end would provide an expedited set of hardness 
values to compare against the micro-hardness values of the fractured Connecting Bolt. The locations and 
values of each measurement are shown in Figure 53.
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Figure 52. Location of microhardness measurements on top end of archive Connecting Bolt.

Figure 53. Microhardness measurements of top end of archive Connecting Bolt.

The mean hardness along the cross-section is 167HV0.5 (±7). These values are expected for an as-
fabricated alloy 304L component, and they are much lower than the measured microhardness values of 
the irradiated fracture face (see Table 6).
Microhardness measurements in the region of the thread runout as shown in Figure 54 and close to the 
region measured on the failed bolt (see Figure 46) near to the surface (in area where coldwork due to 
machining is expected) show values of approximately 160 -180 HV0.5, on average.  
Microhardness measurements taken in the middle of the archive bolt on the shaft show a mean hardness 
value of approximately 150 HV0.5.

7.10.2. METALLOGRAPHIC EXAMINATION

The Connecting Bolt was disassembled from the WC UEP and a visual examination of the threaded 
region showed no unacceptable surface indications. A section through the lower end thread relief area 
was prepared as shown in Figure 54.
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Figure 54. Position of section S2, thread runout labeled.

Figure 55. S2, detail etched, decorated grain boundaries.

A photo micrograph of the section near the thread runout (see Figure 55) shows decorated grain 
boundaries with no evidence of coldworking.
Intergranular corrosion tests were performed according to ASTM 262A and electrochemical 
potentiokinetic reactivation (EPR) tests were done according to German standard DIN EN ISO 12732 
(similar to ASTM G108). All tests showed passing performance for the archive specimens tested.  

7.10.3. RESIDUAL STRESS MEASUREMENT

A Connecting Bolt of a similar design and manufactured using a similar processes was measured for 
residual stress distribution using an X-ray diffraction technique (see Figure 56). As described in Section 

Thread 
Runout
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5.1.1, the manufacturing process for the Connecting Bolt involves an annealing treatment on the barstock 
with no additional heat treatment following machining. 
Sub-surface measurements were collected at two locations: 1) in the thread relief area adjacent to the 
thread root and 2) in the thread relief area adjacent to the flange. Results indicate a high level of residual 
tensile stresses near the thread root immediately below the surface which transition to compressive 
stresses away from the surface region.  These results are being evaluated in the stress calculations which 
are ongoing. 

Figure 56. Archive sample residual stress distribution.

7.10.4. IMPACT TOUGHNESS TESTING

Charpy-V Impact Toughness tests on specimens taken from archive Connecting Bolts were performed 
and no unexpected results (no complete fractures as shown in Figure 57) were found.
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Figure 57. Charpy-V Impact Test Specimens after Testing.

7.10.5. EVALUATION OF RESIDUAL FORCES FROM THE CONNECTING BOLT-TO-WC 
UEP ASSEMBLY AND STAKING OPERATION

Seven 304L Connecting Bolts with Zircaloy 4 WC UEPs were tested under various lubricant and torque 
conditions for stress corrosion cracking behavior using magnesium chloride in accordance with ASTM 
G36 as well as AREVA internal procedures.  All of the Connecting Bolts were examined using liquid 
penetrant after 3 cycles of testing with each cycle lasting 16 hours.  No evidence of systematic cracks in 
the area of the thread runout was detected. 
The test matrix and results for all tests are summarized in Reference [10].

7.10.6. LATERAL LOAD TEST
The purpose of the lateral load test is to determine if the magnitude of bending required to generate a 
crack in the Connecting Bolt thread relief is sufficient to be noticeable by AREVA Operations personnel 
and prevent fixturing of the cage assembly during fuel assembly fabrication.  
This test was performed by threading the Connecting Bolt into a MTS load frame fixture and applying a 
load to the Connecting Bolt a distance of six inches from the fixture.  The Connecting Bolt was torqued to 
the nominal specification requirement and oriented such that the thread runout into the thread relief is 
located toward the top to maximize the stress intensity.
The load was applied at a static rate, stopping at 300 lbs. and 600 lbs. to remove the Connecting Bolt 
from the fixture and perform a liquid dye penetrant test to identify cracks.  Figure 58 shows a depiction of 
the test set up.
The results of the test showed that for both test loads, there were no indications of a crack in the thread 
relief area of the Connecting Bolt (see Figure 59).  Also, the magnitude of the Connecting Bolt bending 
after testing would be noticed by AREVA Operations personnel, and the installation of the cage assembly 
into the fuel assembly fabrication fixture would not be possible.  Figure 59 also shows the fit-up of 
components following testing (Note: WC UEP not used to restrain Connecting Bolt during testing).
In conclusion, it is not possible for a crack to have been generated in the connecting bolt as a result of 
mishandling in the AREVA manufacturing process.
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Figure 58. Lateral Load Test Setup.

Figure 59. Connecting Bolt Condition after Testing.

7.10.7. OFFSET COMPRESSION TEST
The purpose of the offset compression test is to determine the loads necessary to result in permanent 
deformation and failure (cracking) of the Connecting Bolt at the WC UEP threaded connection on a 
simulated fuel assembly.  The test pieces consist of an assembled UTP, HALC locking hardware, 
Connecting Bolt, WC UEP, a WC segment and a FC segment, simulating the portion of the fuel assembly 
above the top spacer grid.  This test evaluates a condition where a fuel assembly being moved contacts a 
seated fuel assembly on the UTP bale handle while it is being inserted into an adjacent cell.  
The test was performed by assembling the UTP, Connecting Bolt, WC segment and FC segment into the 
MTS load frame fixture and applying a load to one side of the UTP bale handle.  The Connecting Bolt was 
torqued to the nominal specification requirement and oriented such that the thread runout into the thread 
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relief is located on the side of the assembly opposite to where the load is applied such that the stress 
intensity is maximized.  Figure 60 shows a depiction of the test set up.  
The load was applied at a static rate, stopping at 600 lbs., 1000 lbs., 1,400 lbs. and 1,800 lbs.  At each 
increment, the Connecting Bolt was removed to measure runout of the threaded connection on the lower 
end to identify the yield point.  At loads greater than the yield point, the Connecting Bolt was liquid dye 
penetrant tested to identify any cracks in the thread relief area.
The test results showed that for a load up to 1,800 lbs. (>2.5g handling criteria), there was no plastic 
deformation in the UTP, Connecting Bolt and WC segment.  The dye penetrant test performed at this load 
did not indicate cracks in the thread relief area of the Connecting Bolt.
The offset compressive load test was reset and loaded until the load chain buckled.  At a load of 3,600 
lbs., there was significant bending in the connecting bolt and the water channel was collapsed (see Figure 
61).  The UTP bale handle showed minor damage (see Figure 62).  The dye penetrant test performed at 
this load did not indicate cracks in the thread relief area of the Connecting Bolt.

Figure 60. Offset Compression Test Depiction.

Figure 61. Connecting Bolt and WC after Testing.
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Figure 62. UTP after Testing.

8. SOURCES OF SUSTAINING LOADS FOR CRACK PROPAGATION
Both IGSCC and IASCC failure mechanisms assume some amount of stress is present in the Connecting 
Bolt in the region of the thread relief during operation in order for the crack to propagate.  The normal 
stress state for this region of the bolt during operation is quite low and not compatible with the failure 
mechanism.  Therefore, an unexpected stress state is considered to have occurred since only one bolt 
actually failed even though many more parts were fabricated from the same material, of the same design 
and subjected to the same operating environment.  Though the RCA Team considered many possibilities, 
only one theory remains that may explain the possible sources of the sustaining stress.

8.1. MISSED TORQUEING STEP (THEORY A)
Revision 1.0 indicated a missed torque step in assembly of the Connecting Bolt to the WC UEP would 
present a very low level of compression to the threaded connection. After further evaluation, the RCA 
investigation team concluded Theory A is unlikely to exist.
A properly torqued and staked connection can have a small gap at operating temperature but this 
small gap would only allow for a small bending load.  This small load is not sufficient to provide the 
stress level in the first two cycles needed for crack initiation and propagation. For Theory A to be 
valid, a reasonably large gap between the staking flange and the WC UEP must be demonstrated.
The possibility of a missed torqueing step is the only possible explanation for a larger than normal gap 
for the failed bundle. A missed torqueing step would have provided an explanation for a larger gap as 
differential thermal expansion of WC UEP and Connecting Bolt.
Even if a large gap can be theorized as possible, no cause can be identified that would produce an 
initially large bending load at operating temperature necessary to show the theory to be valid.
In addition, visual evidence of the staking flange (as shown in Figure 19) and the WC UEP upper 
surface (as noted in a review of the video taken during the post-irradiation examination before the use 
of scotch-brite) does not show evidence of either of the following:

a large gap existing at operating temperature (to the contrary, evidence of close contact 
seems apparent) 
metal-to-metal contact indicative of a large bending moment.

Based on this evaluation, we have determined that Theory A is not credible and could not produce 
stresses required for crack initiation and propagation.
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8.2. FUEL CHANNEL LOCKED TO LOWER TIE PLATE (THEORY B)
It is possible to consider that a Fuel Channel (FC) could become locked to the Lower Tie Plate (LTP) 
interface during operation as this event was known to have occurred at least once in the past.  
(Corrective actions were implemented to prevent recurrence.  However, a review of the corrective 
actions shows that recurrence could be possible.)  

8.2.1. ASSESSMENT OF LTP AND FC FITUP

A more detailed review of the LTP part number used for C1F029 (and the Chinshan 1-25 reload) 
confirms this reload was the last supplied to Unit 1 using the LTP with the larger envelope dimension 
of [ ] inches [12].  Subsequent reloads used LTPs with an envelope dimension of [ ]
inches [13]. 

At room temperature, the limiting LTP to FC gap (using the largest LTP exterior envelope and the 
smallest FC interior envelope) is 0.0050 inch and an LTP Corner to FC Corner Gap of 0.0104 inch as 
shown in Figure 63. 

Figure 63. C1F029 LTP and FC Fit-up at Room Temperature.
At operating temperature and with the effect of differential thermal expansion, the limiting LTP to FC 
gap (using the largest LTP exterior envelope and the smallest FC interior envelope) shows a possible 
interference of 0.002724 inch while at the corner there remains a very slight gap as shown in Figure 
64.

Figure 64. C1F029 LTP and FC Fit-up at Operating Temperature without FC Bulge.
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When the effect of elastic fuel channel bulge is considered, there is an inwards deformation of the FC 
corners.  Assuming an elastic bulge of [ ] inch combined with the effect of differential thermal 
expansion, the limiting LTP to FC gap (using the largest LTP exterior envelope and the smallest FC 
interior envelope) shows a possible interference of 0.0026 inch and, at the corner, there can also be 
an interference of 0.000069 inch as shown in Figure 65. 

Figure 65. C1F029 LTP and FC Fit-up at Operating Temperature with FC Bulge.

In addition to the effect of differential thermal expansion and elastic channel bulge, there can be 
the possibility of damage to the lower end of the FC due to an undetected handling event.  
Examples are shown in Figure 66 with exaggeration to aid understanding.

Figure 66. Possible Effects of FC Damage (exaggerated for understanding).

8.2.2. ASSESSMENT OF SUSTAINED STRESS

Through the use of CAD/ANSYS Modeling with effects of worse case dimensions, thermal expansion, 
irradiation growth of Zircaloy 4, and irradiation effects on 304L material [11], a differential growth 
between the FC and load chain in a locked condition would result in a tensile stress condition if the FC 
experienced a higher growth rate than the water channel.  Because the fuel channel has a higher 
amount of cross-sectional area [  ], the reaction from the load chain would be a 
tensile force.  During heat up for operation, two mechanisms occur: 1) the differential thermal 
expansion and bulging at the bottom of the FC (due to hot coolant in a differential pressure condition 
between inside of the fuel assembly and outside of the fuel assembly) changes the geometry from a 
square box with radius corners to a bulge-sided box with reduced diagonal dimensions (i.e., diagonally 
across, corner to corner); and 2) differential thermal expansion of the LTP (304L) and FC (Zircaloy 4) 
reduces the interface gap at the corners.  The possible combination of these two mechanisms would 
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reduce the gap between the FC inner corner and the LTP outer corner to zero, (i.e., the mating parts 
make contact with each other).  This could create such a tight contact that the FC is not able to freely 
grow downward as allowed by design.   

Since the top of the FC is fixed to the UTP and with the lower interface with the LTP fixed under 
Theory B, in a condition where the FC has a greater growth rate than the WC (also Zircaloy 4), the 
differential growth as well as the contribution of differential thermal expansion of the SST connecting 
bolt and Zircaloy material, will result in creating a tensile stress in the load chain during operation.   

The uniform force from the higher growing FC causes a tensile stress of 81.4 MPa (on the 
circumferential surface of the thread relief) during the first cycle (includes consideration of a notch 
factor of [ ]  for the minor thread diameter runout into the thread relief transition).  The notch factor 
can be approximately 4 to 10 for a geometry with an initial crack.  See Figure 67 below.

Figure 67. Finite Element Model of thread relief.

Compared to a 304L material minimum yield value of 117 MPa (representative value based on material 
testing and 0.2% offset, at operating temperature), this stress level suggests IGSCC can be considered 
as a crack initiation mechanism together with the other contributing factors considered in the RCA.  As the 
threshold irradiation level for IASCC is reached during the 2nd cycle, the IASCC mechanism becomes 
more pronounced during the remaining time in the reactor.  

9. COUNTERMEASURES TO PREVENT RECURRENCE
Shortly after the Chinshan failure occurred, AREVA developed an interim fuel handling guideline [3] to 
supplement existing fuel handling procedures for use by fuel handlers.  This supplement is designed to 
detect a similar load chain failure before lifting the fuel out of the core. The guideline was distributed to 
AREVA’s customers in early February. 
In addition, based on the evaluation of causal factors and potential contributing factors described herein,
AREVA issued the interim measures in its manufacturing facilities as listed in Table 9 (temporary 

Yen-Fu Chen
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reinforced actions) as recommended by the RCA Team.  These extra inspections are beyond those 
required by design and manufacturing specifications. 
Since AREVA has not completed its internal, formal RCA process, these measures are in effect until final
and formal preventative and corrective actions are established.  As a fuel designer, AREVA’s internal 
RCA process seeks a deeper understanding of the causal factors in order to better define appropriate 
countermeasures fitting to all BWR reactors served by AREVA. The Theories of Sources of Sustaining 
Loads as described in Section 8 are still under review by AREVA to assign appropriate interim and long 
term corrective actions.  Implementation of these interim measures are recorded and tracked through 
AREVA’s WebCAP or MAEVA systems.
Inspection/Fabrication Change Reasoning
1. Perform dye penetrant inspection of 

Connecting Bolt lower end at the threads and 
thread relief up to 25 mm above the staking 
flange. This is only possible on unassembled 
Connecting Bolts.  The dye penetrant tested 
Connecting Bolt will require re-cleaning; 
however, this step will use the same cleaning 
processes used for final cleaning.

The root cause team determined there was a 
surface imperfection that served as an initiating 
event for the failure.  This is the region of concern 
for high residual stresses, high fluence and greatest 
risk of a machining anomaly creating a surface 
indication.  Compared to visual inspection, dye 
penetrant inspection will greatly increase the 
sensitivity to reveal a surface indication or exposed 
inclusion which could become a contributing factor 
to crack initiation.

2. Perform 100% visual inspection of the [
] application by the Quality Assurance 

group prior to assembly of a Connecting Bolt 
to UEP. This step will assure [ ] is 
not applied to the thread relief of the lower 
threaded region of the Connecting Bolt.  This 
will only be possible on unassembled 
Connecting Bolt/UEP combinations.

The root cause team had a concern about 
environmental contaminants in the thread relief 
region.  Although [ ] is approved for use, 
it is prudent to ensure application only on the 
threads.  

3. Perform 100% visual inspection of the thread 
relief area for any surface anomalies by 
Quality Assurance group prior to assembly of 
Connecting Bolts to UEPs.  This will only be 
possible on unassembled Connection 
Bolt/UEP combinations.

The root cause team determined there was a 
surface imperfection that served as an initiating 
event for the failure.  The thread relief is a potential 
stress riser. 

4. Perform an independent chemistry test on 
one part per heat treat lot as a basis for 
assurance of 304L starting material.  This test 
may be performed on an unassembled 
Connecting Bolt or assembled Connecting 
Bolt/UEP combination.

Independent verification of 304L material will 
ensure proper starting material. 

5. Implement use of a click torque wrench (see 
Figure 68) with a clutch release that cannot 
over-torque the UEP prior to staking.  This 
step can only be performed on a Connecting 
Bolt during the torqueing process.

The root cause team determined that there was an 
unexpected stress.  The change in torque wrench is 
a preventative measure to ensure against 
inadvertent over-torqueing. 
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6. Perform a chemistry overcheck of [
] lubricant used for both load chain 

assembly at Karlstein and final fuel assembly 
at Richland and Lingen.  This overcheck will 
include bottles already opened and newly 
opened bottles prior to use.  The analysis is 
limited to Cl, F, S and Pb to verify adherence 
to the ppm limits specified in A1C-1002258-1.

The root cause team determined that an 
environmental effect, such as an external 
contaminant, could have contributed to the surface 
imperfection.  This overcheck will independently 
verify that detrimental elements remain within 
specified limits.

7. Shake (agitate) the bottle of [ ] prior 
to use on threads.  This will remix any 
colloidal graphite that may have settled.

The root cause team determined that there was an 
unexpected stress.  Proper application of lubricant 
will help prevent unintended stresses on the 
connecting bolt.

8. Formally instruct/sensitize operators with 
respect to handling operations of the cage in 
Karlstein, Lingen and Richland, and the fuel 
assembly in Lingen and Richland.  
Completion of this instruction/sensitization 
shall be recorded.

The root cause team determined that improper 
handling stress is a mechanism to induce addition 
stress on the connecting bolt.  Properly trained and 
sensitized personnel are vital to quality 
manufacturing and to reinforce proper handling of 
the fuel assemblies. 

Table 9. Interim Countermeasures.

As of the date of this report, assembly of Connecting Bolts has stopped pending preparation of a new 
work instruction to implement the above interim measures. The torque wrench formerly used to attach the 
Connecting Bolt to the WC UEP is no longer referenced in the new work instruction.  When production is 
restarted, the new work instruction will be applied and use of the click torque wrench with a clutch release 
will be required as mentioned in item 5 of Table 9.
The click torque wrench with clutch release is shown in Figure 68a.  This wrench has a spring release 
mechanism that disengages the clutch if a torque exceeding the setting is applied.  Figure 68b shows the 
range of adjustment for this wrench is from 5 to 20 Nm.  For use in the assembly of Connecting Bolts to 
WC UEPs, the wrench is set to [ ]  (as shown in Figure 68b) and the adjustment screw is sealed 
and tagged with a calibration date as shown in Figure 68c.  

Figure 68. Click torque wrench with clutch release mechanism.

Figure 68a

Figure 68c
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In addition to the above countermeasures, AREVA’s RCA Team is re-checking the Ultrasonic and Eddy 
Current inspection processes and equipment used by the Connecting Bolt material (barstock) supplier to 
assess the capability to detect an inclusion of the type and size which could have led to the failure at 
Chinshan.  
The RCA Team has also performed a review to determine if other non-destructive inspection processes or 
techniques could be used on the final-machined Connecting Bolt to supplement the interim measures to 
better detect an inclusion or other flaw that could lead to the type of failure the occurred at Chinshan.

10. MAJOR OBSERVATIONS AND CONCLUSIONS
In addition to the RCA, AREVA established a multi-disciplinary team of nuclear safety experts to provide 
an engineering analysis of reactor operations in the event of a Connecting Bolt load chain failure.  AREVA 
provided this Justification for Continued Operation (JCO) in engineering document number FS1-0020308
[1].  This engineering analysis is a separate activity from the root cause analysis.
The following items are possible contributing factors individually or in combination.  However, it should be 
noted that none of the following items are today considered to be individually a root cause.

1. (Design/Material/Manufacturing) The residual stress level of the Connecting Bolt is elevated due 
to straightening and machining steps in the material and component manufacturing processes.
Also, the design of the minor thread diameter root in the transition radius of the thread relief is a 
potential stress riser and possible crack initiation site from an abnormal stress load or in 
conjunction with corrosion.  It is believed that a unique stress state existed for this bolt, which 
enabled crack initiation and crack propagation through IGSCC and IASCC mechanisms.  

2. (Environment) As stated earlier, the data from the hot cell suggests that the failure appears to be 
SCC assisted by the environment, starting at an initiation point where surface indications were 
observed. The environment is nominally harsh due to the axial elevation of the threaded 
connection within the high fluence and oxygen-rich two-phase region of the core. 

3. (Handling induced damage) Impact to the fuel assembly during its usage at the reactor, such as 
fuel shuffling or spent fuel pool moves, or bending of the cage at the threaded connection prior to 
bundle assembly, are under consideration as possible mechanisms to induce additional 
coldworking in the thread relief area.  No confirmed occurrences of such abnormal handling are 
known at this time.  

4. (Design) Slots and stakes are potential causal factors because openings may not have protected 
Stainless Steel material in a configuration to adequately support rinsing needed for prevention 
against crevice corrosion.  

By consolidating the data presented in this document to a known or understood set of information, 
AREVA is able to conclude upon certain causal factors.  
Taking into account the following observations of the failed Connecting Bolt in the hot cell and considering 
the confirmed visual and SEM observations of irradiated material in the hot cell and on the archive 
sample:

a. There are surface indications at the 180° position of the thread relief outer diameter
b. The surface of the thread runout (both irradiated and archive bolts) is slightly coldworked at 

the surface to a depth of less than 50 m (for the irradiated case, see Figure 50)
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c. The structure of the cross sections (both irradiated and archive bolts) do not show 
indication of significant coldwork across the bar’s diameter (for the irradiated case, see 
Figure 46 and Figure 48)

d. The hardness of the bar material in the unirradiated state is about 170 HV0.5 and in the 
range of about 320 HV0.5 in irradiated condition in the fracture location. At an elevation
above the active zone of the fuel assembly (and therefore much lower fluence), the 
measured hardness of the irradiated bar material is about 190 HV0.5.

e. Most observed cracks are intergranular (primary and secondary), including those which 
propagate along twin boundaries.  Some instances of transgranular secondary cracks are 
evident, but are so few in number as to be believed inconsequential.

f. The analyses for impurities show (performed on replicas and crud samples) no hints of high 
amounts of impurities at the fracture surface.

g. The stress analyses show for normal conditions low values < 30 MPa (at room 
temperature, see Section 0) 

h. There are 36 fuel assemblies with the same design (see Table 2, Note 5), equipped with 
the same Connecting Bolt from the same material lot as the failed bolt that reached a 
higher level of irradiation without handling failures in Chinshan 1.  Worldwide, more than 
2500 fuel assemblies with the same load chain design reached a higher level of irradiation 
without failure. 

AREVA concludes the following are the most probable causal factors that initiated the event:

a surface imperfection possibly arising from a material defect, and 
an unexpected stress state, unique to this fuel assembly (the stress was possibly caused by the 
FC locked to the LTP as described in Section 8).

The chain of events occurred that would not normally cause a failure by themselves. These are as 
follows:

There was a unique surface condition and stress state that initiated the crack
After initiation of the crack, crack propagation ultimately drove the Connecting Bolt to failure
initially by IGSCC until the bolt accumulated sufficient fluence for the failure mechanism to 
transition to IASCC with potential enhancement of crud deposition and other corrosion processes.

Secondly, there is additional data that supports the non-generic event including manufacturing oversight 
and operating experience. These include the following:

Manufacturing oversight is in place to ensure proper fabrication, and the manufacturing records 
show no anomalies during production of the Chinshan fuel
The large operating experience of the Connecting Bolt as shown in Table 1, Table 2 Table 3
demonstrates that over 14,000 bundles have been built without any indication of failure.
Connecting Bolts fabricated from the same material heat lot as the Chinshan 1 failed bolt continue 
to operate or have completed their operating life in 7 other reactor operating environments.  None 
of these bolts has shown a failure. 

The conclusion that this failure is a non-generic event with low possibility of recurrence is supported by 
several unintended events occurring together, and because there is significant operating experience and 
manufacturing verification to prevent a defect, the fracture in bundle C1F029 cannot be described as
universally leading to a failure of any noticeable frequency. Based on the examination results and the 
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large, successful operating experience, AREVA considers this failure is a non-generic event with low 
possibility of recurrence.  As a result, a similar event is not expected.
Taipower has verified continuity of the load chain for every fuel assembly in the Unit 1 core.  AREVA’s 
engineering analysis supporting the safe startup and continued operations considers reactor operations 
with the conservative assumption that one or multiple load chain failures are present during the cycle (see 
reference [1]).  Based on this engineering analysis, AREVA is confident that the fuel, the plant, and its 
safety systems can operate as designed even in the unlikely event of a load chain failure.  This safe 
operation includes normal, anticipated operational occurrences, and design-based accidents.
It should be noted that the content of this report is valid based on current status of AREVA’s internal Root 
Cause Analysis. As mentioned previously, as a fuel designer, AREVA seeks a deeper understanding of 
the causal factors and further investigations on the microstructure of the material are desired to 
understand the needed stress level to drive IGSCC and IASCC mechanisms. The conclusions in this 
document are subject to change if more information becomes available.  However, the root cause 
conclusions are not expected to impact the JCO.











































































































CW01L Rev. 4.2 - 12/12/14

xt shall no be visible - Adjust frames over to ensure signature block will completely cover this text

This text shall no be visible - Adjust frames over to ensure signature block will completely cover this text

                  IDENTIFICATION                          REVISION

AREVA Front End BG
Fuel BU

FS1-0020965 5.0

TOTAL NUMBER OF PAGES: 35

Justification for Continued Operation at Chinshan Units (Broken 
Connecting Bolt) - Nonproprietary Version

ADDITIONAL INFORMATION: 
Chinshan, CSH, Taipower, ATRIUM-10, Load chain, connecting bolt

PROJECT Taipower DISTRIBUTION TO PURPOSE OF DISTRIBUTION

HANDLING None

CATEGORY DTR - Data Report

STATUS

ROLES NAMES DATES ORGANIZATIONS SIGNATURES

AUTHOR

REVIEWER

APPROVER

11>

<Enter with F11>

<Enter with F11>

RELEASE DATA: Exportkennzeichnung    AL: 0E001 ECCN: 0E001
Die mit "AL ungleich N" gekennzeichneten Güter unterliegen bei der Ausfuhr aus der EU bzw. 
innergemeinschaftlichen Verbringung der europäischen bzw. deutschen 
Ausfuhrgenehmigungspflicht. Die mit "ECCN ungleich N" gekennzeichneten Güter unterliegen der 
US-Reexportgenehmigungspflicht. Auch ohne Kennzeichen, bzw. bei Kennzeichen "AL: N" oder 
"ECCN: N", kann sich eine Genehmigungspflicht, unter anderem durch den Endverbleib und 
Verwendungszweck der Güter, ergeben.

SAFETY RELATED DOCUMENT:
Export classification    AL: 0E001 ECCN: 0E001
Goods labeled with “AL not equal to N“ are subject to European or German export authorization 
when being exported within or out of the EU. Goods labeled with “ECCN not equal to N” are subject 
to US reexport authorization. Even without a label, or with label “AL: N” or “ECCN: N”, authorization 
may be required due to the final whereabouts and purpose for which the goods are to be used.

CHANGE CONTROL RECORDS:
This document, when revised, must be 
reviewed or approved by the following regions:

France:
USA:

Germany:

N
Y
N

This document is electronically approved. Records regarding the signatures are stored in the Fuel BU Document Database. Any attempt to modify this file may subject 
employees to civil and criminal penalties. EDM Object Id:   - Release date (YYYY/MM/DD) :  [Western European Time] 
Role                                                                Date (YYYY/MM/DD)                   Organization 

    
    

   
    
    
    
    
    
    

FDE-AR Engineer
FDE-AR Engineer
FDE-AR Manager

Title



N° FS1-0020965 Rev.  5.0 Justification for Continued Operation at 
Chinshan Units (Broken Connecting Bolt) -

Nonproprietary VersionHandling: None Page 2/35

AREVA – Fuel BU
This document is subject to the restrictions set forth on the first or title page

REVISIONS

REVISION DATE EXPLANATORY NOTES

5.0 See 1st page 
release date

Updated section 5.3 via customer feedback.  The information provided 
by the customer concerning the earthquake loading required updating.

4.0 3/11/2015 No changes to the content of the document.  Revised to correct a PDF 
rendition issue that occurred in Section 5.2.2, p. 16.  Changed handling 
status classification to none. 

3.0 3/9/2015 Section 5.2 was converted into subsection 5.2.1. The contents were 
slightly modified to include more details of the derivation per customer 
request. A new equation, Equation (3), was introduced and therefore, 
the numbers of the following equations were adjusted, as well as the 
references within the text.

Added Section 5.2.2 to describe impact of fuel channel bow.

Section 5.3 is updated to define SSE and OBE loads and address 
combined loads.

Section 6.2 is updated to include the impact of channel bow on the 
evaluation.

Revised Section 8 per customer request.  

2.0 3/6/2015 Placeholder

1.0 3/6/2015 Placeholder

This is the Nonproprietary Version of FS1-0020308 Rev 4.0.



N° FS1-0020965 Rev.  5.0 Justification for Continued Operation at 
Chinshan Units (Broken Connecting Bolt) -

Nonproprietary VersionHandling: None Page 3/35

AREVA – Fuel BU
This document is subject to the restrictions set forth on the first or title page

TABLE OF CONTENTS

1. INTRODUCTION/ ISSUE DESCRIPTION .................................................................................................6 

2. DESIGN DESCRIPTION ...............................................................................................................................7 
2.1. FUEL ASSEMBLY ...................................................................................................................................8 

2.1.1. SPACER GRID ...........................................................................................................................8 
2.1.2. WATER CHANNEL.....................................................................................................................8
2.1.3. LOWER TIE PLATE....................................................................................................................8 
2.1.4. UPPER TIE PLATE AND CONNECTING HARDWARE ............................................................9 
2.1.5. FUEL ROD..................................................................................................................................9 

2.2. FUEL CHANNEL AND COMPONENTS................................................................................................10 

3. ASSUMPTIONS.............................................................................................................................................10 

4. POSSIBILITY OF OPERATING WITH A BROKEN CONNECTING BOLT .....................................10 

5. DEMONSTRATION THAT THE FUEL CHANNEL REMAINS SEATED WITH A BROKEN 
CONNECTING BOLT..................................................................................................................................11 
5.1. ASSESSMENT OF HYDRAULIC LIFTOFF...........................................................................................11
5.2. CONTROL BLADE MOVEMENT...........................................................................................................11 

5.2.1. FUEL CHANNEL AND CONTROL BLADE INTERACTION.....................................................11 
5.2.2. EFFECT OF FUEL CHANNEL BOW ON CONTROL BLADE INTERACTION ........................15 

5.3. VERTICAL LOADS DURING A SEISMIC EVENT ................................................................................16 
6. IMPACT ON PLANT OPERATION DURING NORMAL OPERATION AND ANTICIPATED 

OPERATIONAL OCCURRENCES............................................................................................................17 
6.1. IMPACT ON NEUTRONICS AND THERMAL-HYRDAULICS REQUIREMENTS ................................17 
6.2. IMPACT ON MECHANICAL REQUIREMENTS ....................................................................................17 

7. IMPACT ON PLANT OPERATION DURING ACCIDENT CONDITIONS ........................................19 

8. CORE MONITORING GUIDELINES .......................................................................................................20 

9. INTERIM FUEL HANDLING GUIDELINE .............................................................................................20 

10. CONCLUSION ..............................................................................................................................................20 

LIST OF APPENDICES

Appendix A: Fuel Assembly and Fuel Channel Illustrations ..................................................................... 22 
Appendix B: Thermal-Hydraulic Analyses, Hydraulic Lifting Forces ......................................................... 29 
Appendix C: Hold Down Force Due to Weight of Broken Assembly ......................................................... 34 



N° FS1-0020965 Rev.  5.0 Justification for Continued Operation at 
Chinshan Units (Broken Connecting Bolt) -

Nonproprietary VersionHandling: None Page 4/35

AREVA – Fuel BU
This document is subject to the restrictions set forth on the first or title page

LIST OF FIGURES

Figure 1-1 Visuals showing the location of the failure on the Chinshan bundle C1F029............................. 6 
Figure 1-2 Illustration of the approximate location of the failure ................................................................. 7 
Figure 5-1 Free body diagram of fuel channel on a fuel assembly with a broken connecting bolt ............ 12 
Figure 5-2 Bow geometry between fuel channel and control blade .......................................................... 16 
Figure 6-1 UTP showing maximum tilt based on tolerance and geometry................................................ 18 

REFERENCES

[1] ANF-89-98(P)(A) Revision 1 and Supplement 1, Generic Mechanical Design Criteria for BWR Fuel 
Designs, Advanced Nuclear Fuels Corporation, May 1995.

[2] EMF-93-177(P)(A) Revision 1, Mechanical Design for BWR Fuel Channels, Framatome ANP, 
August 2005.

[3] FS1-0020234-2, Interim BWR Handling Guideline, AREVA, January 2015.
[4] ANP-2963P Revision 4, Mechanical Design Report for Chinshan Unit 1 & 2 Stretch Power Uprate 

(SPU) ATRIUM-10 Fuel Assemblies, AREVA, January 2014.
[5] Chinshan FSAR Revision 20.



N° FS1-0020965 Rev.  5.0 Justification for Continued Operation at 
Chinshan Units (Broken Connecting Bolt) -

Nonproprietary VersionHandling: None Page 5/35

AREVA – Fuel BU
This document is subject to the restrictions set forth on the first or title page

NOMENCLATURE

Acronym Definition
AOO Anticipated Operational Occurences
BOL Beginning of Life
BWR Boiling Water Reactor
CFD Computational Fuel Dynamics
DBA Design Basis Accident
DBE Design Basis Earthquake
EOL End of Life
FSAR
HALC

Final Safety Analysis Review
Harmonized Advanced Load Chain

JCO Justifitcation for Continued Operation
LOCA Loss-of-Coolant Accident
LPRM Local Power Range Monitor
LTP Lower Tie Plate
MCPR Minimum Critical Power Ratio
OBE Operating Basis Earthquake
PLFR Part-Length Fuel Rod
RSA Response Spectrum Analysis
SPU Stretch Power Uprate
TIP Transverse in-core Probe
USW Upset Shape Welding
UTP Upper Tie Plate



N° FS1-0020965 Rev.  5.0 Justification for Continued Operation at 
Chinshan Units (Broken Connecting Bolt) -

Nonproprietary VersionHandling: None Page 6/35

AREVA – Fuel BU
This document is subject to the restrictions set forth on the first or title page

1. INTRODUCTION/ ISSUE DESCRIPTION
When attempting to raise an ATRIUM™-101 bundle (assembly ID C1F029) from the core during a 
refueling outage at the Chinshan Unit 1 BWR in Taiwan, the load sensor units showed a sudden loss of 
load. Visual examinations revealed evidence of a failure in the load chain at the joint between the 
connecting bolt and the water channel upper end fitting.

At the time of this report, examination of the load chain failure is ongoing and the root cause is not final.
Visuals confirmed that the failure is located in the stainless steel connecting bolt just above the threads
(Figure 1-1). Figure 1-2 illustrates the approximate location of the failure in the harmonized advanced load 
chain (HALC).

Figure 1-1 Visuals showing the location of the failure on the Chinshan bundle C1F029

1 ATRIUM is a trademark of AREVA Inc.
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Figure 1-2 Illustration of the approximate location of the failure

A detailed design description will be provided in Section 2.

The purpose of this document is to provide the basis for the justification for continued operation (JCO) for 
the Chinshan units. The major assumptions of the analyses are listed in Section 3. The possibility of 
operating with a broken connecting bolt is discussed in Section 4. A justification that the fuel channel 
remains seated with a broken connecting bolt during operation is provided in Section 5. The impact on 
plant operation during normal operation and anticipated operational occurrences is discussed in Section 6
and the impact on plant operation during accident conditions is discussed in Section 7. Core monitoring 
guidance is provided in Section 8 to monitor for fuel channel lifting during operation, although it has been 
determined that the channel will not lift during normal and anticipated operational occurrences (AOOs).
Finally the fuel handling guideline is briefly discussed and referenced in Section 9.

2. DESIGN DESCRIPTION
The following sections describe the fuel assembly and fuel channel design of the damaged bundle 
C1F029.
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2.1. FUEL ASSEMBLY

The ATRIUM-10 fuel assembly consists of a lower tie plate (LTP) and an upper tie plate (UTP), 91 fuel 
rods, 8 spacer grids, a central water channel, and miscellaneous assembly hardware.  Of the 91 fuel rods, 
8 are part-length fuel rods (PLFRs). The structural members of the fuel assembly include the tie plates, 
spacer grids, water channel, and connecting hardware. The structural connection between the LTP and 
UTP is provided by the water channel. Seven spacers occupy the normal axial locations, while an eighth 
spacer is located just above the LTP to restrain the lower ends of the fuel rods.

The fuel assembly is accompanied by a fuel channel, as described later in this section. Appendix A
provides outline drawings of the fuel assembly and major fuel assembly components.

2.1.1. SPACER GRID

[

] . 

2.1.2. WATER CHANNEL

[

] . 

2.1.3. LOWER TIE PLATE

[
]

2  ULTRAFLOW is a trademark of AREVA Inc.
3  FUELGUARD is a trademark of AREVA Inc.
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[

] . 

2.1.4. UPPER TIE PLATE AND CONNECTING HARDWARE

[

] . 

2.1.5. FUEL ROD

[

]
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[

] .

2.2. FUEL CHANNEL AND COMPONENTS

[

] . 

3. ASSUMPTIONS
The JCO is being performed under the following assumptions:

The plant is operating with one or more fuel assemblies that have a connecting bolt with the same 
potential deviation as in the failed assembly. 

The connecting bolt could fail during plant operation or at cycle startup.  

A fuel assembly could have a broken connecting bolt at cycle startup. This is a very conservative 
assumption since all the fuel assemblies presently loaded in the Chinshan Unit 1 core have been 
lifted and set back down with no record of anomalies in the load sensor readings. 

4. POSSIBILITY OF OPERATING WITH A BROKEN CONNECTING BOLT

Taipower has performed testing to ensure that Chinshan Unit 1 will not start with a broken connecting 
bolt. First, all fuel assemblies in the core have been lifted to validate that the load chain is intact. Second, 
a visual inspection at the completion of the core shuffling confirmed that all assemblies and fuel channels 
were seated correctly: if a connecting bolt had broken during handling, the UTP may not return to its fully 
seated position. The actions above provide assurance that there are no broken connecting bolts at the 
startup of the plant. 

The root cause analysis of the broken connecting bolt is still in progress and therefore, at this time it must 
be assumed that other ATRIUM-10 assemblies in the Chinshan core could have a connecting bolt that is 
susceptible to fracture or with an initial crack. However, the connecting bolt is not under significant tensile 
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stress during normal operating conditions, and therefore there are no forces during normal operation that 
would result in complete fracture of the bolt. Initial assessment of the broken connecting bolt accident 
suggests that the connecting bolt broke during handling. In the unlikely event that the connecting bolt 
does break after plant startup, the analysis in this document demonstrates that the forces applied to the 
fuel channel cannot lift the channel during normal operation or an anticipated operational occurrence.
There will also be no loose parts as a result of a broken connecting bolt.

5. DEMONSTRATION THAT THE FUEL CHANNEL REMAINS SEATED
WITH A BROKEN CONNECTING BOLT

The purpose of this section is to demonstrate that the fuel channel will not lift from the fuel bundle during 
normal operation and AOOs. This section includes design loads that may cause a lifting force on the fuel 
channel during normal and AOOs conditions.  These design loads include hydraulic loads due to 
differential pressure within the fuel bundle combined with flow induced friction forces, control blade 
movement and scram, and vertical earthquake loads.  The thermal-hydraulic performance of a fuel 
assembly would be impacted if the fuel channel lifted relative to the lower tie plate seal springs. 
Specifically, this would reduce the amount of water that was available to cool the fuel rods, reducing the 
margin to boiling transition.

5.1. ASSESSMENT OF HYDRAULIC LIFTOFF

Thermal hydraulic calculations were performed to provide input for liftoff calculations at Stretch Power 
Uprate (SPU) conditions (Reference [4]). The differential pressure acting to lift the fuel channel and UTP 
results in a hydraulic lifting force less than 55 lbf for normal operation and AOOs. More details on the 
basis for this result is summarized in Appendix B.

The parts of the bundle that would be lifted if the connecting bolt was broken are the fuel channel, the 
UTP, and the remainder of the connecting bolt. The weight of these components in water is 70 lbf. More 
details on the basis for this result are summarized in Appendix C.

Since the hydraulic lifting force (55 lbf) is less than the weight of the broken portion of the assembly 
(70 lbf), the assembly will not be lifted by hydraulic forces during the limiting AOO.

Refer to Section 7 for a discussion of liftoff under accident conditions. 

5.2. CONTROL BLADE MOVEMENT
The possibility of fuel channel lifting during control blade movement or a scram is evaluated here.

5.2.1. FUEL CHANNEL AND CONTROL BLADE INTERACTION 
Figure 5-1 is a free body diagram of the fuel channel on a fuel assembly with a broken connecting bolt.
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Figure 5-1 Free body diagram of fuel channel on a fuel assembly with a broken connecting 
bolt

In the free body diagram, xN1 and zN1 , and xF1 and zF1 are the normal contact forces and friction forces, 
respectively, acting on the adapter plates on two sides of the fuel channel;  xN 2 and zN 2 , and xF2 and

zF2 are the normal contact forces and frictions forces, respectively, due to channel fasteners; xN3 and

zN3 , and xF3 and zF3 are the normal contact forces and friction forces, respectively due to the lower tie 
plate; BxN and BzN , and BxF and BzF are the normal contact forces and friction forces, respectively, due 
to two control blades, W is the combined  weight of the upper tie plate, connecting bolt and channel 
fastener; and LiftF is the resultant flow lift force generated by viscous friction on the fuel channel walls 
(internal and external surfaces) and by pressure on the cross-section of the UTP opposing the coolant 
flow.
The present analysis is intended to show or determine under which conditions the fuel channel will lift as a 
consequence of the control blade insertion. Starting with the fuel channel at static equilibrium, we will 
determine under which condition the equilibrium of forces is no longer valid (and the fuel channel starts to 
lift). 

When the control blades are inserted and the friction forces BxF and BzF are produced (action), the friction 
forces xF1 , zF1 , xF2 , zF2 and xF3 , zF3 are developed (reaction). If the forces BxF and BzF are small enough
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such that they cannot overcome the reaction friction forces, then forces xF1 , zF1 , xF2 , zF2 , xF3 , and 

zF3 are such that they guarantee the equilibrium of forces in the vertical direction.

Therefore, before the fuel channel lift, it is in static equilibrium state, and the equilibrium equation along 
the vertical (y) direction is given by:

0Lift332211 FWFFFFFFFF zxzxzxBzBx

For notational simplicity the friction forces at the adapter plate, channel fastener, lower tie plate and 
control blade are combined as follows

zx FFF 111 :

zx FFF 222 :

zx FFF 333 :

BzBxB FFF :
Therefore, combining the previous expressions we write

321Lift FFFFWFB (1)

Equation (1) is used to investigate the condition when the equilibrium ceases to hold.
Since the fuel channel is not moving in the lateral directions, the forces along the horizontal direction are 
at equilibrium. The static equilibrium equations along the two horizontal directions (x and z) are:

0312 xxxBx NNNN
and

0312 zzzBz NNNN
Again, for notational simplicity the normal contact forces at the adapter plate, channel fastener, lower tie 
plate and control blade are combined as follows

zx NNN 111 :

zx NNN 222 :

zx NNN 333 :

BzBxB NNN :
Combining (adding) the two horizontal equilibrium equations together, we obtain

231 NNNNB (2)

The friction forces BxF and BzF due to the relative motion of the control blade are given by:

BBCB
BzBCBz

BxBCBx NF
NF
NF

Where BC is the coefficient of friction between the control blade and the fuel channel. 

It is assumed that the friction coefficients between channel fasteners, the adapter plate against the upper 
core grid and the LTP against the interior surface of the fuel channel are the same and equal to .
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As stated before, when the fuel channel is not moving, the friction forces are such that they hold the fuel 
channel at equilibrium. Equation (1) implies that if BF increases, then 1F , 2F and 3F will increase in order to 
keep the equilibrium. However, the friction forces cannot grow indefinitely. At the very moment that the 
fuel channel starts to lift, the friction forces attain their maximum values. We can then write the following 
inequalities for the frictions forces:

3max33max333max33

2max22max222max22

1max11max111max11

;
;
;

NFNFFNFF
NFNFFNFF
NFNFFNFF

zzzxxx

zzzxxx

zzzxxx

After the friction forces have reached their maximum, any further increase in BF will not be balanced 
by 1F , 2F and 3F , and the equilibrium will be lost. Therefore, in order to avoid the fuel channel motion, we 
require that 

max3max2max1Lift FFFFWFB (3)

Replacing the maximum values of the friction forces into Equation (2), the condition for fuel channel not to 
move upwards is given by:

321Lift NNNFWNBBC

Substituting BN from Equation (2) we get

321Lift231 NNNFWNNNBC

After algebraic manipulations we obtain:

321Lift2231 2 NNNFWNNNN BCBC

Finally,

321

Lift22
NNN
FWN BC

BC (4)

Using Equation (2) in the denominator, Equation (4) can be equivalently expressed in the following form:

2

Lift2

2
2

NN
FWN

B

BC
BC (5)

Equations (4) or (5) represent a condition on the coefficients of friction. Since BN and 2N are contact 
forces, they are either positive (when there is contact) or zero (when there is no contact). The liftoff 
force LiftF has been shown to be smaller than the weight W in Section 5.1.

During either a scram or a control blade insertion, the control blade moves relative to the fuel channel. 
Therefore the friction force between the control blade and the fuel channel is described through the 
dynamic coefficient of friction BC . When the fuel channel is in static equilibrium, it does not move relative 
to the upper core grid or to LTP. Therefore, the friction force between the fuel channel and the upper core 
grid interface and between the fuel channel and the LTP is described through the static coefficient of 
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friction . The surfaces in contact involve stainless steel and Zircaloy materials. For the same type of 
materials in contact, the dynamic coefficient of friction is always smaller than the static coefficient of 
friction. Based on the previous discussion, it is expected that BC .The worst case, which is 

conservative, is obtained when BC . If BC and are assumed to be the same, then condition (5) is 
trivially satisfied since it yields:

0
2

2
2

Lift2

NN
FWN

B

BC (6)

Which is always true since, as already discussed, the term in the left hand side is always negative 
regardless of the values of BN and 2N since LiftFW as shown in Section 5.1.

If the interference between the control blade and the fuel channel becomes very large due to fuel channel 
deformation such as bow, then BN will increase, and 2N will decrease (the channel fastener spring is 
unloaded). The term of the left hand side of (6) will decrease in magnitude but will never be zero under 
any physically possible situation.

The static equilibrium approach therefore shows that the fuel channel will not lift under control blade 
movement or scram, regardless of the amount of interference that could result from fuel channel 
deformation (fuel channel bow + fuel channel bulge).

5.2.2. EFFECT OF FUEL CHANNEL BOW ON CONTROL BLADE INTERACTION
There is a potential direct vertical force transferred from the control blade tot the fuel channel caused by a 
bowed fuel channel. A conservative evaluation was performed to demonstrate that the small angle 
created between the fuel channel and the control blade does not create a significant vertical force.  The 

Figure 5-2 ). This angle could cause a possible vertical force of a maximum of 3.5 pounds-forces (NB_V 
in Figure 5-2 ). The control blade to fuel channel interaction would straighten the fuel channel. 
Straightening the fuel channel, would decrease the incident angle between the fuel channel and the 
control blade and decrease the vertical force. The vertical component of the force is small compared to 
the large assumed insertion force of 550 pounds-force (FB in Figure 5-2). The majority of the insertion 
force from the control blade is transferred to the fuel channel through friction as described in Section 
5.2.1. The insertion force caused by the incident angle is negligible and does not need to be considered in 
the model described in Section 5.2.1.
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Figure 5-2 Bow geometry between fuel channel and control blade

5.3. VERTICAL LOADS DURING A SEISMIC EVENT
An operating basis earthquake (OBE) is treated as an AOO/upset condition. The fuel channel will not lift 
off the fuel bundle with a postulated broken connecting bolt during a seismic event.  The fuel channel may 
move up and down in place but it will not move up the spacer grids. The fuel channel will move down 
under gravitational loading, that is, the harmonic motion of the earthquake contains similar acceleration in 
the upward direction as in the downward direction and the downward direction is further assisted by 
gravitational forces.  Furthermore, for vertical seismic, the fuel assembly is very stiff in the vertical 
direction and the zero period acceleration values (essentially zero period since the values are in the 
higher frequency range) can be obtained from the acceleration response spectra at 3% damping. Value 
for the horizontal direction at top of the fuel is 0.641g, which is less than 1g. Referring to chapter 3 of the 
FSAR, vertical excitation is assessed much less (2/3rd) of horizontal and is 0.427g (Section 3.7.2.1.5.3 of 
Reference [5]).

At the request of Taipower, the SMA method is used in the seismic hazard analysis for the newly 
identified Shanchiao fault. Input for the assessment is provided by Taipower. The resulted peak ground 
acceleration (PGA) is 0.51g. Therefore, the vertical acceleration is 0.641g (TAF horizontal) * 
(0.51/0.3)*(2/3) = 0.73g for a Design Bases Earthquake (DBE). Since the maximum vertical acceleration 
is much less than 1g and any random movement will move the channel downward under gravity, the fuel 
channel will not lift during a seismic event.  The fuel channel does not lift even if the hydraulic lift during 
normal operation and AOO, the rod insertion, and the earthquake (OBE) vertical accelerations are 
combined. A combined accident LOCA plus SSE is discussed in Section 7.
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6. IMPACT ON PLANT OPERATION DURING NORMAL OPERATION AND 
ANTICIPATED OPERATIONAL OCCURRENCES

As discussed in Section 5, the fuel channel will not lift under normal operation and AOO conditions. This
section addresses the impact a broken connecting bolt has on Neutronics, Thermal-Hydraulics, and 
Mechanical design requirements. 

6.1. IMPACT ON NEUTRONICS AND THERMAL-HYRDAULICS REQUIREMENTS

There will be no impact on Neutronics and Thermal-Hydraulics requirements because the load chain 
failure is in the connecting bolt above the threaded connection with the water channel upper end plug. 
The load chain failure would have no Neutronics and Thermal-Hydraulics impact because the geometry 
and flow characteristics would not be impacted.

6.2. IMPACT ON MECHANICAL REQUIREMENTS
The generic mechanical design requirements in the approved topical reports (References [1] and [2])
were reviewed to assess the impact of a broken connecting bolt on the design criteria of the fuel assembly 
under normal operation and AOO conditions. The fuel handling requirement (3.3.9) in Reference [1] is not 
addressed in this section of the JCO, but a separate handling section is provided (Section 9).

The possibility of a broken connecting bolt vibrating during operation and deflecting enough to rub against 
neighboring fuel rods and cause a failure was evaluated. It was concluded that the stiffness of the channel 
fastener connection and locked connecting bolt with a spring exerting [ ] lb. at EOL
(Reference [4]) will hold the stainless steel connecting bolt steady in the middle of the span. Any vibration 
would not be enough to overcome the minimum gap of 0.369 inches between the connecting bolt and the 
neighboring fuel rods. In addition, given that the connecting bolt failed at the relief section above the 
threads of the connecting bolt, the weight of the fuel channel, channel fastener, UTP, and connecting bolt 
will exert a downward force that will keep the broken sections in contact. The broken section will be 
laterally restrained in the water channel upper end fitting by the flange and crimps, therefore removing the 
possibility of lateral deflection. 

In the unlikely event that the connecting bolt did come loose, the connecting bolt would not displace 
enough to overcome the minimum gap between the connecting bolt and fuel rods.  In the case of the UTP 
becoming cocked in the fuel channel (Figure 6-1), the worst case movement of the connecting bolt would 
be 0.194 inches at the connecting bolt flange in any direction. This cocking (tilting) can happen because 
the threaded post and the opposite corner post on the UTP are different heights [

] . In addition, both Fuel Channel gussets must be perpendicular with the side of the channel 
by [ ] inches.  Using trigonometry, this results in a maximum tilt of 0.671 degrees from horizontal (or 
89.329 degrees from vertical) as shown in Figure 6-1a.  This tilt will also translate to the connecting bolt, 
as presented in Figure 6-1c.  Using trigonometry, the horizontal deflection at the flange can then be 
determined (by conservatively using the length of the connecting bolt from the seat of the locking lug to 
the flange being [ ] ).  The resultant horizontal deflection is 4.919 mm (or 0.194 inches), which 
will not overcome the minimum connecting bolt to fuel rod gap, as shown in Figure 6-1b. Once in this 
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position, the force of the compression spring on the UTP precludes any lateral movement of the 
connecting bolt inside the UTP.  Therefore the connecting bolt would not overcome the minimum 
connecting bolt to fuel rod gap of 0.369 inches. 

Figure 6-1 UTP showing maximum tilt based on tolerance and geometry

Channel bow will not distort the fuel rod spacing and will not change how the upper tie plate interacts with 
the fuel channel and fuel channel fastener.  The analysis shown in Figure 6-1 already takes into account 
worst case variable tolerances allowed in manufacturing, in order to calculate the maximum possible tilt 
angle.   Therefore the conclusions remain valid under excessive channel bow conditions.

Regarding fuel assembly horizontal seismic analysis specific to this section (OBE is considered an AOO), 
the primary design inputs are the fuel channel stiffness and the fuel assembly mass. These parameters 

a
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are not affected by a postulated connecting bolt break. Therefore, the fuel assembly seismic analysis 
calculations and requirements are not impacted. The fuel channel seismic analysis utilizes the response 
spectrum analysis (RSA) method (Reference [2]). The fuel channel dominates the channeled fuel 
assembly dynamic response because the fuel channel is more than [ ] times stiffer than the fuel 
bundle.  A maximum bending moment based on the natural frequency of the fuel channel is calculated 
and only the fuel bundle mass is considered in the analyses. The break condition has no effect on the 
primary design inputs: fuel assembly mass, fuel channel length and damping values.  Vertical seismic 
impact on plant operation is addressed in Section 7 and is applicable to OBE. 

Mechanical design requirements that are affected by differential pressure would not be impacted (water 
channel strength and fuel channel creep) because a broken connecting bolt would not impact the 
geometry and flow characteristics of the bundle, and the pressure drop and localized pressure distribution
would not be affected (Section 5.1). All other mechanical design requirements not addressed above (axial 
irradiation growth, compression spring, lower tie plate seal spring, fuel assembly component strength and 
fatigue during normal operation and fuel channel and gusset strength and fatigue) are not affected by a 
broken connecting bolt. 

All the mechanical design requirements will continue to be met.

7. IMPACT ON PLANT OPERATION DURING ACCIDENT CONDITIONS
DBE and DBA (DBE plus LOCA) horizontal analysis is identical to the OBE analysis described in Section 
6.2 and a broken connecting bolt does not alter the design inputs that dominate the analysis (fuel channel 
stiffness and channeled fuel assembly mass) based on the analytical methodology described in fuel 
channel topical report EMF 93-177 (Reference [2]).

Vertical accident condition assessments include DBE, and DBA (DBE plus LOCA) considering a broken
connecting bolt. Control blade insertion is not affected by a broken connecting bolt because it has no 
effect on fuel assembly’s ability to maintain engagement with the core support orifice.  For all conditions 
the LTP will remain seated in the core support and will not interfere with control blade insertion.  A seismic 
accident alone will not lift a fuel channel, as the harmonic effect and gravitational forces will combine to 
vibrate the channel in the downward direction.  However, the combination of DBE plus LOCA DBA may lift 
the fuel channel due to the LOCA pressure differential.  

During a design basis accident condition (DBA) that consists of a seismic event combined with a Loss of 
Coolant Accident (LOCA), it is appropriate to assume that the fuel channel of an assembly with a broken 
load chain will move vertically relative to the lower tie plate and fuel rods. This fuel channel movement will 
not interfere with control blade insertion or prevent a safe shutdown of the plant. The core should be 
inspected before restarting the reactor after the DBA by performing a visual inspection of the core and 
lifting each fuel assembly to verify structural integrity.



N° FS1-0020965 Rev.  5.0 Justification for Continued Operation at 
Chinshan Units (Broken Connecting Bolt) -

Nonproprietary VersionHandling: None Page 20/35

AREVA – Fuel BU
This document is subject to the restrictions set forth on the first or title page

8. CORE MONITORING GUIDELINES

Section 5 demonstrated that a fuel channel on fuel bundle with a broken connecting bolt will not lift during 
normal and AOO conditions. However, at the request of Taipower, guidelines to monitor the plant for any 
local anomaly are being provided.

The in-core instrumentation systems such as the TIP (Traverse In-core Probe) and LPRM (Local Power 
Range Monitor) are systems that provide actual 3-dimensional neutron density of the core region in 
addition to the POWERPLEX core monitoring system. Any local anomaly in the core, if sufficiently large, 
could be potentially detected.

Startup

1. Preform a full core TIP measurement when power at 45%, 90% and 100% power.

2. Inspect TIP readings,
2.1 Compare the inspected TIP reading set to the symmetric location.
2.2 Compare the inspected TIP reading set at 100% power to the predicted TIP readings set.

Scram Time Testing or Control Rod Sequence Exchange

1. Perform TIP measurement after a control rod sequence exchange or scram time testing,
1.1 Compare the inspected TIP reading set to the symmetric location.
1.2 Compare the inspected TIP reading set at 100% power to the predicted TIP readings set.

9. INTERIM FUEL HANDLING GUIDELINE

An interim fuel handling guideline to support utilities with handling ATRIUM fuel has been prepared and
was shared with Taipower (Reference [3]).

10. CONCLUSION

Based on the actions taken by Taipower prior to cycle startup, there is assurance that the cycle is not 
starting up with a broken connecting bolt. However, in the unlikely event that the connecting bolt does 
break after plant startup, the forces applied to the fuel channel cannot lift the channel during normal 
operation or an AOO. Therefore, there will be no impact on Mechanical, Neutronics, and Thermal-
Hydraulics requirements during normal operation or an AOO.

In the event of a DBA (DBE plus LOCA), Taipower should perform a visual inspection of the core and lift 
each fuel assembly to verify structural integrity following shutdown.
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AREVA provided Taipower with monitoring guidance to assist them in monitoring for any anomalies in the 
core using the TIP and LPRM systems. 

In addition, AREVA provided Taipower with an interim handling guideline (Reference [3]) to support them 
with handling ATRIUM-10 fuel until the root cause analysis is completed.
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Appendix A: Fuel Assembly and Fuel Channel Illustrations

[

]
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Appendix B: Thermal-Hydraulic Analyses, Hydraulic Lifting Forces

The thermal-hydraulic performance of a fuel assembly would be impacted if the fuel channel and upper tie 
plate (UTP) lifted relative to the lower tie plate (LTP). Specifically, this would reduce the amount of water 
that was available to cool the fuel rods, reducing the margin to boiling transition. This appendix evaluates 
the potential for hydraulic forces in an assembly operating with a broken connecting bolt to lift the fuel 
channel and UTP relative to the LTP.

If the fuel channel and UTP lifted relative to the LTP, the seal spring between the LTP and the fuel 
channel would not perform its design function to limit the flow through this leakage path. More of the 
coolant which flows through the inlet orifice and LTP would flow between the LTP and the fuel channel 
into the bypass region; thus, reducing the amount of coolant flowing past the fuel rods, the flow path 
labeled 3 in Figure B.1. As a result, the affected fuel assembly would experience a reduction in assembly 
power, a reduction in the flow past the fuel rods and a reduction in the minimum critical power ratio 
(MCPR). 

The pressure drop in a BWR core increases as the core power increases and as the core flow increases. 
All assemblies in the core experience the same pressure drop between the lower plenum and upper 
plenum. The core flow is distributed between the assemblies depending on their relative hydraulic 
resistance. An assembly with high power will receive less flow than an assembly with low power because
the resulting higher voiding increases the hydraulic resistance. 

Thermal-hydraulic calculations were performed to provide input for mechanical calculations at SPU
conditions, Reference B.1. These calculations established limiting pressure drops for steady state 
operating conditions and for anticipated operational occurrences (AOOs).

AREVA uses the XCOBRA computer code to calculate the pressure distributions within a BWR assembly. 
These pressure distributions are used to calculate the hydraulic forces that act against the weight of the 
assembly. The same XCOBRA results that were used to calculate the hydraulic forces that would act to 
lift an unbroken Chinshan fuel assembly were used to calculate the hydraulic forces that would act to lift 
the fuel channel and UTP in an assembly operating with a broken connecting bolt. 

Plant parameters that are important for licensing Chinshan Unit 1 Cycle 28 are summarized in 
Reference B.2. The maximum licensing core power (rated core power) is 1840 MWt, and the maximum 
licensing core flow (rated core flow) is 53.0 Mlbm/hr, Reference B.2 Items 2.2.1, 2.2.2 and Figure 2.1. The 
highest core pressure drop during normal operation will occur when the core is operating at these rated 
conditions. The core pressure drop also depends on the axial power profile. The pressure drop in a BWR 
core increases as the axial power profile is more strongly peaked toward the bottom of the core. 
Therefore, a conservatively bottom peaked axial power profile is used to calculate a conservatively high 
pressure drop.

Larger core pressure drops are possible during AOOs. The analytical value for high thermal power scram
is 119% of rated core thermal power and the analytical value for high neutron flux scram is 122% of rated 
core neutron flux, Section 5.1 of Reference B.2. Although the reactor protection system would initiate a 
scram before the thermal power reached 119% of rated, the maximum core pressure drop during AOOs is 
calculated assuming the core reaches steady state conditions at 122% of rated core power and 102.5% of 
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rated core flow. The core pressure drop at these steady state conditions is conservative for the core 
pressure drop that would be experienced during AOOs.

The hydraulic forces that would act to lift the fuel channel and UTP are associated with the pressure 
distribution between the top of the LTP and the exit of the assembly. A significant fraction of the total core 
pressure drop occurs at the inlet orifice. Since a high power assembly receives less flow than a low power 
assembly, the pressure drop at the inlet office is lower and the pressure drop in the assembly is higher for 
a high power assembly than a low power assembly. The calculations use a conservative assumption that 
a high power assembly is operating with an assembly power peaking factor of 1.6. This is higher than the 
highest assembly power peaking factor in the design step-through for Chinshan Unit 1 Cycle 28. 

When operating at rated core power, the average assembly power is 4.51 MWt (1840 MWt / 408 
assemblies). The maximum pressure drop for normal and AOOs is calculated based on steady state 
operation at 122% of SPU rated power, 102.5% of rated core flow, a bottom peaked axial power profile 
and an assembly peaking factor of [ ]. The power in the high power assembly at these conditions is 
4.51 MWt X 1.22 X [ ] MWt. The assembly pressure drop at these steady state conditions is 
conservative for the assembly pressure drop that would be experienced during AOOs.

XCOBRA prints the components of pressure drop for each axial node used to model the active fuel 
length. The pressure drop associated with the fuel rods and spacers will result in a vertical force that is 
carried by the portion of the load chain that remains attached to the LTP. The friction from the water 
flowing adjacent to the inside of the fuel channel will result in a vertical force on the fuel channel which will 
act to lift the fuel channel and UTP in an assembly with a broken connecting bolt. The pressure drop from 
the friction resulting from all of the wetted surfaces inside the assembly is output by XCOBRA. The 
frictional pressure drop exerted on fuel channel is proportional to the wetted perimeter of the inside of the 
fuel channel divided by the wetted perimeter of all the components in the assembly. 

The wetted perimeter for the inside of the fuel channel is 20.425 inch, Figure B.2. The total wetted 
perimeter below the top of the part-length fuel rods is 138.859 inch and the total wetted perimeter above
the top of the part-length fuel rods is 128.914 inch, Figure B.2. The ratio of the wetted perimeter of the fuel 
channel to the total wetter perimeter is 0.15 below the top of the part-length fuel rods and 0.16 above the 
top of the part-length fuel rods.

The presence of a spacer will increase the flow velocity adjacent to the inside of the fuel channel, which 
will result in an increase in the friction pressure drop on the fuel channel. Guided by results from a 
computational fuel dynamics (CFD) model, [

]. The corresponding hydraulic lifting force is 
less than 40 lbf.  

The friction on the inside of the fuel channel and form pressure drop between the top of the active fuel 
and the exit of the assembly, which includes the UTP, is less than [ ]. The corresponding hydraulic 
lifting force is less than 15 lbf. Therefore, the hydraulic lifting force acting to lift the fuel channel and UTP 
will be less than 55 lbf during normal operation and AOOs. 
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Since the hydraulic lifting force (55 lbf) is less than the weight of the broken portion of the assembly 
(70 lbf, Appendix C), the broken portion of the assembly will not be lifted by hydraulic forces during the 
limiting AOO.

Since the fuel channel will not lift, a load chain failure would have no neutronic or thermal-hydraulic impact 
because the geometry and flow characteristics within the active fuel region would not be impacted.
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Figure B.1 BWR Leakage Flow Paths
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Advanced Fuel Channel 

5.278in.

R 0.40in  

SFC = Fuel channel inside width
RFC = Fuel channel inside corner radius
PFC = Perimeter of the inside of the fuel channel

SWC = Outside width of the inner water channel
RWC = Outside corner radius of the inner water 

channel
PWC = Perimeter of the outside of the inner water 

channel

DRod = Outside diameter of the fuel rod cladding
NRod = Number of fuel rods per assembly
PBottom = Outside perimeter of the fuel rods below the 

top of the part length fuel rods
PTop = Outside perimeter of the fuel rods above the 

top of the part length fuel rods

PFC = 4 • SFC – 2 • RFC • (4 – )
= 4 • 5.278 in. – 2 • 0.400 in • (4 – )
= 20.425 in

PWC = 4 • SWC – 2 • RWC • (4 – )
= 4 • 1.378 in – 2 • 0.118 in • (4 – )
= 5.309 in

PBottom = NRod • • DRod

Where NRod = 91
PBottom = 91• • 0.3957 in

= 113.125 in

PTop = NRod • • DRod

Where NRod = 83
PTop = 83 • • 0.3957 in

= 103.180 in

PW,Bottom = PFC + PWC + PBottom
= 20.425 + 5.309 in + 113.125 in
= 138.859 in

PW,Top = PFC + PWC + PTop
= 20.425 in + 5.309 in + 103.180 in
= 128.914 in

 

Fuel Rod 

0.3957in.

 

Water Channel 

1.378in.

R 0.118in.

 

Figure B.2 Wetted Perimeter for Chinshan ATRIUM-10 Fuel
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Appendix C: Hold Down Force Due to Weight of Broken Assembly
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