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Abstract 

Radionuclide transport is the major pathway of radioactive waste reaching biosphere. Tunnel 

disposal is the selected disposal approach for domestic low level waste. It is necessary to investigate 

and develop required verification techniques for radionuclide transports in both near-field and 

far-field of tunnel disposal facilities. This study reviewed verification techniques of radionuclide 

transport in two technical reports of SKB SR-PSU siteȸEngineered Barrier Process Report for the 

Safety Assessment SR-PSU (TR-14-04, 2014) and Geosphere Process Report for the Safety 

Assessment SR-PSU (TR-14-05, 2014). The interaction matrix between processes and system 

variables for engineering barriers and geosphere were proposed after reviewing both reports. Key 

processes and system variables involved in safety assessment can be identified as linkages 

delineated in these matrices. They can be used to exam the completeness of processes and variables 

involved in the near-field and far-field safety assessments as checklists for reviewing safety 

assessment reports. Two techniques were developed in this study. The first one is to develop 

analytical solutions of transient radionuclide transports with decay chains for the two-dimensional 

axis-symmetric coordinate system to facilitate more realistic approach of near-field radionuclide 

transport with tunnel disposal. The second one is to develop numerical techniques of far-field 

radionuclide transports to facilitate hydrogeological characteristics and complicated boundary 

conditions under near-shore environments. The HYDROGEOCHEM model was used to simulate 

designed cases of near-shore tunnel disposal. The 3D far-field simulation domain was delineated 

according to hydrogeological characteristics of the near-shore potential site. Flow fields, 

radionuclide transports, radioactive decay chains were simulated in this study. Relative 

concentrations were used to depict far-field radionuclide transport in spatial and temporal domains. 

Breakthrough curves of radionuclides at selected locations of ground surface and ocean were 

depicted to demonstrate radionuclide transport characteristics in geosphere. Integrating both 

techniques developed in this study will promote domestic reviewing techniques on radionuclide 

transports in both near-field and far-field. Both reviews of international technical reports and 

developments of simulating radionuclide transport techniques achieved in this study will facilitate 

the development and promotion of long-term safety assessment techniques in both near-field and 

far-field investigations. 
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Ϛ  ›ṕ 

 ᵅὍ ἤ ᾬᾼ ѠהҠ иⱢ ֮ῶ ᵾ Ẓ Ȳ ὑӖ

ד101 7ѣ 3ѡ ứеᵫɦүὧ Ч ɧцɦ   ɧ 2 ⱢᵅὍ ἤ ᾬ

╟∂ ᵿȴ ᵿ ἤᴖṕȲɦүὧ Ч ɧ∂ ᵿⱢῺỴᵾ Ȳ

ɦ   ɧ∂ ᵿⱢ ᶩϯᵾ Ȳ֪ױᵾ Ɫӭ› вᵅὍ ἤ

ᾬ ╟∂ ᵿᾼѻ ѠהȴᴖӦὑ ạⱢὍ ἤ ϤӢᾬ

Пѻ Ȳ֪צױӇ ᵾ ПῺ ᶾ ᴩ ȴ ׄԓ

ᴷṔ⇔ᴖṕȲῺ ׄԓ ᴷ֯ ᵾ Џ Пׄԓ   ғ Ȳ и⁄

֯ ᴷ ᵿἬ֯Ѭѝ֮ Пׄԓ ғ Ȳѿɦүὧ Ч ɧ∂ ᵿⱢẂȲ

Ỵ֮ ῺỴ П ׄԓиέצ Ȳᴖɦ   ɧ∂ ᵿ⁄

ᶩϯП ◦ҵ ׄԓиέצ ȴ 

вֵדẃ֯ᾬ ᶝּשׁד ќ═ϯȲ ᵅὍ ἤ ᾬ ד╟ П

Ѭѝ֮ Ἐ ה ▲ᶾ ( ȳ ὡȲ2005)ȳ Ѭѝ֮ ᶾ

ᾓ в Џ Ѭѝ֮ Ẃ( ȳ ὡȲ2006)ȳᵅὍ ἤ ᾬ

╟ׄԓ ▲ (Ḉ ếȲ2007)ȳᵾ ה ╟ׄԓ ᴷ ▲ ṅ(Ḉשׁ ếȲ2010)ȳ

ׄԓ ᴷ ה ▲ (ԉ╡ӂȲ2008)ȳɑ Ὅ ἤ ᾬᵾ ᶾ ▲ (ᵦ Ȳ2009)ȳ

ᵾ ׄԓ ᴷ ( Ȳ2011)ȳׄԓиέ ה ц ᵿ ἤ ▲ ▲ᶾ (Ḉ

Ὑףȳ Ȳ2012)ȳᵅὍ ἤ ᾬ ╟ׄԓ ᴷ ▲ Пׁשṅ(ḈὙףȳ

ѷ Ȳ2013ȷ2014ȴḈὙףȳ ὡȲ2015) Ȳ вׁש Б כ ȴ 

ϱ֯ ׄԓ ᴷᶾ Ȳ֯ І (IAEA)Пד ᶾ ᵫМȲ

Ὼ֮ῶ ׄԓ ᴷѠᾎᵛדצ ᶾ ᵫ(IAEA, 2004)ȲẔ  Мᵛ ѩד

ה ȳ Ẃ Ἤ Ϥ ȴ ὑ֮ῶ ᴆ╬ ᵿ ᾙἬ ד ᶾ Ӽצ ѝ ҏ

ᾪ(IAEA, 2009)ȴ Ɫ ╟ ứ ׄԓ Ẃ ׄԓ ᴷ (IAEA, 2012)ȴ

רּ І (NRC) ᵅ ᵿПׄԓ ᴷѠᾎ∂Ӵד ᶾ ⁄(NRC, 2000)Ȳ

ȳ Ἐ ה ᶾҾȳ ҵ ạѿцד ᾼ ᴷ ה ᴩ ȴ ẕ SKB

֯   ׄԓ ᴷЏᵂϷצ ֵᶙ ᶾ ᵫȲֽ SR-PSU siteצ ПϚṆԝᶾ ᵫȴ

ᴖṸ☺ Ὼ ѡӐПɦ֮ иᵅ Ὅ ἤ ᾬ и ᶾ ׄԓἤɧⱢ

ѡӐ Іϩ (2011) ᵅὍᵾ Ὼ ׄԓиέП ᶾ ᵫȲ֯ ›Ϛ

⇔ד Б Ἤ ӣПѠᾎȳ ứ иέᵅὍᵾ ἬҠ ц ȴ 

Ӑ Эד⇔Џᵂ ֯ᵾ ᶾ П έȳῺשׁ έ

ᶾ П∂Ӵȴ֯ έשׁ иȲѻ SKB SR-PSU siteПᵾ

ᶾ ȲҔᵶ TR-14-04ȸEngineered Barrier Process Report for the Safety Assessment 

SR-PSU (2014) TR-14-05ȸGeosphere Process Report for the Safety Assessment SR-PSU (2014)

ϡӐᶾ ᵫȴ֯ ᶾ ϱ⁄ Ḇ ֥ ạᾼϡ ▀ Ṇ ᾼ

Ѡ ה έ ȲҠ ӣὑ ᴷȲ֯ έ ᶾ ϱ╥

Ϛ ἤּט ȴ ПҵȲױ ῺỴ ᵾ   ׄԓ П ᶾ ṅȲשׁ

⁄ ῺỴ ᵾ   ׄԓ П ᶾ ȲӐׁשṅ֯ ᶾ

שׁ ϱꞋצᵓὑ в  ׄԓ ᴷῺ Пᶾ ϩ∂Ӵ сȴ 

Ὅ ἤ ᾬ ╟ׄԓ ᴷЏᵂ֯ ᵂ М᷊ ד П֮ᴯȲⱢ ’

в ׄԓ ᴷЏᵂП Ȳ ӑẃ ׄԓ ᴷЏᵂȲ ֝ ▲ ֥

ѬӂȲ в֯ױѠ Пᶾ ϱȲ ȴ֪ױӐ Ὼ ӭ Ȳ ҵὍ

ἤ ᾬ ╟ׄԓ ᴷ ▲ᶾ ȲϷЛ ᴷἬ ᶾ ȲẦᵗ ḟ в֯

ׄԓ ᴷ ▲ᶾ Ἤ ȴᴖ֯  ӭ Ȳ⁄ᶦ Ԓ Џה

ẓᾼ ֥ ẃẦᵗ ạ ᴯ ὑ ׄԓ ᴷ∂Ӵ Ӵ ▲циέП ϩȴ 
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ϡ ȳ ᵾ ᶾ ᵫ ὑῺ ᶾ  

Ӑ ѻ SKB TR-14-04 (Engineered Barrier Process Report for the Safety Assessment 

SR-PSU, 2014)ʒ ᵫȲӐ ᵫⱢ ẕ SFR Џ ᾼᶾ ќ ᵫȲѻ FEP

Ἤ ╟  ׄԓד ᾼᾼЏ ᵂӣȲѿц֯  ׄԓ ᴷМֽᴶѿ

Ṇ Л֝Џ ᵂӣȲҔᵶЏ ᾼ ȳѬϩȳϩ ȳо

ᵂӣȴױ ᵫМׄԓиέП ѐ⇔ ֽϯȲ ẕ ׄԓ ᴷ ѐ⇔П ạ ứⱢȲ

Ϡӣ І  ҙо ҵȲ ╟Пׄԓ ᴷ ᴟ Є ҏ Ȳᵀ

Л ⅔ ∟П ⅔Ȳѹד100,000 ∟П вד1000 צ П ᴷȲ֪ױ ᵫМׄԓи

έП ѐ⇔ ӣ  ȴד100,000

 

2.1 SKB SFRᵾ Ἐ 

ẕ SFR ᴯὑ ForsmarkȲᴞ ד1988 Ở ӣѿ׀Ὅ ҙо Пᵅ М

ȲSFRⱢ ᶩϯ Ȳᴯὑᾌ ֮ ᶩϯȲ ᶩӕỵⱢῧ ỵȲֽ 2-1ἬӱȲSFR1

Ɫ צ ╟Ȳᴯὑ ᶩϯּפ 60еѐȲӦὑ Ἃӭ› М ╟П ד Ȳ֪ױ

ҵᾼ ѿ׀Ὅ ᾼ ᾬȴSFR3Ɫ ╟Ȳᴯὑ ᶩϯּפ 120еѐ ȲSFR3ѻ

ӣѿ׀Ὅӑẃ ᶰ ᾬ ╟ ᾬȴ 2-2 Ɫ ӱ֮ῶȳ ӂ

╟ᾼד ᴯ ȴ 

SFR Ҕᵶ ֵ֮Ἁϯ ֵᴯὑ֮ ϱᾼ Ἤ ╟Ȳ ᾼ׀ SFR1

Ҕᵶ 5 Ȳ ЄּפⱢ 63,000m3Ȳ ҉ᾼ SFR3 Єּצפ 108,000m3ᾼ

ȲҔᵶ 5 ᾼ Ȳ 1 Ҡ׀Ὅ 9 ᾐѬהч ϩ ᾼ ȴ 2.1

2.2М Silo 1-2BMA Ɫӣѿ׀ὍМ ᾬȳ1-2BTF Ὅ׀ Ё ȳ1-5BLA

Ὅᵅ׀ ᾬȳBRT Ὅч׀ ϩ ȴ 

 

 
2.1 SFR ӱ (ᴊᴥⱢ ׀ SFR1Ȳ ᴥⱢ SFR3) 
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2.2 SFR (ᴊᴥⱢ ׀ SFR1Ȳ ᴥⱢ SFR3) 

 

ᾼ⅔ ֽ 2.3ἬӱȲ М 1 ҅ῶ ҏ ᾼ  аԈȳ2 ҅ῶ Ḋ ȳ3

҅ῶѿ ЁᵂⱢϩ   (mechanical constraint)ȳ4 ҅ῶѿ Ӱ֫ ȳ5 ҅ῶѿ

ЁᵂⱢѬϩ ֥(hydraulically tight) ȳ6 ҅ῶ ҏ ѻ Ṇ ᾼ֫ Ḋ ȳ7

҅ῶӑ֫ ᾼ Ὅ ȴ֪ױ ╟ᾼ⅔ Ҕ╗֯ ứᾼᴯ ׄὍ֫ Ḋ   аԈȲѻ ӭ

ᾼⱢḀᵅѬ☼ ᾼҠ ṮѦϢ Ϥ–ȴ  аԈׄ ὑ ҏ Ȳӣѿ УȲѹ

Ἤצᾼ ѿ Ӱ֫ Ȳ ҏ ᾼϱ ѿỵ ֫ Ȳԛѿ Ё  ⅔Ȳ ∟֮ῶ

⌠ ᴟ Ϛ ȲױҵἬצ SFRᾼ У ⅔ѿṿ ỵ ᾼѬ☼ Лắ ȴ

  аԈⱢѿ Ё ẞѬϩ ֥ ѿ Ё ẞϩ ạѿ ═ᴯ ỆứȲЛ ᾼ

ᴶѐЉἨỵӰᾼἤ Ȳ ׄ Ё  аԈ Ɫϩ   ȲֽὨצṷ֮Ѡ╥Л ֥ׄ

Ё  аԈᾼ ᶮϯȲ ѿ֫ Ḋ ҅ȴ Ḋ ѻ ╥ṮѦ ЁӦ֫

Ḋ ֣ҵ ȴ֫ Ḋ Ҕᵶ ӰȲ ѿ 30/70ᾼ Ё/ ỵ ֥ᴖכᾼ Ḋ Ȳϩ

  ᾼ֫ Ḋ ц Ё ֥ᾼ Ԍ ⱢЁ   аԈ(earth dam plug)ȴ 

 
2.3 SFR ⅔ ӱ  

 

2.2 BLA  

SFR Ԛצ 5 BLA Ȳ1BLA Ɫ SFR1 Ȳ2-5BLAצ Ɫ SFR3 Ȳ 2.4

Ɫ 2-5BLA ◕ᾼӱ ȲḕϚ Ɫפּ 18еѐ ȳ14еѐ 275еѐ Ȳ ᾬ

ѿ 20 ѐ ISO ὍȲ׀ ѠהⱢѿ 2 ֣ṳ ц 6 ֣ ᾘ ᵾ

Ὅȴ 
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2.4 SFR3П 2-5BLA ◕ӱ  

 

2.3 ׄԓғ  

SR-PSU ᵿׄԓ ᴷѠᾎ ᾼ їⱢứ ֯Ϛứ в Ṇ ṜϚ ׄԓғ

ȴЛ֝ὑ KBS-3ӣ ậᶙԓᾼ  Ɫׄԓ ᴷ ⁄ȲSFRѻ Ɫ ạ

ᾬ♄⇔ Џ ֮ ҵ Ȳ Ḃ ȲἬѿ−ᵺ Ἠ ӐЛ

Ҡ ứ Ҡ ắᾼ ғ Ȳ֪ױ SFRᾼׄԓ ᴷϷ ḥצ ӣׄԓғ ╓ ẃ ứ ȴ

ׄԓғ ╓ ᾼѻ ӭᾼⱢ╓і ᾼứ ȴ 

Л֝ὑ KBS-3ӣ ȲSFR1Л ӣ ӣᾼᾼׄԓғ ȴֽ BLA

ᾼׄԓғ Ɫ ạ ᾬ♄⇔ȷBRTⱢ ạ ᾬ Ӧᵅ ẃ ạὍ ἤ ᾼҵ

ȷBTFⱢ ạ ᾬ ӣẓѬϩ о ғ ᾼ Ё ȴBMA Ɫ ạ ᾬ

ӣẓѬϩ о ғ ᾼ Ё ȴ Ɫ ạ ᾬ ȳ ӣẓѬϩ ғ ᾼ

Ё о ғ ᾼ Ё ȴ֪ױ TR-14-04 ᵫМᾼЏ ғ ҠиⱢ

Ѭϩ ғ о ғ Ȳױҵ ⇔Ϸ╥ ғ ᾼ ֪ ȴ 

 

2.3.1 Џ -Ѭϩ ғ  

SFRѬϩ ᾼѻ ӭᾼⱢḀạӂ☼ ȲҠ ӦᵅѬϩ ἤᾼ Ḋ ȴBLAכ

ᾼЏ ṳ ӑᴕ ԓғׄױ ȴ 

 

2.3.2 ⇔ 

⇔ⱢҠ SFR ᾼׄԓғ ῶ צ ᾼҵ Ȳ Ё Ёᾼ Ԝ Ḋ

ᾼѬϩ ἤ צ ȴ 

 

2.3.3 Џ -о ғ  

ᵮ Ɫ SFR ᾼׄԓғ Ȳᵮ Ҡѿ Ӣ֯ в Л֝ᾼᴯ ȲЛ

ậḟὑ ᾼ Ȳѹ╥ ᾬ ἤ ֮ϯѬᾼо צכ ȴצᵓᵮ ᾼо Ɫ

ẓצ Ṿᵮ ᾼӇ Ԉȴ 

ᵮ  Ӣ֯ ᾼԉᴶᴯ Ẕ ᾼӕỵȴᵀ ẓ ϩᾼᵮ  ╥֯

ᾼѬᾇаԈȴ֪ױȲׄԓғ ᾼẓצɦֻᾼᵮ ɧҠѿứ Ɫᵮ ֯Ѭᾇ Ḋ ȲҔᵶ

Ё ȳѬᾇ (grout) ᾬҔԈ ȴ ֵ ֯ Ёȳỵ Ё −צ ᾼᵮ

  ἤȴ 
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(1) pH  

Іᾼᵮ  pH Ғᴖ ҒȲ І⁄דчȴҫϚѠ ȲѬᾇ Ḋ ᾼᵮ 

֯ pH ὑ 11 ẞ ЄȲѹ ⇔(alkalinity)ϱсᴖ ȴױҵ Ғ צ ᴯ

Ѭד ֥ᾬᾼ ứἤȲ֯ pH ᵮ ᵂӣ Ӣ ᾨȴ֯Ѭᾇ ᾼэ о

Ȳ ᾼ pH ᾼ ⇔ ᵅ ⇔Ȳᵮ ᵂӣ ᵅȲ І צ⇔ ȴ

ⱢϚ ᾼ ֥ ѹ Ḁạ ֵ ᾼᵮ ȴӦὑẔ о ἤ Ȳ ЁМᾼѬᾇ

Б Ὑ ю֢ Ḁạ ᵮ ᾼ ᴯ ⇔‍ ֻȴҬ Ѭᾇ ֕оȲэ М

ᾼ pH Єὑ 10.5Ȳ ᾼ pH ῶӱ SFRẓצצᵓᾼᵮ  ἤȴ 

 

(2) ᾭ  

Ԍ ‍ Ȳ֯ о ᵮ Ὑ ȲҠ Ӧ  צ Ḋ ═

֯Џ М ᵅᾼ о ᴯ(redox potential)Ȳ (uranium)ȳ (plutonium) (neptunium)

֯ о Ԉϯᵮ  Ὑ ᵅȴ 

 

(3) ᵅ ⇔ᾼ ֥  

иצ ֥ᾬ ֯ ( ᵑ╥ ) Ӣᴖ ᵮ  ᾨȲ֪ױ

֥Ю ᾼ ⇔ ᵅ ֻȲᵀ Ϸế ᾬ צ Ȳׄױԓғ ѻ ᾃ ₤Ȳ

в Л צ ֥ Ӣȴ 

 

(4) Ҡᵮ ῶ  

ᵮ  Ӣ֯Ệ ᾼῶ ȲѬᾇדצ Єᾼэ Ȳѹ ֵѬᾇҔᵶ‍ ῁(amorphous)Ȳ

ẓצ Єᾼѩῶ (specific surface area)Ȳ֪צױᵓὑ ᵮ ȴᵀ ҒȲ֯

ѬᾇỆ כ ᾬ Ȳ֪ױᵮ  ϩᾼ ᵅ╥Ҡѿ ȴѬᾇᾼ ֕о

юэ ȲϷ ᵅ ᾼᵮ  ϩȴ 

 

2.4 ᵂӣ Ṇ  

Ὼ ׄԓ ᴷἬ ᴕ ᾼ ᵂӣҔᵶȸ ᵂӣȳѬϩᵂӣȳϩ ᵂӣȳо ᵂӣȳ

ᵂӣ 5Є ȴẔМ ᵂӣиכ ד / Ԝϡ ᵂӣȷѬϩᵂӣиכӑ ếѬ

☼ ếѬ☼ϡ ᵂӣȷֽо ᵂӣϭиכӂ☼ Ἃ ȳѬד ᶮכ ч ȳ Ӣᾬᵂӣ

Ϯ ᵂӣȷ ᵂӣϭиכ ᶮכ Ѭד ϡ ᵂӣȴ ṷᵂӣϭếἬ

ᴕ ᾼ ᵿ צ Ȳᴖ֢ᵂӣ֯Л֝ Ԉ(ֽ ếἨӑ ếѬ☼)ϯἬ ᴕ ᾼ

ϷЛ֝Ȳצṷ ╥ ᵂӣȲצṷᵂӣ ᴖ ếᵂӣ צ

ṷ Фד Ȳᵀ֯ ׄԓ ᴷᵂ Ӧὑ צ ╥Ҡѿἕ ȴῶ 2.1Ɫ BLA Ṇ

֢ Ἤ в ȴ 
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ῶ 2.1 BLA Ṇ  

Ṇ  в  

ᴶᶮ  П ȳѐЉ 

Пэ э  

⇔ оП ⇔ о 

Ѭѝ ☼ Ѡ֣ȳЄЊȳиӁ 

ế⇔ 

ϩѬ  

₤ (ԜἨѬ) 

ϩ  П ϩ  

иȳככ иככ ῶ  

о ⇔ 

ӢᾬҠᵓӣПצ о  

Ӣᾬ  

Ѭכи Ѭᾼ ȳכ ἬᵶᾼѬ  כ

о ȳpH ȳ І ⇔ȳ ⇔ȳ ȳ

 

⇔ ἤ 

ѬМП Ӣᾬȳ Ӣᾬ П  

 ᾼ ȳכ Ἤᵶᾼ  כ

ȳ ϩ ế⇔ 

☼ ПЄЊȳѠ֣ иӁ 

 

ῶ 2.2 Ϡ BLA ᾼῺ ạ Ṇ Ф ȲҠѿ ẁᵾ Ὼ

ᶾ ∂ӴП ᴕṼ ȴѿ ᵂӣⱢẂȲ SFR ᾼ (ᵅὍ ἤ ᾬ Ӣ

צ ᾼ )Ȳ ⇔ᾼ о Ӧ ꜜ ԈἬ ạȲѹӦὑ ⇔ о Ӣ֯   ѐ⇔Ȳ

ױ֪ ⇔ ѿᵂⱢ ꜜ Ԉ ( ᴕ ᵫȲTR-13-05)ȴ 

֯ Ϛ☼ (э )Ȳ Єᾼ ⇔ ֯☼ ᾼМїȲѹ֯ ᾬ

⇔ Ὼὑ ȴӦὑ Л֝ЄЊᾼצ  (э )Ȳ֯ ḕ ⇔ᾼЄЊϷ Л֝Ȳ

Єᾼ צ ЄᾼѬ☼ ⇔ȴ Л֝ᾼѬϩצ ἤȲ Ѭ☼╥ӂᴩὑẒ Л֝Ḋ

ꜜ ȲѬ☼ ⇔ᾼиӁ ӔѩὑѬϩ … Ȳ ☼ ᾼѠ֣₣᾿Ḋ ꜜ Ȳ☼

ӐӦ Л ѬᾼḊ Ἤ ạȲ Ἃ ᾼ ד ᾼЊȴ 

֯ ȲἋה ϱѿϚἋ … ẃῶӱȲэ Ю ᾼἋ ᵂӣҠѿ

ӣ Fickian approach ( ᴿ ᴩⱢȲ Ӕѩὑ ⇔ ⇔) Ȳᵀ╥ ᾼѠ

ṳ‍Ӈה Ȳ֪Ɫṳӑᴕ ẞἋ ᾼѐ⇔ Ȳ֪ױ Ӧ оᾼ ☼-Ἃ ה Ϥ

оᴕ Ἃ צ ἘᾼЛ ứἤȴ 

BLA ᾼ ṳӑҔᵶẓצ ғ ᾼЏ Ȳ ᾼ Ё֮ὰ в

ṳӑẓצԉᴶ ạ☼ ᾼᾬ Ȳ֪ױ BLA ṳЛẓԉᴶḀạ ☼ ᾼׄԓғ ȴ֯

SR-PSUᾼׄԓғ ᴷȲ֯ BLA Ὲ ᾼѬ Ɫᶙԓ ֥Ȳ ᾼἋ ױ֯

Ҡ Ɫ ᶙכȲ֪ױ ҉ Ѭᾼэ вẓצᶁϚ ⇔Ȳ ☼ ╥ױ֪ Ϥ

э ᾼ Ȳắ ⇔ ֮ϯѬ☼ ȴ 
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ῶ 2.2 BLA ᾼῺ ạ Ṇ Ф  

 
Ὑȸ צ ᵂӣ ӱⱢ VȲᵂӣצ ӱⱢ Pȴצ ⱢʞȲӑ Ɫ- 

 

2.5 Ὼ ׄԓ ᴷ 

SR-PSUᾼῺ ׄԓ ᴷ ӣП Ɫה ȴ֯(compartment model)ה SR-PSUᾼׄԓ

иέМ☼ ╥иᵑ ᴩᾼȲѿῺ ׄԓиέⱢẂȲԒ ᴩῺ Ѭѝ Ȳ

ӣ 3 ╟Ὲ иӁȲԛ ẁῺ Ἤ Ȳֽ 2.5 Ἤӱ

(TR-14-01-Fig.8.3)ȴ ֝ ӣ ᾼה Ἐ ᴩ оȲ Ɫה ֢

ạ П ӂ Ȳᴖ ӻꜜ П Ɫѿ оѠה ᴩᴷ Ȳѹ ạ в

Ɫᶁл☼ Ȳ֪ ױ ᾬҔԈ Ϛכ ạ Ȳֽ 2.6Ἤӱ(TR-14-01-Fig.8.12)Ȳ

ҿ Ɫ 1BLA П и ȲҢ Ɫ 1BLA в█Ϛ ạ ӱ ȴ

2.7(TR-14-01-Fig.8.14)Ɫ 2BLA П и Ȳ ӣḆⱢ оᾼ и ȲҬᴕ

ᾬ э ϡ и Ȳ М ᴥⱢ ᾬ Ȳ ᴊᴥⱢ֫ Ḋ Ȳ (

ᴊᴥ)֯ МЛ ϤȲ Ҭ Ѭ☼ᾼ Ȳ֪ױ 2-5BLA ᾼῺ ạЛ

ᴕ ᵮ ȴ 
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2.5 Ὼ 3 Ѭѝ ᴶ▐ ӱ  

 

 
2.6 1BLA Ѭѝ и (ҿ) Ѭѝ ᾬҔԈ ạ (Ң)ӱ  

 

 
2.7 2.5BLA Ѭѝ и Ѭѝ ᾬҔԈ ạ ( ᴥ )ӱ  

 

 

ὑ 1BLA ПῺ ֽ 2.8Ἤӱ(TR-14-01-Fig.8.13)Ȳ в Л֝

ᴥПѠ Ἠ иᵑ҅ῶЛ֝ᶮהП ᾬҔԈȲ᾿ ҅ῶ☼ Ȳפ ҅ῶ ạȴ

2.9Ɫ 2-5BLA Ὼ ӱ (TR-14-01-Fig.8.15)ȴ 
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2.8 SR-PSUП 1BLA Ὼ ӱ  

 

 
2.9 SR-PSUП 2-5BLA Ὼ ӱ  

 

2.6 Ὼ Џ  

Ὼ Џ Пׄԓғ ҠиⱢѬϩ ғ о ғ ȴѬϩ ғ צ֯ Ḁ

ᵅ ☼ ᾬȷᴖо ғ ѻ ֯ ȲױҵϷҔᵶ ẁ pH ȳ

ȳᵅ ֥ ⇔ȳצᵓᾼᵮ  ᵓὑצ По ȴױҵȲ

⇔ẃᴞҵ֯ оȲᵀԜ ᾼᵅ Ҡ ᾇЁ ЁПѬϩ ἤȲ ᴖ ᵅЏ

ғ Ȳ֪ױϷ╥Ὼ ׄԓ ᴷП ȴ 

 

2.7 Џ о 

Ё о 

Џ оᴕ ֽ Ё ֯ ẞѬ pH оȲּֽפ ∟ד10,000

צפּ 1/3ᾼ ЁБ ȳ100,000ד∟Є и Ȳᴖ῁ ᾬ(calcium silicate minerals)ȳ

ᾐӰ(zeolites)ц Ё о ӢȲ ṷ Ӣכᾼ ᾬế Ԓᾼ ЁצЛ֝ᾼэ

ᾼ ϩȴ 

Ѭᾇ о 
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о ᾭ ᾼḂ כ ᾬП /ḛ  Ȳֽ 2.10Ἤӱ pH ϯ Ἤ Пכ ᾬ

Ḃכ э ϱсᾼ о ȴҫҵϚ Ҡ ⱢӦᶝ ᾼ оכѬּז Ѭᾇ П

ֽ 2.11ἬӱȲ вП ạѿ ☼ ⱢѻȲ ⱢБ῀ ⇔ȲҢ ֫

⇔ Ɫ ȴ 

 

 
2.10 Ѭᾇ оḂ П ᾬ ȳэכ pH  

 

 
2.11 Ѭּז Ѭᾇ ᶮכ ӱ  

 

 

ᵓӣἬ ᾼῺ Џ ПṆ ᵂӣ (ῶ 2.2)ȲҠѿ ṷṆ

ᵂӣ֯ ᴩׄԓ ᴷ ╥ᵡצᴕ ȴ֪ױ ▲ ֯ Ȳ Ҡѿᵓӣױ ẃ

Ὼ ׄԓ ᴷכὨ╥ᵡᶙ Ȳֽȸ 

(1) ṿӣᾼ ṿᵡҠѿה ᵂӣ 

(2) ᴩ ᾼ ᵂӣ╥ᵡצᴕ Ṇ  

(3) ᴩ ᾼ ᵂӣֽᴶ Ṇ Ϥ  

(4) ӑ ᾼ ᵂӣȲ о╥ᵡ֥  

(5) ӑᴕ ᾼṆ Ȳ о╥ᵡ֥  
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Ϯ ȳ ᵾ ᶾ ᵫ ὑ ᶾ  

Ӑ ѿ SKB Geosphere process report for the safety assessment SR-PSU, TR14-05, (2014)ʒ

ᵫⱢѻ έвשׁ ᴩῴḔ ȴ 

 

3.1 ֮ ᵂӣ  

SKB TR-14-05ᶾ ᵫⱢ Ὑ SR-PSUׄԓ ᴷἬ цП֮ ᵂӣȲϷ ╥ ׄԓ

иέἬ ᴕ П Ȳѻ Ҕᵶ ᵂӣȳѬϩᵂӣȳϩ ᵂӣȳо ᵂӣȳ ᵂӣȴ

ṳѹѿ 13 ẃ ֮ ᵂӣП ἤ ᾭ Ȳ Ὑֽῶ 3.1ȴ 

 

ῶ 3.1 SR-PSU֮ Ṇ ứ  

Ṇ  ứ  

ӕỵ ⇔ ӕỵ ⇔Ɫ Ὲ ẗ  

֮ϯѬ☼ ֮ П֮ϯѬ☼Ɫ Ὲ ẗ  

֮ϯѬ ϩ ֮ П֮ϯѬ ϩⱢ Ὲ ẗ  

☼ד  ֮ П ☼ד Ɫ Ὲ ẗ  

ᴶᶮ  вֽᵾ ȳ У ԉᴶ ┤П ᴶѐЉ 

э ᴶᶮ  ӕỵ э П ᴶѐЉ 

ӕỵ ϩ ӕỵ ϩⱢ Ὲ ẗ  

ӕỵ ᾬ ӕỵ ᾬо Ɫכ Ὲ ẗ  

ᾬ 
Пכ ᾬо Ɫכ Ὲ ẗ ȲϷ Ҕᵶ

вᾬ  כ

֮ϯѬ  כ

֮ϯѬо Ɫכ Ὲ ẗ ȲҔᵶ о ȳpH

ȳ І ⇔ȳ ⇔ȳ ȳ Ȳ

ѿц ⇔ ἤ 

⅔ כ ὑ֮֯׀ ПἬצ По  כ

╦ᾬ  Ẕ҃ Ἠ ╦ᾬ По  כ

ế⇔ ֮ ПѬ ế⇔ 

 

ᵫМ ϚḔиέ֮ П ᵂӣȳѬϩᵂӣȳϩ ᵂӣȳо ᵂӣȳ ᵂ

ӣ 13 ПדФ …ȲẂֽ֮֯ Ѭϩᵂӣѻ ⱢׄԓиέП ֮ϯѬ Ȳ

֮ϯѬ☼ắӕỵ ⇔ȳ֮ϯѬ ϩȳ ☼ד ȳ ᴶᶮ ȳ э ᴶᶮ ȳ֮

ϯѬ ȳכ ╦ᾬ ȳ ế⇔ П᾿ ȴ 

ӕỵ ϩ ᾬ э ᴶᶮ ϩϯѬ☼ȴ֮ϯѬ☼ ᾿

ӕỵ ⇔ȳ֮ϯѬ ϩȳ ☼ד ȳ֮ϯѬ ȳכ ế⇔ȴ ֮ϯѬ כ ֮ϯѬ ϩ

э ᴶᶮ ȳ ֮ϯѬ ϩ ӕỵ ϩȳ ֮ϯѬ כ
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ӕỵ ᾬ ᾬȴ 

 

3.2 ᵂӣ ֮ Ṇ Ф  

ᵂӣᴕ Ԝ(Ԝ Ԝ Ԉϯ)Ȳױϡᵂӣ ֮ Ṇ

ᾼФ ֽῶ 3.2ἬӱȲῶМ צ ᵂӣ ӱⱢ VȲᵂӣצ ӱⱢ Pȴצ

ⱢʞȲӑ Ɫ-ȴ 

 

ῶ 3.2 SR-PSU ᵂӣ ֮ Ṇ Ф  

 
 

3.3 Ѭϩᵂӣ ֮ Ṇ Ф  

Ѭϩᵂӣᴕ ֮ϯѬ☼ ☼ / Ȳױϡᵂӣ ֮ Ṇ ᾼФ ֽ

ῶ 3.3ἬӱȲῶМ צ ᵂӣ ӱⱢ VȲᵂӣצ ӱⱢ Pȴצ ⱢʞȲӑ

Ɫ-ȴ 
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ῶ 3.3 SR-PSU Ѭϩᵂӣ ֮ Ṇ Ф  

 
 

3.4 ϩ ᵂӣ ֮ Ṇ Ф  

Ѭϩᵂӣᴕ ᶙ ỵ ᾼ ᶮȳ ׀ ᾼᴯ ȳ Ӣȳ вᾼ– ḛ

ҳ ᵂӣȲױҳᵂӣ ֮ Ṇ ᾼФ ֽῶ 3.4ȳ3.5ἬӱȲῶМ צ ᵂ

ӣ ӱⱢ VȲᵂӣצ ӱⱢ Pȴצ ⱢʞȲӑ Ɫ-ȴ 

 

ῶ 3.4 SR-PSU ϩ ᵂӣ ֮ Ṇ Ф (1/2) 
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ῶ 3.5 SR-PSU ϩ ᵂӣ ֮ Ṇ Ф (2/2) 

 
 

3.5 о ᵂӣ ֮ Ṇ Ф  

Ѭϩᵂӣᴕ ӂ☼ / ד ֥ȳӕỵ ȳᵮ ȳ֮ϯѬ/ӕỵч ȳ

ᾬᾼ /ḛ ȳ Ӣᾬᵂӣȳ ᾼ (Ḃ э Ѭ pH )ȳ ᵂӣȳӧ Ѭ֥

ᾬᶮכ(Ԝ Ԝ Ԉϯ)ȳ ᵂӣ(Ԝ Ԝ Ԉϯ)ȳ֮ ☼ 11

ᵂӣȲױ 11ᵂӣ ֮ Ṇ ᾼФ ֽῶ 3.6~3.9ἬӱȲῶМ צ ᵂӣ

ӱⱢ VȲᵂӣצ ӱⱢ Pȴצ ⱢʞȲӑ Ɫ-ȴ 
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ῶ 3.6 SR-PSU о ᵂӣ ֮ Ṇ Ф (1/4) 

 
 

ῶ 3.7 SR-PSU о ᵂӣ ֮ Ṇ Ф (2/4) 
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ῶ 3.8 SR-PSU о ᵂӣ ֮ Ṇ Ф (3/4) 

 
 

ῶ 3.9 SR-PSU о ᵂӣ ֮ Ṇ Ф (4/4) 

 
 

  



17 

 

3.6 ᵂӣ ֮ Ṇ Ф  

ᵂӣᴕ иӁȳѬד ȳ ד 3 ᵂӣȲױ 3

ᵂӣ ֮ Ṇ ᾼФ ֽῶ 3.10ἬӱȲῶМ צ ᵂӣ ӱⱢ VȲᵂӣצ

ӱⱢ Pȴצ ⱢʞȲӑ Ɫ-ȴ 

 

ῶ 3.10 SR-PSU ᵂӣ ֮ Ṇ Ф  

 
 

 SR-PSU ׄԓ ᴷ֮ ᵂӣȲԚ 22 ֮ ᵂӣȲׄԓ ᴷ ᾼ

Ѡה ֽϯȸ 

(1) ᵂӣȸӘ Ё ᾼ ₤ᴕ ẃᴞ ֮ ᾼ ȴ 

(2) Ԝᵂӣȸ ֥ 2DӘ Ё ₤ ȴϷᴕ ֯ ȴ 

(3) ֮ϯѬ☼ȸ ếᵶѬ ȴ ᶁ ֮ϯѬ ⇔ȴ 

(4) ☼ / ȸἕ ȴἕ ẃᴞ ֮ ᾼщ ֮ ȴᴕ ȴ 

(5) ᶙ ỵ ᾼ ᶮȸἕ Ԝ Ԝ Ҡ ᾼ ʟϩ ᵂӣᾼ ȴ 

׀ (6) ᾼᴯ ȸ֮ϯѬ Лᴕ ᵂӣȴἕױ ᴶᾼ ד) ὑ

оᾼЛ ứἤ) 

(7) Ӣȸἕ ȴ ӕỵⱢ ἤḊ ȴ ׀ ѻ ֮ϯѬ☼ ȴ 

(8) вᾼ– ḛ ȸד ὑԜ Ȳ֯ о Ԝ Л ȴ 

(9) ӂ☼ / ד ֥ȸᴕ ֯ Ѡ ȴה ֮ϯѬ☼ Ϸ ֮ϯѬ ᾼכ

оצ ȴ 

(10) ӕỵ ȸ Ѡ ה ☼ Ѭ Ὼ ѦѬ ᾼ ӻ ȴ 

(11) ᵮ ȸKd ₤ṳᴕ ױ Л ứἤȴЛ֝ Л֝צ Kd Ȳ ӣ ’ׂ ȴ 

(12) ֮ϯѬ/ӕỵч ȸṳЛ ӕỵэ ᾬ ӢὙ ȴ֯ ᴕ ӂ ᾼ֮

ϯѬ ȴἕכ ӕỵ ᾬᾼ оᵂӣȴ 

(13) ᾬᾼ /ḛ ȸ Лᴕ ȴ֮֯ϯѬ ᾼכ ϩ ᴕצ ȴ 

 

(14) Ӣᾬᵂӣȸ ⅔ ∟֪ Ӣᾬᵂӣ Ӣ Ȳᴖ֯ ᾭ Ӣᾬᵂӣ ḀạȲ

ἕ ᵂӣױ ᾼ ȴ 
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(15) ᾼ ȸḂ ֮ϯѬ pH Ȳᵀ ᾬҔԈ Ṇ ᾼѬᾇ Є

ᾼ Ȳ֪ױ צ ȴ 

(16) ᵂӣȸ ᵅצ ⇔ Ȳ֯ Ӑ Мἕ ᾼ ȴ 

(17) ӧ Ѭ֥ᾬᶮכȸἕ Ȳ ӧכᵓᶮצ Ѭ֥ᾬ Ԉȴ 

(18) ȸἕ Ȳ֪Лᴕ ⇔☼ 200m ⇔вПᵅ ⇔ȴ 

(19) ֮( ) ☼ȸἕ ȴ 

(20) иӁȸ’ׂ╚ ⇔иέȴ 

(21) Ѭד ȸѿ ₤ ȴ 

ד (22) ȸ ᾬҔԈ Ḋ כ Ӧ֮ ȲЛᴕ Ἠ כ ȴ 

 

֥› ѻ ᵂӣ ֮ Ṇ ᾼФ ȲSKBᾼᵂᾎ╥Ԓ ԉᴶҠ

֮ ׄԓғ ᾼᵂӣ Ṇ Ȳ Ϸ╥Ṽ FEP Ἤ ẞᾼ ∂ Ȳ

ᵀ ẞׄԓ ᴷЏᵂȲ⁄ ϚḔ Ṫṷᵂӣ╥ Ϥׄԓ ᴷЏᵂȹṪṷ╥Ҡѿ

о ȹṪṷ֮ ᵂӣ Ḃ ֮ Ṇ ȹṪṷṆ ֮ ᵂӣ?

ᵓӣἬױ֪ ᾼ ֮ Ṇ ᵂӣ (ῶ 3.2~3.10)ȲҠѿ ṷṆ

ᵂӣ֯ ᴩׄԓ ᴷ ╥ᵡצᴕ ȴ֪ױ ▲ ֯ Ȳ Ҡѿᵓӣױ ẃ

ׄԓ ᴷכὨ╥ᵡᶙ ȴ 

 

3.7 SR-PSUׄԓ ᴷ▐ ה  

SR-PSUᾼׄԓ ᴷ ▐ה ֽ 3.1ἬӱȲӦѬѝ֮ Ἐ ₤ ẁ ☼

Ȳԛ ẁ Ἤ іῺ ☼ ȲῺ ∟ ẁ Ȳ

ԛ Ӣᾬ ה ∟ ẞ ᴷȲ ▐ה ᴖṕȲ ҵ ╥ ☼ ȲϷ

╥ ᵶ П☼ ȴἬ ӣП Ɫה  ȴ(compartment model)ה

 

 
3.1 SR-PSUᾼׄԓ ᴷ ▐ה  

 

ȳῺ ȳ ȳ ᴷ ᾼ▐ ֽ 3.2Ἤӱ(TR14-09-Fig.9.1)Ȳѻ ṿӣ

֯ה ☼ ṿӣ DarcyTools ȳӢᾬ ֮ῶѬѝṿӣ Mike-She ȳῺ ☼

ṿӣ Comsol-Multiphysics (Ɫ 3 צ а ᾎ▐ )ȳῺ ṿӣ

Ecolego ȳӢᾬ ᴷϷṿӣ Ecolego ȴ 
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3.2 SR-PSU ה Ἐ▐ ӱ  

 

Ὼ ׄԓ ᴷ ᵂᾎȲ ᾼѬѝ֮ о֯ SR-PSUᾼׄԓиέ ѻ Ɫ

о Ỵ оȲ Ѭѝ (ֽ֮ϯѬи ☼ )Ȳᴖ ᾼѬѝ Ɫ

ẁ 3 Ὼ Ѭѝ ᾼ ꜜ Ԉẃ ȴ ᾼв ꜜⱢᴞЏ ҵ ПѬ

ד ⇔ȲⱢӦῺ ẁȲᴖ ᾼҵ ꜜⱢ֮ Ӣᾬ ӻꜜ

ȲҠѿ ֮ϯѬ☼ ᾼ  ȴ֝דꜜ
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ҳ ȳῺ έ ᶾ  ṅשׁ

Ӑׁשṅ֯ ᶾ שׁ ПϚȲⱢ∂Ӵϡ ▀ Ṇ ПὍ ἤ

П έ Ȳ ֯ вᾼ ᴩⱢȴ ҟׁשṅֵ ᾼ ╥ ֣Ȳ

ᴖױ ᾓЛ ֥ȴӦὑ ҵ Ҡѿ Ɫѿ ⱢМїȲ ֢ Ѡ֣֣ҵ

Ȳ Ю ╥ᶁ ἤếᶁ֣ἤȲ⁄ ╥ѿ Ѡהᵧ ȴἬ ᾼ έ ѿ

ᾼ☼ҏ Ȳ ᴖế›Ϣᾼ ѩה ҵ ᴟ ᾼ ᾼ ⇔иӁ ȴ 

 

4.1 έ Ѡᾎ 

Ӑׁשṅ Ὅ ἤ ҵ♪ ȲЛ֝ ᾼ֯ Мᾼ ᾓȴ֯ МȲ

Ҡѿ ẃо ȸ 

(1) ֮ϯѬ֯ МҬѿ ȴ 

(2) МᾼὍ ἤ ╥ԓ ҏȲ֪ױЛᴕ ⇔ȴ 

(3) Ҭᴕ Ѭӂ ȲЛᴕ ₣᾿ ȴ 

(4) Ϛ ȴ 

 

ϱ Ȳ∂Ӵ Ɫ ▀ Ṇ П Ѡ ȲṳṼה ᾓ ứῴỞ Ԉế

ꜜ Ԉȴ ὑ ᾓȲҠѿ᾿ Bessel functionɲ ᾼה иѠ ᾿ה Ḗ ȷᴖ

ὑ ᾓȲ ᴩ Laplace и Ȳ֯ ᴩ Hankel Ὲ и ȲḖ

҅ Ѡ Ȳ֯∟ה ᴩϚṆԝ Ḗ Ӕᾼ ȴ☼ ֽ 4.1Ἤӱȴ 

ӐׁשṅМȲ έ иⱢ ế ȴ ╥╓ ⇔Б ẞӂ ȲЛ Ḃ ȷ

╥╓ ⇔Ữӑ ẞӂ ᴖ Ḃ Ȳᴖ   Ȳ έ Ὼὑ έ ȴ

έ ϭиⱢϡ Ȳԓ έ ᶙԓҠѿӣԉ ẗ ȷҙ έЛ ᶙԓ

ѿ ẗ Ȳ ӣ Ḗ Ὼᴿ ȴӐׁשṅМṿӣᾼ Laplace ╥ de 

HoogᾎȲ╥ ὑ Ӵ ᾎ(Fourier-series method)ᾼḂṏᾪȴDubnerế Abate(1968) Ԓ

ҏ Laplace ᾼ Ӵ ᾎȲֽ(4.1)הἬӱ: 

() ( )
~

1

2 1
Re Re cos

2

f t

f f

j

e j i j t
f t F F

T T T

a
p p

a a
¤

=

ë ûë ûè øî îå õ å õè ø= + +ì ì üüæ ö æ öé ùê ú ç ÷ ç ÷ê úî îí ýí ý
ä       (4.1) 

ẔМȲ fa╥ԉ ᾼ ȲᴖһӇ Єὑ Laplaceן ᶄ
0sȲϷ ╥ ()F s

иМ Є ᾼԉ ố ȷT╥ῶӱ j Ȳṳ ḕ ╥ ȷReῶӱ

ẗ Мᾼ иȴ 

 

Durbin  Ἤӱȸ(4.2)הḂṏȲֽ(4.1)ה

() ( )
~

1

2 1
Re Re cos

2

Im sin

f t

f f

j

f

e j i j t
f t F F

T T T

j i j t
F

T T

a
p p

a a

p p
a

¤

=

ë è øë å õ å õè ø= - + +ì ì æ ö æ öé ùê úí ç ÷ ç ÷ê úí

ûûè ø îå õ å õ
- + üüæ ö æ öé ù

ç ÷ ç ÷ê ú îýý

ä
   (4.2) 

Imῶӱ ẗ Мᾼ иȴ Ӵ ᾎҠѿ᾿ ȲT ן╥ ᾼ Ȳ

ꜙᴟצ Ͼ ҟ ẞ ἤȴⱢҒ ן ⇔ȲEulerḖếеהȲֽ(4.3)הȸ 

() ( ) ( )
~

1

1
Re 1

2

f t N
j

f f

j

e j
f t F F i

t t

a
p

a a
=

ë ûå õ
= + + -ì üæ ö

ç ÷í ý
ä       (4.3) 

faếN╥ԉ ᾼ ȴ ѩ(2)הế(1)ה Ȳן(3)ה ‍ ᶶȲ ֪╥һḥצ כ

ᾼ Sinẗ ế Cosẗ ȴ 
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֯Wangế Zhan (2015)ׁשṅМ ẞȲӦὑӭ›ḥצ έ Ҡѿ ṷ ᾼ

ἤȲ֪ױṿӣצ а ᵂ ᾼ Ȳ ϚḔ Л֝ᾼ Laplace Ѡ

ᾎȲ֯Л֝☼ ᶮȲ ὑ Peclet number ЄЊᾼן ἤ ⇔ȴ Ὠ ӱҏ de Hoogᾎ

ד ὑẔ҃ ѠᾎȲ ὑ ֣☼ȳᶁл☼ȳPeclet numberЄếЊȲ ẓצṏֻᾼן

ἤȳ ἤế ⇔ᶶ ȴ 

 

 
 

4.1 Л֝ έ П☼   
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ᴕ NUMO-TR-10-1(ЄУ ъ, 2011) ᵫМᾼ ạѠ ה ᴩḂṏȲ Ѡ ѿᴕ╥ה

ȳ ếᵮ  ᾼϚ ᾿Ṕ Ѡ Ȳה Ѡ М Л֥ ᾼ֮Ѡ╥Ȳ Ҭצ

ϚѠ֣Ȳᵀ ᾼ Ѡ֣ ╥ֵ Ѡ֣ȴ֪ױ ạѠ ѿה ▀ ṆḂ Ȳ

Мї╥֯ Ȳ ᾼḊ ╥ᶁ ἤếᶁ֣ἤȲ ᾼ ᵧ ֣ҵ

Ȳױ Ҡѿἕ ɗѠ֣ᾼ оȲҬѿ r Ѡ֣ẃ вᾼ ⇔ оȴ ֽ 4.2ȳ

4.3ἬӱȲиⱢҳ ȴ ѹ֝ד⇔⁴ ҬצѬӂѠ֣Ȳḥצ₣᾿Ѡ֣ᾼ Ἐ ȴẔה ạ

Ѡ  Ɫȸה

( ) ( )
1

1 1d d

C C
K rDe K C

t r r r
e e r e e r l

µ µ µå õ
+ - = - + -è ø è øæ öê ú ê úµ µ µç ÷

    (4.4) 

ẔМȲŮ╥ Пэ (-)ȷKd╥ ᾼи … (m3/kg)Ȳɟ╥ ᾼ ⇔(kg/ m3)ȷ

C╥ ⇔(Bq/ m3)Ȳt╥ (year)ȷr╥ (m)ȷDe╥ ֯ Мᾼ … (m2/year)ȷ

ɚ╥ ᾼ (1/year)ȴ ( )1 dKe e r+ - ῶӱ ⇔֯Ю э М ᵮ ֯Ю ῶ

ᾼ оȴ Ů ҏẃȲҠѿ ẞ ( )1
1 dKe r

e

-
+ Ȳ╥ ֪ІᾼῶӱהȲ⁄҆ RdⱢ  

( )
e

re dK
Rd

-
+=

1
1          (4.5) 

Rd╥ ᾼ ֪І[-]ȲẔ Ɫ ֯ ᾼ МȲ֪Ɫ Ю ῶ Ӣᾬ Ἠ╥

о ᵂӣȲ ѬМ ᴟỆ ῶ Ȳᴖ כ ᾼ ᵅȴ Ὅ ἤ ᾼ

֪І − ȲяẔ╥ Ё ᾼЮ М ᵑὙ Ȳ֪֯ױ ᾼ МϷ╥Ϛ ᴕ ᾼ

֪ ȴ (4.4)הϤ҅(4.5)ה ẞ 

CRd
r

C
rD

rrt

C
Rd e lee -ö

÷

õ
æ
ç

å

µ

µ

µ

µ
=

µ

µ 1
      (4.6) 

֯Ὅ ἤ ҵ♪›Ȳ вЛ ԉᴶצ  ҠѿῶӱֽϯױȲ֪֯׀

( ), 0 0C r t= =         (4.7) 

в Ɫ Ȳ֯
Kr r= ꜜ Ԉῶӱֽϯ 

( ),K KC r r t C= =          (4.8) 

ҵ Ɫ ┤ Ȳ֯
Lr r= ꜜ Ԉῶӱֽϯ 

( ),L LC r r t C= =          (4.9) 

 
4.2 ӱ  
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4.3 П Ἐ ₤ ( ) 

 

(1) έ  

Ӧὑ Ȳ ⇔Л оȲ֪҆ױ и Ɫ Ȳ(4.6)ה Ɫ 

1
0

dC
rDe Rd C

r dr dr
e l

µå õ
- =æ ö

ç ÷
       (4.10) 

֝(4.10)ה DeȲ ẞ 

1
0

d dC Rd
r C

r dr dr De

e lå õ
- =æ ö

ç ÷
       (4.11) 

(4.11)ה Ȳ ẞ 

2

2

2
2 2

2

1
0

1
0

0

d dC Rd
r C

r dr dr De

d C dC Rd
C

dr r dr De

d C dC Rd
r r r C

dr dr De

e l

e l

e l

å õ
- =æ ö

ç ÷

Ý + - =

Ý + - =

                      (4.12) 

Ѡױ Ɫה Bessel functionПᶮהȲ ẞ Ɫ 

() ( ) ( )0 0C r AI ar BK ar= +      (4.13) 

ẔМȲ҆ Rd
a

De

e l
=   

ꜜ Ԉ(4.8)הế(4.9)ה҅ϤȲ ẞ 

( ) ( ) ( )0 0K K K KC r r AI ar BK ar C= = + =     (4.14) 

( ) ( ) ( )0 0L L L LC r r AI ar BK ar C= = + =     (4.15) 

Ӵ(4.14)הế(4.15)הȲṿӣᵌἮ еהḖ Ȳ ẞ 

( ) ( )

( ) ( )

0 0

0 0

 

 

K K

L L

I ar K ar

I ar K ar
D= Ȳ

( )

( )

0

0

 

 

K K

L L

C K ar
A

C K ar
D = Ȳ

( )

( )

0

0

 

 

K K

L L

I ar C
B

I ar C
D =  
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( )

( )
( ) ( )

( ) ( )

( ) ( )
( ) ( ) ( ) ( )

0

0 0 0

0 0 0 00 0

0 0

 

 

 

 

K K

L L K L L K

K L L KK K

L L

C K ar

C K ar C K ar C K arA
A

I ar K ar I ar K arI ar K ar

I ar K ar

-D
= = =
D -

         

       (4.16) 

( )

( )
( ) ( )

( ) ( )

( ) ( )
( ) ( ) ( ) ( )

0

0 0 0

0 0 0 00 0

0 0

 

 

 

 

K K

L L L K K L

K L L KK K

L L

I ar C

I ar C C I ar C I arB
B

I ar K ar I ar K arI ar K ar

I ar K ar

-D
= = =
D -

           

      (4.17) 

ᾼ(4.17)הế(4.16)ה Ὠ҅֫(4.10)הȲ ẞ 

()
( ) ( )

( ) ( ) ( ) ( )
( )

( ) ( )
( ) ( ) ( ) ( )

( )

0 0

0

0 0 0 0

0 0

0

0 0 0 0

K L L K

K L L K

L K K L

K L L K

C K ar C K ar
C r I ar

I ar K ar I ar K ar

C I ar C I ar
K ar

I ar K ar I ar K ar

-
=

-

-
+

-

    (4.18) 

 

(2) έ (ԓ έ ) 

о(4.6)ה Ȳ ẞ 

       (4.19) 

ẔМȲ   

(4.19)ה ᴩ Laplace Ȳ и   

҆    

         (4.20) 

ꜜ Ԉ Laplace  

       (4.21) 

       (4.22) 

(4.20)ה ᴩ Hankel Ȳ Ὲ и Ȳ иѠ ה ҅כ Ѡ ȲḖה

∟ԛ ᴩ ẞ Ӕᾼ έ ȴ ᴩHankel Ȳ ế ꜜ ԈȲ

Ḗҏ ẗ ế Ȳᴖ ȲẔ(4.22)הế(4.21)הȳ(4.20)ה ẗ Ɫȸ 

    (4.23) 

Ɫ Ѡ ᾼה Ȳᴖ Ѡ  ϯȸֽה






























































