




„

” 







𝐀𝐴𝒂𝑎𝑅𝑎𝑡𝐁𝐵𝑏𝐂𝐶𝐶𝑖𝑐1, 𝑐2𝐷𝐷2𝐷𝑟𝐷(1)𝐷(2)𝑑𝒅𝑴𝒂𝒕𝐸𝐸𝑟𝑒𝑙𝐸∗𝐸′𝐸′′𝑭𝐹𝒇𝑓𝐺𝐽𝑲𝐿𝑙𝑛𝜈𝑃𝒑𝑝𝑹



𝑟𝕊𝐒𝑆𝑇𝑡𝒖𝑉𝑊𝑤𝐗𝑥𝑦𝑧𝛼𝛽𝛽1 𝛽2𝛿𝜺𝜃𝝀𝜆𝝃𝘁𝝈𝜙𝜓𝝎







𝑙

𝑎𝑅 = 𝑙𝑑𝑙 𝑑

∞

–





sprachigen „fo
flow effekt“ genannt



–





𝒑𝕊 𝛩
π 𝛷 π π

𝒑 = *sin𝛩 cos𝛷sin𝛩 sin𝛷cos𝛩 +

𝒑𝒖 Jeffrey’s 

𝒑�̇� = ,𝝎 ⋅ 𝒑 + 𝜆}𝜺 ⋅ 𝒑 , 𝜺: (𝒑 ⊗ 𝒑) 𝒑~; 
ω

𝝎 = 12 (∇𝒖𝑇 , ∇𝒖)
𝜺

𝜺 = 12 (∇𝒖𝑇 + ∇𝒖);
𝜆 = 𝑎𝑟2 , 1𝑎𝑟2 + 1 𝑎𝑟



𝒗𝑭𝑣𝐹 < 1𝑎𝑟21𝑎𝑟2 < 𝑣𝐹 < 1𝑎𝑟1𝑎𝑟 = 𝑣𝐹

𝜓(𝒑) 𝕊𝒑(𝛩,Φ)
𝜓(𝛩,𝛷) =  𝜓(𝛩 + 𝑛π, 𝛷 + 𝑛π), 𝑛 ∈ ℕ

𝜓 = ∮𝜓(𝛩,Φ)𝕊 𝑑𝕊 = ∫ ∫ 𝜓(𝛩,Φ) sin𝛩 𝑑𝛩𝑑Φ𝜋
0

2𝜋
0 = 1;

𝜕𝑊𝜕𝑡 = [, 𝜕𝜕𝑥 𝐷(1)(𝑥) + 𝜕2𝜕𝑥2 𝐷(2)(𝑥)\𝑊
𝑊 𝑥𝐷(1) 𝐷(2)



Jeffrey’s Gleichung eingesetzt werde𝐷𝑟 = 𝐶𝑖02𝜺0, 𝐶𝑖

𝜕𝜓𝜕𝑡 = ,∇ ∙ (�̇�𝜓) + 𝐷𝑟∇2𝜓
𝕊

𝒂𝑵 = 𝑎𝑖𝑗𝑘𝑙𝑚𝑛;; = ∫ ∫ 𝑝𝑖𝑝𝑗𝑝𝑘𝑝𝑙𝑝𝑚𝑝𝑛𝑝<𝜓(𝛩,Φ) sin𝛩 𝑑𝛩𝑑Φ;𝜋
0

2𝜋
0𝑁

𝒂𝟐 = 𝑎𝑖𝑗 = ∫ ∫ 𝑝𝑖𝑝𝑗𝜓(𝛩,Φ) sin 𝛩 𝑑𝛩𝑑Φ𝜋
0

2𝜋
0

𝜕𝑎𝑖𝑗𝜕𝑡 = ,12 (𝜔𝑖𝑘𝑎𝑘𝑗 , 𝑎𝑖𝑘𝜔𝑘𝑗) + 𝜆2 [𝘀𝑖𝑘𝑎𝑘𝑗 + aikεkj , 2𝘀𝑘𝑙𝑎𝑖𝑗𝑘𝑙]+ 2𝐷𝑟(𝛿𝑖𝑗 , 3𝑎𝑖𝑗);



𝑎𝑖𝑗 𝑎𝑖𝑗𝑘𝑙
𝜕𝑎𝑖𝑗𝑘𝑙𝜕𝑡 = ,(𝜔𝑖𝑚𝑎𝑚𝑗𝑘𝑙 , 𝑎𝑖𝑗𝑘𝑚𝜔𝑚𝑙)  + 𝜆[𝘀𝑖𝑚𝑎𝑚𝑗𝑘𝑙 + a𝑖𝑗𝑘𝑚ε𝑚𝑙 , 2𝘀𝑚𝑛𝑎𝑖𝑗𝑘𝑙𝑚𝑛]+ 𝐷𝑟(,20𝑎𝑖𝑗𝑘𝑙 + 2(𝑎𝑖𝑗𝛿𝑘𝑙 + 𝑎𝑖𝑘𝛿𝑗𝑙 + 𝑎𝑖𝑙𝛿𝑗𝑘 + 𝑎𝑗𝑘𝛿𝑖𝑙 + 𝑎𝑗𝑖𝛿𝑖𝑘+ 𝑎𝑘𝑙𝛿𝑖𝑗)

𝑎𝑖𝑗𝑘𝑙𝑚𝑛

𝑎𝑖𝑗<𝑘𝑘 = 𝑎𝑖𝑗<

–



𝑪∗



𝐂𝑉𝑜𝑖𝑔𝑡∗ = 𝑣𝐹𝐂𝐹 + (1 , 𝑣𝐹)𝐂𝑀

𝐂𝑅𝑒𝑢𝑠𝑠∗ = (𝑣𝐹𝐂𝐹,1 + (1 , 𝑣𝐹)𝐂𝑀,1),1𝐂𝐹 𝐂𝑀𝑣𝐹𝐂𝐹 𝐂𝑀

𝐂𝐻𝑆,∗ = 𝐂𝑀 + 𝑣𝐹((𝐂𝐹 , 𝐂𝑀),1 + 𝑣𝑀𝑺𝑀: 𝐂𝑀,𝟏),𝟏

𝐂𝐻𝑆+∗ = 𝐂𝐹 + 𝑣𝑀((𝐂𝑀 , 𝐂𝐹),1 + 𝑣𝐹𝑺𝐹: 𝐂𝑭,𝟏),𝟏
𝑣𝑀 𝑺

–

𝐂𝑀𝑇∗ = 𝐂𝑀 + 𝑣𝐹(𝐂𝐹 , 𝐂𝑀): 𝐀𝐹(𝑀𝑇)𝐀𝐹(𝑀𝑇)𝐀𝐹(𝑀𝑇) = (𝟏 + 𝑣𝑀𝐒𝑀: 𝐂𝑀,1: (𝐂𝐹 , 𝐂𝑀)),1



𝐂𝑆𝐾∗ = 𝐂𝑀 + 𝑣𝐹(𝐂𝐹 , 𝐂𝑀): 𝐀𝐹∞(𝐂𝑆𝐾∗ )
𝐀𝐹(𝑆𝐾) = 𝐀𝐹∞(𝐂𝑀 = 𝐂∗) = (𝟏 + 𝐒∗: 𝐂∗,1: (𝐂𝐹 , 𝐂𝑀)),1

–





(𝑖) 𝐂𝑖

𝐂𝜓𝑖 = ∫𝐂𝑖(𝒑)𝜓𝑖(𝒑)𝑑𝒑
1/𝐂𝜓𝑖 = ∫1/𝐂𝑖(𝒑)𝜓𝑖(𝒑)𝑑𝒑;

(𝐀𝐹(𝑀𝑇))𝑖 
(𝐀𝐹(𝑀𝑇))𝜓𝑖  = ∫(𝐀𝐹(𝑀𝑇))𝑖(𝒑)𝜓𝑖(𝒑)𝑑𝒑
𝐂𝜓𝑖 = 𝐂𝑀 + 𝑣𝐹(𝐂𝐹 , 𝐂𝑀): (𝐀𝐹(𝑀𝑇))𝜓𝑖



–



–

–





 

δ
π/2



𝐸∗
0𝐸∗0 = 𝜎𝐴𝘀𝐴 ;

𝐸′𝐸′′ (𝐸∗)2 = (𝐸′)2 + (𝐸′′)2

tan 𝛿 = 𝐸‗‗𝐸‗ ;

𝛿2𝜋𝑓



𝑓𝑠 = 𝑓 ∙ 𝑎𝑡



𝐸∗



=



𝒂2

<



𝒂2 𝜓
𝒂2 𝒑 𝒑𝕊

𝛩 𝛷



𝑡 = 1+√52 (,1   𝑡 0)(  1   𝑡 0)(,1 ,𝑡 0)(  1 ,𝑡 0)
(0 ,1   𝑡)(0   1   𝑡)(0 ,1 ,𝑡)(0   1 ,𝑡)

(  𝑡 0 ,1)(  𝑡 0   1)(,𝑡 0 ,1)(,𝑡 0   1);

𝜓𝑛𝑔𝑟𝑖𝑑
𝑟𝑒𝑓
𝐴𝑚𝑎𝑥 𝐴𝑚𝑖𝑛⁄ 𝑠𝑡𝑑(𝐴)



𝒑
𝒑

…

𝑟𝑒𝑓𝑛𝑔𝑟𝑖𝑑𝐴𝑚𝑎𝑥 𝐴𝑚𝑖𝑛 ⁄𝑠𝑡𝑑(𝐴)
𝑟𝑒𝑓𝑛𝑔𝑟𝑖𝑑𝐴𝑚𝑎𝑥 𝐴𝑚𝑖𝑛 ⁄𝑠𝑡𝑑(𝐴) <

𝑟𝑒𝑓𝑛𝑔𝑟𝑖𝑑𝐴𝑚𝑎𝑥 𝐴𝑚𝑖𝑛 ⁄𝑠𝑡𝑑(𝐴)



𝒑
𝜓



𝐿 = 𝑤𝑖𝑙𝑖· 𝑤𝑖𝑛𝑖-1𝑤𝑖 𝑙𝑖
𝑤𝑖 = 𝑁𝑖𝑁𝑖 𝑙𝑖𝐿𝑁

𝑤𝑖 = 𝑁𝑖𝑙𝑖
𝐿𝐿



𝐿𝑊 
𝑤𝑖 = 𝑁𝑖𝑙𝑖0,5

𝐿𝑁𝐿𝐿 𝐿𝑊

𝐿�̃� = 𝐿𝑁 + 𝐿𝐿2 ;



–



𝒂2𝒂2 𝑎(𝑖) 𝒂2𝑎(1) + 𝑎(2) + 𝑎(3) = 1
𝒂2 𝐵 𝑇 𝑈

𝑎(1) 𝑎(2)𝒂2,

𝑇
𝐵

𝑈



𝑥1, 𝑥2, 𝑥3

(𝐺𝑥2, 0,0)(,𝐸𝑥1 + 𝐺𝑥2, ,𝐸𝑥2, 2𝐸𝑥3)(2𝐸𝑥1, ,𝐸𝑥2, ,𝐸𝑥3)(𝐸𝑥1, 𝐸𝑥2, ,2𝐸𝑥3)

𝒂2



 𝐶𝑖 𝐶𝑚 α



0,0 1,000,20 0,600,40 0,80 𝑡

𝑡 𝑡 𝑡

𝑡 𝑡 𝑡

𝑡 𝑡 𝑡



𝑦𝑥
𝑦



𝒂2

𝑎𝑦𝑦𝑎𝑦𝑦 𝑎𝑥𝑥 𝑎𝑧𝑧
𝑥

x y x y x yx y



𝜓
𝕊



𝜓

𝑧𝑥 ,𝑦



𝒂2



𝑆 = ,∮𝜓 ln𝜓𝕊 𝑑𝕊;
𝑆

𝒂2



π

𝑓(𝑥) = (𝑑𝑖𝑥𝑤𝑖 , 𝑎𝑥𝑥)2 + (𝑑𝑖𝑦𝑤𝑖 , 𝑎𝑦𝑦)2 + (𝑑𝑖𝑧𝑤𝑖 , 𝑎𝑧𝑧)2,
∑𝑤𝑖 , 1 = 0𝑖 ;

𝑤𝑖 �̆�𝑖𝑖
𝑤𝑖 = 𝐽𝑖𝑒(𝑥𝑗𝑑𝑖𝑗+𝑥4)

𝐽𝑖 𝑥1 𝑥4
𝑑𝑖𝑗 = �̅�𝑖𝑗2�̅�𝑖𝑗

𝑹�̆� = 𝑹 ∙ 𝒑



𝑁𝜓(𝛩,𝛷)  �̂�𝑁

�̂�𝑁(𝛩,𝛷) = ∑𝛼𝑙(𝛩,𝛷)𝑁
𝑙-0 ;

𝛼𝑙(𝒑)
𝛼𝑙(𝛩, 𝛷) = ∑ 𝛽𝑙𝑚(𝛩,𝛷)𝑙

𝑚-0



𝛽𝑙𝑚(𝛩,𝛷) = )1 , 12𝛿𝑚0* (1𝜋 𝑃𝑙𝑚 cos𝛩 cos(𝑚𝛷)∮ 𝜓(𝛩,𝛷)𝑃𝑙𝑚 cos𝛩 cos(𝑚𝛷)𝕊 𝑑𝕊 
+ 1𝜋 𝑃𝑙𝑚 cos 𝛩 sin(𝑚𝛷)∮ 𝜓(𝛩,𝛷)𝑃𝑙𝑚 cos𝛩 sin(𝑚𝛷)𝕊 𝑑𝕊)

𝑃𝑙𝑚(𝜇) = (,1)𝑚√2𝑙 + 12 (𝑙 , 𝑚)!(𝑙 + 𝑚)! 12𝑙 ∙ 𝑙! (1 , 𝜇2)𝑚2 𝑑𝑚+𝑙(𝜇2 , 1)𝑙𝑑𝜇𝑚+𝑙 ;
𝛽𝑙𝑚(𝛩,𝛷)

�̂�𝑁(𝛩,𝛷)
 �̂�𝑁(𝛩,𝛷) ≥ 0; �̂�𝑁(𝛩, 𝛷)

𝑁



�̃�𝑓(𝑎2) ✓𝑓(𝑎2) ✓𝑓(𝑎2, 𝑎4)𝑓(𝑎2, 𝑎4, 𝑎6)𝑓(𝑎2, 𝑎4, 𝑎6, 𝑎8)𝑓(𝑎2, �̂�4) ✓

𝑓(𝑎2, �̂�4) ✓

𝑓(𝑎2, �̂�4) ✓

𝑓(𝑎2, 𝑎4, �̂�6)𝑓(𝑎2, �̂�4, �̂�6) ✓



𝑃𝑄
𝐸2 = ∫ (𝑃 , 𝑄)2;∞

,∞
𝐷2(𝑃‖𝑄) = 𝐷(𝑃‖𝑄) + 𝐷(𝑄‖𝑃),
𝐷(𝑃‖𝑄) = ∫ 𝑝(𝑥) ∙ log 𝑝(𝑥)𝑞(𝑥) 𝑑𝑥∞

,∞ log(𝑝(𝑥))/(𝑞(𝑥))𝑞(𝑥) 𝐷 𝑝(𝑥)𝐷 ∞ 𝑝(𝑥) 𝑞(𝑥)
𝐷 𝐷2(𝑃‖𝑄)



𝜓0𝜓0
𝜓1 𝐸𝐷2 𝜓1

𝜓2 𝜓4𝜓3𝐸 𝜓4𝜓2 𝜓3

𝝍𝟎 𝝍𝟏 𝝍𝟐 𝝍𝟑 𝝍𝟒

𝐷2 𝐷2 𝐷2 𝐷2 𝐷2𝐸 𝐸 𝐸 𝐸 𝐸

𝑣𝐹 𝑎𝑅 𝐸𝑀𝜈𝑀 𝐸𝐹 𝜈𝐹
𝜶𝑖𝑛𝑔 = {𝐸1, 𝐸2, 𝐸3, 𝐺12, 𝐺13, 𝐺23, 𝜈12, 𝜈13𝜈23| 



𝑭 = |𝜶𝑖𝑛𝑔(𝑂𝐷𝐹),𝜶𝑖𝑛𝑔(𝑅𝑒𝑘)|𝜶𝑖𝑛𝑔(𝑂𝐷𝐹) ;𝜶𝑖𝑛𝑔(𝑂𝐷𝐹)𝜶𝑖𝑛𝑔(𝑅𝑒𝑘)
𝑭 ‖𝑭‖2 = √· 0𝐹𝑖02𝑚𝑖-1

( 12π , 12π)
𝑥1 𝑥3

00 𝑥2 𝑥4

𝐷2



‖𝑭‖2

𝐷2 ‖𝑭‖2



𝑥1𝑥3
[𝑎11𝑎22𝑎33]

𝐷2 𝐷2 𝐷2 𝐷2 𝐷2‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2
SH4HY SH4E SH4IBOF SH6HYHY SH6HY

𝐷2 𝐷2 𝐷2 𝐷2 𝐷2‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2

𝑥𝑦 𝑧





𝑥1𝑥3
[𝑎11𝑎22𝑎33]

𝐷2 𝐷2 𝐷2 𝐷2 𝐷2‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2

𝐷2 𝐷2 𝐷2 𝐷2 𝐷2‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2

𝐷2 

𝑥𝑦 𝑧



𝐷2
‖𝑭‖2

‖𝑭‖2



‖𝑭‖2

𝒂2 𝒂8

0,93



0;93

𝐷2 𝐷2 𝐷2 𝐷2 𝐷2‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2

𝐷2 𝐷2 𝐷2 𝐷2 𝐷2‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 

𝐸1 𝐸2

𝑥𝑦 𝑧



𝐶11 𝐶22







∛‖𝑭‖2 = (‖𝑭‖2)FMT , (‖𝑭‖2)PG (‖𝑭‖2)FMT(‖𝑭‖2)PG
‖𝑭‖2̅̅ ̅̅ ̅̅ ̅ = (‖𝑭‖2)FMT + (‖𝑭‖2)PG𝟐





(𝒂2)𝐶𝑇(𝒂2)𝑆𝑖𝑚



(𝒂2)𝑆𝑖𝑚  =

(𝒂2)𝐶𝑇  =

𝐷2 𝐷2 𝐷2 𝐷2 𝐷2‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2 ‖𝑭‖2

𝐷2‖𝑭‖2

𝑥𝑦 𝑧



𝐸1 𝐸2

𝐸1 𝐸2











𝝃∗
𝝃∗ = 1𝑉 ∫ 𝝃𝑑𝑉𝑉



𝝃∗ = 1𝑉𝑅𝑉𝐸 ∑ 𝝃𝐼 ∙ 𝑉𝐼𝑛𝑖𝑛𝑡
𝐼-1 ;

𝑉𝐼𝐼 𝑉𝑅𝑉𝐸

– 𝑉𝐼

𝐸∗𝝈∗ 𝜺∗
𝐸𝑖∗ = 𝜎𝑖∗𝘀𝑖∗

𝑪∗

𝑗
𝘀�̅�

(𝘀�̅�)𝑗 = {1 ∙ 𝘀𝑠 𝑓ü𝑟 𝑖 = 𝑗0 𝑓ü𝑟 𝑖 > 𝑗𝘀𝑠



𝐶𝑖𝑗∗ = 𝜎𝑖∗(𝘀𝑗∗)𝑗𝑗

𝐵𝑖𝑗∗ = 𝘀𝑖∗(𝘀𝑗𝑀∗)𝑗𝘀𝑗𝑀∗

(𝘀)̅2 = }0,1,0,0,0,0~ ∙ 𝘀𝑠

+ < +

(𝘀)̅1 = }1,0,0,0,0,0~ ∙ 𝘀𝑠 (𝘀)̅6 = }0,0,0,0,0,1~ ∙ 𝘀𝑠ۉ
ۇۈۈ

𝐶11 𝐶12 𝐶13 𝐶14 𝐶15 𝐶16𝐶21 𝐶22 𝐶23 𝐶24 𝐶25 𝐶26𝐶31 𝐶32 𝐶33 𝐶34 𝐶35 𝐶36𝐶41 𝐶42 𝐶43 𝐶44 𝐶45 𝐶46𝐶51 𝐶52 𝐶53 𝐶54 𝐶55 𝐶56𝐶61 𝐶62 𝐶63 𝐶64 𝐶65 𝐶66ۋی
ۊۋ



�̆�∗�̆�𝑠𝑡𝑑
𝐂∗ = 1· 𝑉𝑖𝑛𝑅𝑉𝐸𝑖 ∑ 𝑉𝑖𝐂𝑖∗𝑛𝑅𝑉𝐸

𝑖

𝐂𝑠𝑡𝑑 = ∛ 1· 𝑉𝑖𝑛𝑅𝑉𝐸𝑖 ∑ 𝑉𝑖𝑛𝑅𝑉𝐸
𝑖 (𝐂𝑖 , 𝐂∗)2 ;

𝑉 𝑛𝑅𝑉𝐸 𝑖

Faserensemble 1

Faserensemble n 𝜎∗, 𝘀∗

𝜎∗, 𝘀∗
𝜎∗, 𝘀∗

Faserensemble 2

… … …





𝑢𝑖𝑗+ , 𝑢𝑖𝑗, = 𝘀�̅�𝑘(𝑥𝑘𝑗+ , 𝑥𝑘𝑗,);𝑢𝑗+ 𝑗, 𝑖 𝘀�̅�𝑘 𝑥𝑘
𝘀�̅�𝑘(𝑥𝑘𝑗+ , 𝑥𝑘𝑗,)𝑢𝑖𝑅𝑃

𝑢𝑖𝑗+ , 𝑢𝑖𝑗, + 𝑢𝑖𝑅𝑃 = 0
�̅�

𝑢11+ , 𝑢11, + 𝑢1𝑅𝑃1 = 0 𝑢12+ , 𝑢12, + 𝑢1𝑅𝑃2 = 0 𝑢13+ , 𝑢13, + 𝑢1𝑅𝑃4 = 0𝑢21+ , 𝑢21, + 𝑢2𝑅𝑃2 = 0 𝑢22+ , 𝑢22, + 𝑢2𝑅𝑃1 = 0 𝑢23+ , 𝑢23, + 𝑢2𝑅𝑃3 = 0𝑢31+ , 𝑢31, + 𝑢3𝑅𝑃4 = 0 𝑢32+ , 𝑢32, + 𝑢3𝑅𝑃3 = 0 𝑢33+ , 𝑢33, + 𝑢3𝑅𝑃1 = 0

𝑅𝑃1 𝑅𝑃2 𝑅𝑃4

1

2

3

2,

RP2

2+

1

2

3

2+

2,

RP1



𝑢1𝑅𝑃1 = 𝑑𝑀𝑎𝑡11 𝑢2𝑅𝑃1 = 𝑑𝑀𝑎𝑡12 𝑢3𝑅𝑃1 = 𝑑𝑀𝑎𝑡13𝑢1𝑅𝑃2 = 𝑑𝑀𝑎𝑡21 𝑢2𝑅𝑃2 = 𝑑𝑀𝑎𝑡22 𝑢3𝑅𝑃2 =  𝑑𝑀𝑎𝑡23𝑢1𝑅𝑃3 = 𝑑𝑀𝑎𝑡41 𝑢2𝑅𝑃3 = 𝑑𝑀𝑎𝑡42 𝑢3𝑅𝑃3 = 𝑑𝑀𝑎𝑡43𝑢1𝑅𝑃4 = 𝑑𝑀𝑎𝑡31 𝑢2𝑅𝑃4 = 𝑑𝑀𝑎𝑡32 𝑢3𝑅𝑃4 = 𝑑𝑀𝑎𝑡33

𝒅𝑴𝒂𝒕 = 𝘀1̅ 𝘀2̅ 𝘀3̅𝘀4̅ 𝘀4̅𝘀5̅ 𝘀5̅𝘀6̅ 𝘀6̅

�̅�
�̅� 𝜺𝑠

𝜺𝑠 𝑙𝑅𝑉𝐸�̅�∗
𝘀𝑗𝑠 = 𝑙𝑗𝑅𝑉𝐸 ∗ 𝘀�̆�∗;



𝑗 𝑛𝑗𝑗 𝒙𝒙𝐼
𝑛 𝒙𝒙𝑣𝑥𝑗+𝑣 = 𝑥𝑗,;𝑑𝐼 𝒙𝑣 𝒙𝐼

𝑑𝐼 = ‖𝒙𝐼 , 𝒙𝑣‖2;
𝑤𝐼𝑤𝐼 = 𝑑𝐼· 𝑑𝐼𝑛𝑣 ;

𝑛 = 1 𝑛 = 3 𝒙𝑣𝑛 = 2 𝒙𝑣𝒙𝐼



𝒙𝑣 𝑗𝒙𝑣 𝑗 𝒙𝑣,𝑟𝑒𝑑𝜻
[ 1𝑥1𝑣,𝑟𝑒𝑑𝑥2𝑣,𝑟𝑒𝑑\ = [ 1 1 1𝑥11,𝑟𝑒𝑑 𝑥12,𝑟𝑒𝑑 𝑥13,𝑟𝑒𝑑𝑥21,𝑟𝑒𝑑 𝑥22,𝑟𝑒𝑑 𝑥23,𝑟𝑒𝑑\ [𝘁1𝘁2𝘁3];

𝑤𝐼 =
"!!
!! 
𝘁1(2𝘁1 , 1)𝘁2(2𝘁2 , 1)𝘁3(2𝘁3 , 1)4𝘁1𝘁24𝘁2𝘁34𝘁1𝘁3 %$$

$$#

𝑖
𝑢𝑖𝑗+ , ∑ 𝑤𝐼 ∙𝑛

𝐼- 1 𝑢𝑖𝐼 + 𝑢𝑖𝑅𝑃 = 0

𝑗 𝑗
𝑗



𝑗

–

𝑉𝑣𝐹 𝑉𝐹



𝑉 = 𝑉𝐹𝑣𝐹

𝑉

𝐗i = (|𝑥𝑖,𝑚𝑎𝑥 , 𝑥𝑖,𝑚𝑖𝑛|, |𝑦𝑖,𝑚𝑎𝑥 , 𝑦𝑖,𝑚𝑖𝑛|, |𝑧𝑖,𝑚𝑎𝑥 , 𝑧𝑖,𝑚𝑖𝑛|),𝑥, 𝑦, 𝑧
𝐗F = · 𝐗𝑖𝑛𝑖-1𝑛

𝐗RVE = 𝑿𝐹 ∙ )𝑉𝑅𝑉𝐸¶𝑋𝐹*13,

…

1

…

2 4

…

3



𝑠
𝐗RVE = 𝑿𝐹 + 𝑠; 𝑠

∏(𝑋𝐹 + 𝑠)3
𝐹-1 = 𝐕RVE;

𝐗i,max/𝐗i,min
𝑎𝑖𝑖





𝐸𝑀 𝜈𝑀



𝑎𝑅
𝘀�̆�∗ 𝜺𝑠

𝜈32



𝜈32



𝑓(𝑎𝑅)𝑣𝑖𝑟𝑡 𝑎𝑅
𝑓 = (𝑎𝑅)𝑣𝑖𝑟𝑡𝑎𝑅 ;



∛𝑥 ∛𝑦



zu einer !rt „Überbrückungseffekt“, bei denen der Kraftfluss 

𝑥
𝑦 ∛𝑦

∛𝑥

Fall 1:∛𝑥 = 𝑚𝑖𝑛 ∛𝑦 = 𝑚𝑖𝑛 Fall 2:∛𝑥 = 𝑚𝑎𝑥 ∛𝑦 = 𝑚𝑖𝑛 Fall 3:∛𝑥 = 𝑚𝑖𝑛 ∛𝑦 = 𝑚𝑎𝑥 Fall 4:∛𝑥 = 𝑚𝑎𝑥 ∛𝑦 = 𝑚𝑎𝑥



𝐸𝑀𝜈𝑀 𝘀�̆�∗

�̆�𝐸𝑛𝑠∗ = �̆�𝐸𝑛𝑠𝑠𝑡𝑑 =



11𝑪11∗𝑪11∗

�̆�11𝑠𝑡𝑑





 𝑉𝑝(𝜎)
𝑝(𝜎) = 1· 𝑉𝑖𝑛𝑅𝑉𝐸𝑖 ∑ 𝑉𝑖𝑝𝑖(𝜎)𝑛𝑅𝑉𝐸

𝑖 ,
𝑛𝑅𝑉𝐸

𝑝𝑖(𝜎)





𝒂2 𝑒𝑖𝑔(𝒂2)  =  }0,8 0,15 0,05~



�̆�𝐹𝑂𝑉∗ = �̆�𝐹𝑂𝑉𝑠𝑡𝑑 =

�̆�𝑃𝐺∗ = �̆�𝑃𝐺𝑠𝑡𝑑 =

�̆�𝐹𝑀𝑇∗ = �̆�𝐹𝑀𝑇𝑠𝑡𝑑 =

<



𝐶1̅1∗



𝐶11



𝑒𝑖𝑔(𝑎2)



�̆�∗�̆�𝑠𝑡𝑑

�̆�𝐹𝐿𝑉∗ = �̆�𝐹𝐿𝑉𝑠𝑡𝑑 =



�̆�𝐿𝑁∗ = �̆�𝑁𝑠𝑡𝑑 =

�̆�𝐿𝑊∗ = �̆�𝑊𝑠𝑡𝑑 =

�̆�𝐿𝐿∗ = �̆�𝐿𝑠𝑡𝑑 =
�̆�∗



𝐶11





�̆�∗ �̆�𝑠𝑡𝑑

�̆�𝑆𝑉𝐸∗ = �̆�𝑆𝑉𝐸𝑠𝑡𝑑 =
𝐶11

 RVE: 𝑣𝐹 = 𝑐𝑜𝑛𝑠𝑡;SVE: 𝑣𝐹, 1 > 𝑣𝐹, 2



𝐶11



𝑪𝑠𝑡𝑑/𝑪∗



𝐶11





𝐸𝐼𝜈𝐼

�̆�∗�̆�𝑠𝑡𝑑 𝐸𝐼

�̆�𝐼10∗ = �̆�𝐼10𝑠𝑡𝑑 =
𝐸𝐼



�̆�𝐼2∗ = �̆�𝐼2𝑠𝑡𝑑 =







𝜎𝑀𝑖𝑠𝑒𝑠 𝜎𝑀𝑖𝑠𝑒𝑠



𝘀𝑀∗𝘀∗

�̆�𝑉𝐸∗�̆�𝑉𝐸𝑠𝑡𝑑

�̆�𝑉𝐸∗ = �̆�𝑉𝐸𝑠𝑡𝑑 =







;
„weicheren“ !nbin-





;



𝑛𝑑 𝑛𝑑𝑉𝑆 𝑉𝑆 = 𝑛𝑑𝑛𝑆𝑛𝑆





𝑙 = √𝑉𝑠3





1,0 mm 0,25 mm



;
die „globale“ Hauptdehnung 









𝑝(𝜎)
𝜎𝑘𝑟𝑖𝑡,𝑃𝐵𝑇

𝐴𝑘𝑟𝑖𝑡 = ∫ 𝑝(𝜎)∞
𝜎𝑘𝑟𝑖𝑡,𝑃𝐵𝑇 𝑑𝜎;



𝐶𝑘𝑢𝑚,𝑥 𝑥 𝑥



𝘀𝑪𝑘𝑢𝑚,𝑥 𝝈𝑘𝑢𝑚,𝑥𝜎𝑘𝑟𝑖𝑡

(𝜎𝑘𝑢𝑚,𝑥)𝑚𝑖𝑠𝑒𝑠  = 𝜎𝑘𝑟𝑖𝑡
𝝈𝑘𝑢𝑚,𝑥 = 𝑪𝑘𝑢𝑚,𝑥 ∙ 𝜺

𝑥𝑥𝑥
𝑥𝑥𝑥









𝒂2

𝒂2 𝒂2 𝑎𝑖𝑖

𝑎𝑖𝑖 = 𝐴𝑖 ∙ (1 , 𝑠1) + 𝐵𝑖 ∙ (1 , 𝑟2) ∙ 𝑠1 + 𝐶𝑖 ∙ 𝑟2 ∙ 𝑠1
𝐀,𝐁, 𝐂 = }1,0,0~, }0,1,0~, }0,0,1~

𝑠𝑖 = √𝑟𝑖𝑟𝑖





𝐸𝑀𝜈𝑀 0,42𝑎𝑅𝑣𝐹𝑎𝑖𝑖

𝑎𝑖𝑖 



𝑗 𝑣𝑖𝑗
𝑥𝑖  𝑦𝑖



𝑣𝑖𝑗  𝑣𝑘𝑗,1𝑣𝑖𝑗 𝑓𝐴𝑗 𝑤𝑖𝑘𝑗 𝑏𝑘𝑗
𝑣𝑖𝑗 = 𝑓𝐴𝑗(𝑤𝑖𝑘𝑗 𝑣𝑘𝑗,1 + 𝑏𝑖𝑗); 𝑤𝑖𝑘𝑗  𝑏𝑖𝑗 𝑓𝑇  

𝛽1 𝛽2 𝑦𝑖𝑝𝑟𝑒𝑑𝑦𝑖𝑑𝑎𝑡𝑎
𝑓𝑇 = 1𝑛 ∑(𝑦𝑖𝑑𝑎𝑡𝑎 , 𝑦𝑖𝑝𝑟𝑒𝑑 )2𝑛

𝑖-1 ;

𝑦1
𝑦2

𝑦𝑚

𝑥1
𝑥2

𝑥𝑛

… … … … ……

…

…

…

…

𝑤𝑛1𝑤11𝑣11, 𝑏11

𝑤𝑛𝑙

𝑣12, 𝑏12

𝑤1𝑙𝑣𝑙2, 𝑏𝑙2



𝑦𝑖𝑑𝑎𝑡𝑎 = 𝑦𝑖𝑑𝑎𝑡𝑎 , 𝑦𝑖𝑚𝑖𝑛𝑦𝑖𝑚𝑎𝑥 , 𝑦𝑖𝑚𝑖𝑛 ;
𝐶11 𝐶12

𝑓𝐴(𝑥) = {𝛼 ∙ (exp(x) , 1)𝑥 |𝑥 < 0𝑥 = 0|
𝛼 𝑥

𝐸𝑀 𝑛𝑢𝑀 𝑎𝑅 𝑣𝐹 𝑎11 𝑎22 𝐶11 𝐶12 𝐶13 𝐶22 𝐶23 𝐶33 𝐶44𝐶55 𝐶66





ner „ “



𝐸𝑟𝑒𝑙 = 𝐶𝑑𝑎𝑡𝑎 , 𝐶𝑝𝑟𝑒𝐶𝑑𝑎𝑡𝑎𝐶𝑑𝑎𝑡𝑎



𝐶12, 𝐶13, 𝐶23 𝐶44, 𝐶55, 𝐶66
𝐶11, 𝐶22, 𝐶33

𝐶11 𝐶12 𝐶22 𝐶44𝐸𝑀 𝑛𝑢𝑀 𝑎𝑅 𝑣𝐹



𝐸𝑀𝜈𝑀𝑎𝑅𝑣𝐹𝑒𝑖𝑔(𝒂2)
𝐶11 𝐶22𝐶12 𝑎𝑅𝑣𝑓

𝐶12

𝐶44 𝐸𝑀



𝐶44 



𝐿�̃�





𝒂11

𝒂22



𝐸 𝜈



























– – –



h, S;, Jack, D;, SMITH, D;E;: The Fast Exact Closure for Jeffery’s equation 

Cintra, J;S;, Tucker, C;L;: Orthotropic closure approximations for flow-induced fiber orien-

–



–



–





linear mechanical properties of composites; Comptes Rendus de l’!cadémie des sciences;

–



–

İ;, Feng, Y;, Moore, E;W;, VanderPlas, J;, Laxalde, D;, Perktold, J;, Cimrman, R;, Henriksen

—



–

–







–



–





𝐶𝑖𝐶𝑚
α



𝐶𝑖𝐶𝑚
α



X Y  





𝜓

𝑧𝑥 𝑦





𝜓

𝑧𝑥 𝑦





𝜓

𝑧𝑥 𝑦





𝜓

𝑧𝑥 𝑦





𝜓

𝑧𝑥 𝑦





𝜓

𝑧𝑥 𝑦























100 µm𝒂2 𝑒𝑖𝑔(𝒂2)





𝒂2𝑒𝑖𝑔(𝑎2) �̅� 𝜺𝑠𝘀�̆�∗𝐸𝑀 𝜈𝑀

𝐸∗ 𝐸𝑟𝑒𝑓∗
𝐸 = 1 , 𝐸∗𝐸𝑟𝑒𝑓∗ ;

𝑛𝑖𝑛𝑡/𝑉𝑅𝑉𝐸𝑛𝑖𝑛𝑡 𝑉𝑅𝑉𝐸





𝑲 ∙ 𝒖 = 𝒇𝑲 𝒖 𝒇 

100 µm



𝒂2 𝑒𝑖𝑔(𝑎2) 







𝘀𝑠 𝐸𝑀 𝜈𝑀𝘀𝑠 𝐸𝑀 𝜈𝑀𝘀𝑠 𝐸𝑀 𝜈𝑀𝘀𝑠 𝐸𝑀 𝜈𝑀𝘀𝑠 𝐸𝑀 𝜈𝑀𝘀𝑠 𝐸𝑀 𝜈𝑀𝘀𝑠 𝐸𝑀 𝜈𝑀𝘀𝑠 𝐸𝑀𝜈𝑀



𝜺𝒔 𝑬𝑴 𝝂𝑴 𝟎, 𝟓 µ𝐦
𝑬𝑰𝝂𝑰𝘀𝑠𝘀𝑠

𝐸𝑀 𝜈𝑀𝘀𝑠
𝐸𝑀 𝜈𝑀𝘀𝑠 𝘀𝑠𝘀𝑠 𝐸𝑀 𝜈𝑀

𝑎2

𝑎2






