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8 12 𝑛𝑚 20%

















𝑄1 𝑄2

𝐷

𝐹 = −
𝑄1𝑄2

4𝜋휀휀0𝐷2

𝑄1 𝑄2 𝐷

𝑉 =
𝑄1𝑄2
4𝜋휀휀0𝐷

휀



𝜆 = 𝑄𝑑 ∙ 𝑑

𝑄

𝑉 = −
𝑄𝜆 cos 𝜗

4𝜋휀0𝐷2

ϑ



𝑉 = −
𝑄2𝜆2

6(4𝜋휀0)2𝑘𝐵𝑇𝐷4

𝐷−4 𝐷−2

𝑉 =
𝜆1𝜆2
4𝜋휀0𝐷3

(2 cos 𝜗1 cos 𝜗2 − sin 𝜗1 sin 𝜗2 cos𝜙)

𝜗1 = 𝜗2 = 0°

𝑉 = −
𝜆1𝜆2
2𝜋휀0𝐷3



𝑊(ℎ) = 4휀 [(
𝜎

ℎ
)
12

− (
𝜎

ℎ
)
6

]

휀 𝜎

ℎ

ℎ

𝐹(ℎ) = 24
휀

𝜎
[2 (

𝜎

ℎ
)
13

− (
𝜎

ℎ
)
7

]

2.5𝜎





𝑉 = −
𝜆1
2𝜆2
2

3(4𝜋휀0)2𝑘𝐵𝑇𝐷6
= −

𝐶𝑜𝑟𝑖𝑒𝑛𝑡
𝐷6

𝑉 =
𝜆2𝛼

(4𝜋휀0)2𝐷6
= −

𝐶𝑖𝑛𝑑
𝐷6



ℎ𝑣1 ℎ𝑣2

𝑉 = −
3

2

𝛼1𝛼2
(4𝜋휀0)2𝐷6

ℎ𝑣1𝑣2
(𝑣1 + 𝑣2)

= −
𝐶𝑑𝑖𝑠𝑝

𝐷6

𝑉𝑣𝑑𝑊 = −
𝐶𝑣𝑑𝑊
𝐷6

𝐶𝑣𝑑𝑊 = 𝐶𝑜𝑟𝑖𝑒𝑛𝑡 + 𝐶𝑖𝑛𝑑 + 𝐶𝑑𝑖𝑠𝑝

1 𝐷6⁄

𝑉𝐴𝐵 = −
𝐶𝐴𝐵
𝐷6



𝐶𝐴𝐵

𝐶𝑡𝑜𝑡𝑎𝑙

𝜌𝐴 𝜌𝐵

𝐴𝐻 = 𝜋2𝐶𝐴𝐵𝜌𝐴𝜌𝐵

𝐴𝐻

𝐴132 ≈
3

4
𝑘𝐵𝑇 (

휀1 − 휀3
휀1 + 휀3

) (
휀2 − 휀3
휀2 + 휀3

) +⋯



⋯+
3ℎ𝑣𝑒

8√2

(𝑛1
2 − 𝑛3

2)(𝑛2
2 − 𝑛3

2)

√𝑛1
2 + 𝑛3

2√𝑛2
2 + 𝑛3

2 ∙ (√𝑛1
2 + 𝑛3

2 +√𝑛2
2 + 𝑛3

2)

𝐴131 =
3

4
𝑘𝐵𝑇

휀1 − 휀3
휀1 + 휀3

+
3𝜋ℎ𝑣𝑒

8√2

(𝑛1
2 − 𝑛3

2)2

(𝑛1
2 + 𝑛3

2)
3
2⁄

𝐴𝐻−132

𝐴𝐻−132 ≈ ±√𝐴𝐻−131𝐴𝐻−232



𝐴𝐻−132 ≈ (√𝐴𝐻−11 −√𝐴𝐻−33)(√𝐴𝐻−22 −√𝐴𝐻−33)

𝐹 𝐴𝐻 𝐹

𝐴𝐻

𝑾 −𝒅𝑾 𝒅𝒉⁄

−
𝐶

𝐷6
−
6𝐶

𝐷7

−
𝐴𝐻
6𝐷

(
𝑅1𝑅2
𝑅1 + 𝑅2

) −
𝐴𝐻
6(𝐷)2

(
𝑅1𝑅2
𝑅1 + 𝑅2

)

−
𝐴𝐻𝑅

6𝐷
−
𝐴𝐻𝑅

6(𝐷)2



∆𝛾

𝐷0

𝐷0 ≈ 4Å

∆𝛾 =
𝐴𝐻

12𝜋𝐷0
2

𝛾𝑠

∆𝛾 = 2𝛾𝑠

𝛾𝑠 =
𝐴𝐻

24𝜋𝐷0
2

𝐹𝑎𝑑ℎ = 4𝜋𝛾𝑠𝑅
∗

𝑅∗ =
𝑅1𝑅2

𝑅1+𝑅2
𝑅1 𝑅2



𝜃 = 0°

𝛾𝑆𝐿 = 𝛾𝑆𝑉 − 𝛾𝐿𝑉 cos 𝜃

𝛾𝑆 𝛾𝐿 𝛾𝑉



 

- 𝜃 < 90°

- 

 

- 90° < 𝜃 < 150°

- 

 

- 𝜃 > 150°

- 

𝛾𝐿 𝛾𝑆

𝛾𝑆𝐿

∆𝛾 = 𝛾1 + 𝛾2 − 𝛾12

∆𝛾 = 𝛾1 + 𝛾2 − 2√𝛾1𝛾2



∆𝛾 = 𝛾13 + 𝛾23 − 𝛾12

𝑹𝒂

𝑧

𝑅𝑎

𝐶𝐿𝐴

𝑅𝑎 =
1

𝐿
∫ |𝑧(𝑥)| 𝑑𝑥
𝐿

0



𝑧

𝑅𝑞 = 𝑅𝑀𝑆 = √
1

𝐿
∫ 𝑧2(𝑥) 𝑑𝑥
𝐿

0

𝐹𝑎𝑑ℎ =
𝐴𝐻𝑅

6𝐷2
[
𝑟

𝑟 + 𝑅
+

1

(1 +
𝑟
𝐷)

2]



𝑅𝑀𝑆 𝑟 = 1.485𝑅𝑀𝑆

𝑅𝑀𝑆

𝑟

𝑦𝑚á𝑥

𝑅𝑀𝑆 𝜆

𝑟 =
𝜆2

58𝑅𝑀𝑆
=
0.0172𝜆2

𝑅𝑀𝑆

𝑦𝑚á𝑥 = 𝑘1𝑅𝑀𝑆 𝑘1 𝑅𝑀𝑆

𝑘1 = 1.82

𝐹𝑎𝑑ℎ =
𝐴𝐻𝑅

6𝐷2
[

1

1 + (
32𝑅𝑦𝑚á𝑥

𝜆2
)
+

1

(1 +
𝑦𝑚á𝑥
𝐷 )

2]



𝑅𝑀𝑆, 𝜆 𝑟

𝜆 ≪ 4𝑟 𝑅𝑀𝑆 ≪ 𝜆 14.5⁄

𝑓 = 𝜏𝐴 𝜏 𝐴







𝑅

𝐾 =
4

3
∙ [(1 − 𝜈1

2) 𝐸1⁄ + (1 − 𝜈2
2) 𝐸2⁄ ]−1

𝐹𝑎𝑑ℎ(𝐽𝐾𝑅) =
3

2
𝜋∆𝛾𝑅

𝑎0(𝐽𝐾𝑅) = (
6𝜋∆𝛾𝑅2

𝐾
)

1
3⁄



𝐹𝑎𝑑ℎ(𝐷𝑀𝑇) = 2𝜋∆𝛾𝑅

𝑎0(𝐷𝑀𝑇) = (
2𝜋∆𝛾𝑅2

𝐾
)

1
3⁄

𝜓 = (
Δ𝛾2𝑅∗

𝐸∗2𝐷0
3)

1
3⁄

𝜓

𝜓



∆𝛾

∆𝛾

𝜎0

𝛿𝑡 ∆𝛾 = 𝜎0 ⋅  𝛿𝑡

𝜆𝑀 𝜓



𝜆𝑀 = 2𝜎0 (
𝑅∗

𝜋 ∙ Δ𝛾 ∙ 𝐾2
)

1
3⁄

𝜎0

𝐷0 𝛿𝑡 = 0.97𝐷0

𝜆𝑀

𝜓 𝜆𝑀 = 1.1570𝜓

𝜆𝑀 𝜆𝑀 >

5 𝜆𝑀 < 0.1

𝜆𝑀

𝑎



𝜆𝑀

𝜆𝑀

𝑎 = 𝑎0(𝛼)

(

 
𝛼 + √1 − 𝐹 𝐹𝑎𝑑ℎ(𝛼)⁄

1 + 𝛼

)

 

2
3⁄

𝛼 𝑎0

𝛼 = 1

𝛼 = 0

0 < 𝛼 < 1

𝛼



𝜆𝑀 = −0.924 ln(1 − 1.02𝛼)

𝐹𝑎𝑑ℎ 𝑎0

𝜆𝑀

�̂�𝑎𝑑ℎ(𝜆𝑀) =
𝐹𝑎𝑑ℎ
𝜋∆𝛾𝑅

�̂�0(𝜆𝑀) = 𝑎0 ∙ (
𝐾

𝜋∆𝛾𝑅2
)

1
3⁄

�̂�𝑎𝑑ℎ(𝜆𝑀) �̂�0(𝜆𝑀)

�̂�𝑎𝑑ℎ(𝜆𝑀) = −
7

4
+
1

4
∙ (
4.04 ∙ 𝜆𝑀

1.4 − 1

4.04 ∙ 𝜆𝑀
1.4 + 1

)

�̂�0(𝜆𝑀) = 1.54 + 0.279 ∙ (
2.28 ∙ 𝜆𝑀

1.3 − 1

2.28 ∙ 𝜆𝑀
1.3 + 1

)

𝜆𝑀

1%

0.1%





𝑅 < 0.5 𝑚𝑚

𝐹𝑙𝑖𝑓𝑡 > 𝐹𝑎𝑑ℎ

𝐹𝑑𝑟𝑎𝑔 > 𝜇𝑠(𝐹𝑎𝑑ℎ − 𝐹𝑙𝑖𝑓𝑡)

𝑀𝑑𝑟𝑎𝑔 +𝑀𝑙𝑖𝑓𝑡 > 𝑀𝑎𝑑ℎ



𝑅

𝜂 𝑣

𝐹𝑑
∗ = 6𝜋𝑅𝜂𝑣

𝐹𝑑 = 1.7005 ∙ 6𝜋𝑅𝜂𝑣

𝐹𝑑 = 𝜇𝐹𝑎𝑑ℎ = 1.7005 ∙ 6𝜋𝑅𝜂𝑣



𝜏𝑤 = 𝜂
𝑑𝑣

𝑑𝑥

𝜏𝑑 =
𝜇𝐹𝑎𝑑ℎ

32.0537𝑅2

𝜏𝑑



𝑀𝑎

𝑀𝑑)

𝑀𝑎𝑑ℎ

𝑀𝑑
= 0.3

∆𝛾
4
3⁄

𝑅
4
3⁄ 𝐾

1
3⁄ 𝜂�̇�

< 1

𝑀𝑎𝑑ℎ =
3

2
𝜋∆𝛾𝑅 ∙ 1.26(3𝜋∆𝛾𝑅2/𝐾)

1
3⁄

𝑀𝑑 = 1.399 ∙ 1.7 ∙ 6𝜋𝜂�̇�𝑅2

𝜂 �̇�

1.399𝑅

𝑎0
𝑅⁄ > 0.1

𝛿

𝛿 = 𝑅 − (𝑅2 − 𝑎0
2)
1
2⁄

𝐹𝑙𝑖𝑓𝑡)



𝜏

�̇�



𝑛

𝜏 = 𝐾(�̇�)𝑛

𝐾 𝑛

𝑛 < 1

𝑛 > 1

𝑛 = 1

𝑅𝑒 𝑛

𝑅𝑒

𝑹𝒆 4 × 103 1.2 × 105
2 × 105

4 × 105
7 × 105

1.3 × 106
1.5 × 106

3.2 × 106

𝒏 6 7 8 9 10



𝜂 = 0.00304 
𝑘𝑔

𝑚 ∙ 𝑠⁄

𝜂 = 𝜂0(�̇�)
𝑛−1

𝜂0 = 0.035 
𝑘𝑔

𝑚 ∙ 𝑠⁄ 𝑛 = 0.6

𝜂 = 𝜂∞ + [𝜂0 − 𝜂∞][1 + (𝜆�̇�)
2]
𝑛−1

2⁄

𝜆 = 3.313𝑠 𝑛 = 0.3568 𝜂0 = 0.056 
𝑘𝑔

𝑚 ∙ 𝑠⁄ 𝜂∞ = 0.00345 
𝑘𝑔

𝑚 ∙ 𝑠⁄

𝜂 = 𝑘𝑒
𝑇0
𝑇 �̇�𝑛−1

𝑘 = 0.00622 𝑛 = 0.7 𝑇0 = 310𝐾



𝑊𝑜 = 𝑅𝑡√
𝜌𝜔

𝜂

𝑅𝑡 𝜔 𝑊𝑜

𝑊𝑜

𝑊𝑜

20 30 𝑚𝑚

5 10 𝜇𝑚

𝑅𝑒



𝑅𝑒 < 1

𝑅𝑒 𝑊𝑜

𝒎𝒎
𝒎 𝒔⁄ 𝑹𝒆 𝑾𝒐

15 1.2 4500 13.2

13 1.05 3400 11.5

9 0.55 1250 8

4 1.0 1000 3.5

0.5 0.75 0.09 0.04

0.006 0.07 0.001 0.005

0.04 0.35 0.035 0.035



2200 𝑘𝑔 𝑚3⁄ 87 𝐺𝑃𝑎 29.6 × 10−20 𝐽 0.22



1400 𝑘𝑔 𝑚3⁄ 1.25 𝑇𝑃𝑎 2.842 × 10−20 𝐽 0.186



2200 𝑘𝑔 𝑚3⁄ 0.5 𝐺𝑃𝑎 2.75 × 10−20 𝐽 0.46



𝜎 − 휀

𝑛

𝒏



휀 =

{
 
 

 
 

𝜎

𝐸
+ 0.002 (

𝜎

𝜎𝑦
)

𝑛

 

0.002 +
𝜎𝑦

𝐸
+
𝜎 − 𝜎𝑦

𝐸𝑦
+ 휀𝑢 (

𝜎 − 𝜎𝑦

𝜎𝑢 − 𝜎𝑦
)

𝑚

 𝑛 0.01% 0.02%

 𝐸𝑦

𝐸𝑦 = 𝐸/(1 + 0.002𝑛 𝐸 𝜎𝑦⁄ )

 휀𝑢 𝜎𝑢

𝜎𝑢 = 1 − 𝜎𝑦/𝜎𝑢

 𝑚 𝑚 = 1 + 3.5𝜎𝑦/𝜎𝑢



𝑊

𝐼1 𝐼2 𝐼3





𝐼1 𝐼2 𝐼3

𝜆1 𝜆2 𝜆3

𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2

𝐼2 = 𝜆1
2𝜆2
2 + 𝜆1

2𝜆3
2 + 𝜆2

2𝜆3
2

𝐼3 = 𝜆1
2𝜆2
2𝜆3
2

𝑖

𝜆𝑖 = 1 + 휀𝑖



0.5

𝐼3 = 1

𝑊 = 𝐶10(𝐼1 − 3) + 𝐶01(𝐼2 − 3) + 𝐶20(𝐼1 − 3)
2 + 𝐶11(𝐼1 − 3)(𝐼2 − 3) + 𝐶30(𝐼1 − 3)

3



𝜆1 = 𝜆              𝜆2 =
1

√𝜆

𝜎𝑢𝑛𝑖𝑎𝑥𝑖𝑎𝑙 = 2𝐶10 (𝜆 −
1

𝜆
) + 2𝐶01 (1 −

1

𝜆3
) + 6𝐶11 (𝜆

2 − 𝜆 − 1 +
1

𝜆2
+
1

𝜆3
−
1

𝜆4
)

+ 4𝐶20𝜆 (1 −
1

𝜆3
) (𝜆2 +

2

𝜆
− 3) + 4𝐶02 (2𝜆 +

1

𝜆2
− 3) (1 −

1

𝜆3
)

𝑅𝑒𝑠𝑡𝑟𝑖𝑐𝑐𝑖𝑜𝑛𝑒𝑠: {

𝐶10 + 𝐶01 > 0
𝐶02 < 0
𝐶20 > 0

𝐶20 + 𝐶11 + 𝐶02 > 0



𝐾 = 2
𝐶10 + 𝐶01
1 − (2𝜈)

[𝑴𝑷𝒂] [𝑴𝑷𝒂]

𝐶10 0.0189 −0.49596

𝐶01 0.00275 0.50661

𝐶20 0.59043 3.6378

𝐶11 0.00275 1.19353

𝐶02 0 4.73725





𝑑𝑒 𝐹𝑎𝑑ℎ 𝐸

𝒅𝒆
𝒅𝒆

𝑭𝒂𝒅𝒉 𝑭𝒂𝒅𝒉 𝑬 𝑬

26.4 𝑛𝑚 22.6 𝑛𝑚 24.1 ± 0.7 𝑛𝑁 0.19 ± 0.12 𝑛𝑁 36.6 ± 4.4 𝐺𝑃𝑎 0.39 ± 0.15 𝐺𝑃𝑎

12.0 𝑛𝑚 14.4 𝑛𝑚 50.5 ± 1.5 𝑛𝑁 0.15 ± 0.13 𝑛𝑁 22.6 ± 2.7 𝐺𝑃𝑎 0.47 ± 0.14 𝐺𝑃𝑎



𝐹𝑎𝑑ℎ−𝐿𝐷𝐿 = 24.1 𝑛𝑁

𝛾𝑠−𝐿𝐷𝐿 = 0.2906 𝑁 𝑚⁄

𝛾𝑠−𝐿𝐷𝐿 =
𝐹𝑎𝑑ℎ−𝐿𝐷𝐿
2𝜋𝑅𝐿𝐷𝐿

𝐹𝑎𝑑ℎ−𝐻𝐷𝐿 = 50.5 𝑛𝑁

𝛾𝑠−𝐻𝐷𝐿 = 1.3396 
𝑁
𝑚⁄

𝛾𝑠−𝐻𝐷𝐿 =
𝐹𝑎𝑑ℎ−𝐻𝐷𝐿
2𝜋𝑅𝐻𝐷𝐿

𝐷
𝑅 𝑅



𝐷 = 𝐷0

𝐴𝐻 =
12 𝐹𝑎𝑑ℎ𝐷0

2

𝑅

𝐴𝐻−𝐿𝐷𝐿 = 3.51 × 10
−18 𝐽

𝐴𝐻−𝐻𝐷𝐿 = 16.16 × 10−18 𝐽

𝛾𝑆 = 43 ± 4 
𝑚𝐽

𝑚2

𝛾𝑆 = 42 𝑚𝐽
𝑚2

𝛾𝑆 = 47 
𝑚𝐽

𝑚2

𝐴𝐻−𝑆𝑆 = 5.1874 × 10−19 𝐽



0.015 ± 0.002 𝜇𝑚

𝛾𝑆 = 31 ± 1 
𝑚𝐽

𝑚2

𝐴𝐻−𝑛𝑖𝑡𝑖𝑛𝑜𝑙 = 3.7398 × 10−19 𝐽

𝐴𝐻−𝐵 = 1.8023 × 10
−19 𝐽

𝜺 𝒏 𝝂𝒆 𝒉 𝑻 𝒌𝑩

1.6925
1.301

≈ 3 × 1015 𝑠−1
6.6261

× 1034  
𝑘𝑚2

𝑠

293.15 𝐾
1.3806

× 10−23  
𝐽

𝐾
1.0006

1.0003

𝐴𝐻−𝐵



𝑅𝑎

𝑅𝑀𝑆

𝟏𝟎 × 𝟏𝟎 𝝁𝒎 𝟓 × 𝟓 𝝁𝒎

[𝒏𝒎]
𝑹𝑴𝑺

[𝒏𝒎𝟐] [𝒏𝒎]
𝑹𝑴𝑺

[𝒏𝒎𝟐]

66 ± 20 81 ± 28 101 ± 0.24 37 ± 21 40 ± 26 40 ± 44

47 ± 10 60 ± 15 101 ± 1 38 ± 19 48 ± 28 26 ± 1

62 ± 30 80 ± 40 102 ± 2 25 ± 7 32 ± 10 26 ± 0.5

25 ± 10 37 ± 18 110 ± 9 34 ± 33 49 ± 48 27 ± 2

31 ± 31 46 ± 44 113 ± 23 22 ± 20 45 ± 70 28 ± 5

32 ± 20 47 ± 33 104 ± 5 24 ± 38 34 ± 49 27 ± 4



50 80 𝑛𝑚

𝑅𝑎 14.77 𝑛𝑚

𝑦𝑚á𝑥 𝜆

𝒏𝒎

± 𝑺𝑫 ± 𝑺𝑫

13.13 ± 1.56 15.01 ± 1.79



𝜆

𝜆 𝑦𝑚á𝑥

𝑅𝑎 = 13.13 𝑛𝑚 𝑅𝑎 = 25 𝑛𝑚

𝑅𝑀𝑆 = 17.069 𝑛𝑚 𝑅𝑀𝑆 = 37 𝑛𝑚

𝑦𝑚á𝑥 = 31.0656 𝑛𝑚 𝑦𝑚á𝑥 = 67.34 𝑛𝑚

𝜆 = 1666.7 𝑛𝑚 𝜆 = 898.4 𝑛𝑚



𝜆 = 4𝑟







1.399𝑅 − 𝛿 𝛿 = 𝑅 − (𝑅2 − 𝑎0
2)
1
2⁄

𝑎0

𝐵

𝑀𝑎𝑑ℎ = 𝑀𝑑

𝑀𝑎𝑑ℎ 𝐹𝑎𝑑ℎ

𝑎0



𝑀𝑎𝑑ℎ = 𝜋
4
3⁄ ∙ �̂�0 ∙ �̂�𝑎𝑑ℎ ∙

∆𝛾
4
3⁄  𝑅

5
3⁄

𝐾
1
3⁄

𝑀𝑑 𝑀𝑑 = (1.399𝑅 − 𝛿)𝐹𝑑

𝐹𝑑 = 1.7005 ∙ 6𝜋𝜂�̇�𝑅2

𝑀𝑑 = 14.274𝜋𝜂�̇�𝑅2√𝑅2 − 𝑎0
2

𝜋
4
3⁄ ∙ �̂�0 ∙ �̂�𝑎𝑑ℎ ∙

∆𝛾
4
3⁄  𝑅

5
3⁄

𝐾
1
3⁄

= 14.274𝜋𝜂�̇�𝑅2√𝑅2 − 𝑎0
2

𝑀𝑎𝑑ℎ

𝑀𝑑
< 1

0.1026 ∙ �̂�0 ∙ �̂�𝑎𝑑ℎ

√𝑅2 − 𝑎0
2

∙
∆𝛾

4
3⁄

𝑅
1
3⁄ 𝐾

1
3⁄ 𝜂�̇�

< 1



𝑅 𝑎0 → 0

�̇� = 𝑑𝑣 𝑑𝑅⁄

0.1026 ∙ �̂�0 ∙ �̂�𝑎𝑑ℎ

√𝑅2 − 𝑎0
2

∙
∆𝛾

4
3⁄  𝑅

2
3⁄

𝐾
1
3⁄ 𝜂𝑣

< 1



𝐹𝑎𝑑ℎ = �̂�𝑎𝑑ℎ ∙ 𝜋∆𝛾𝑅



�̂�𝑎𝑑ℎ = 3/2

�̂�𝑎𝑑ℎ = 2

𝐹𝑎𝑑ℎ = 
𝐴𝐻𝑅

6𝐷0
2  [𝛽]

[𝛽]

∆𝛾 =
𝐴𝐻

6𝜋�̂�𝑎𝑑ℎ𝐷0
2

𝜓 = (
Δ𝛾2𝑅∗

𝐸∗2𝐷0
3)

1
3⁄

𝑅∗ 𝑅



Δ𝛾2 =
𝜓3𝐸∗2𝐷0

3

𝑅

𝜆𝑀 = 1.1570𝜓

𝜆𝑀
3 (�̂�𝑎𝑑ℎ)

2
= 0.0043

𝐴𝐻
2𝑅[𝛽]2

𝐸∗2𝐷0
7

𝜆𝑀
3 ∙ [−

7

4
+
1

4
∙ (
4.04 ∙ 𝜆𝑀

1.4 − 1

4.04 ∙ 𝜆𝑀
1.4 + 1

)]

2

= 0.0043
𝐴𝐻
2𝑅[𝛽]2

𝐸∗2𝐷0
7





[𝛽]



5.1874 × 10−19 𝐽 3.7398 × 10−19 𝐽

190 × 109 𝑃𝑎 94 × 109 𝑃𝑎

0.265 0.33

/ / HDL / HDL 

/ LDL / LDL 



𝜃 > 150°

0.1538 𝑚 𝑠⁄

0.38 𝑚/𝑠





[𝑱 𝒎𝟐⁄ ] [𝑱]

0.0363 1.7319 × 10−19

0.0913 4.2974 × 10−19



0.5733 𝑚/𝑠

2.9811 𝑚/𝑠

�̅� = 0.38 𝑚/𝑠

−0.0797 𝐽 𝑚2⁄ −3.7087 × 10−19 𝐽

−0.2081 𝐽 𝑚2⁄ −9.2026 × 10−19 𝐽



β

β

−0.0815 𝐽 𝑚2⁄ −3.7485 × 10−19 𝐽

−0.2033 𝐽 𝑚2⁄ −9.3015 × 10−19 𝐽



1 𝑟13⁄

1 𝑟−7⁄

𝐹(𝐷) =
12 ∙ ∆𝛾

𝐷0
[(
𝐷0
𝐷
)
13

− (
𝐷0
𝐷
)
7

]

𝐷0

𝐹(𝐷) =
12 ∙ ∆𝛾

𝐷0
[(
𝐷0
𝐷
)
13

+ (
𝐷0
𝐷
)
7

]

𝐷0



𝐿𝑓 = 5 𝑚𝑚 𝐷 = 3 𝑚𝑚

1.5 𝑚𝑚



𝑑𝑚í𝑛
𝑑𝑚á𝑥

= 𝑘𝑎

�̅� = 0.38 𝑚/𝑠



𝑢(𝑟) = 2�̅� [1 − (
2𝑟

𝐷
)
2

]

�̅� 𝑟

0.00304 𝑘𝑔/𝑚 ∙ 𝑠 1060 𝑘𝑔/𝑚3



 



 

 

𝑑𝑚í𝑛 = 0.13 𝑚𝑚

𝑑𝑚á𝑥 = 0.65 𝑚𝑚
𝑘𝑎 = 5

𝑑𝑚í𝑛 = 0.13 𝑚𝑚

𝑑𝑚á𝑥 = 0.39 𝑚𝑚
𝑘𝑎 = 3

𝑑𝑚í𝑛 = 0.13 𝑚𝑚

𝑑𝑚á𝑥 = 0.26 𝑚𝑚
𝑘𝑎 = 2

𝑉𝑚á𝑥−𝑥









𝑑𝑚á𝑥

∇⃗⃗ ∙ �⃗� = 0

(�⃗� ∙ ∇⃗⃗ )�⃗� = −
1

𝜌
∇⃗⃗ 𝑃′ + 𝑣∇2�⃗� 



𝐿 = 10 𝑚𝑚 𝐷𝑒 = 1.98 𝑚𝑚

𝑡 = 0.04 𝑚𝑚









0.2 𝑚𝑚



0.6 𝑚𝑚 0.6 𝑚𝑚 0.2 𝑚𝑚

0.5 𝑚𝑚 0.5 𝑚𝑚 0.2 𝑚𝑚

0.4 𝑚𝑚 0.4 𝑚𝑚 0.2 𝑚𝑚

0.3 𝑚𝑚 0.3 𝑚𝑚 0.2 𝑚𝑚

0.28 𝑚𝑚 0.28 𝑚𝑚 0.2 𝑚𝑚

0.25 𝑚𝑚 0.25 𝑚𝑚 0.2 𝑚𝑚

0.22 𝑚𝑚 0.22 𝑚𝑚 0.2 𝑚𝑚

0.2 𝑚𝑚 0.2 𝑚𝑚 0.2 𝑚𝑚

0.18 𝑚𝑚 0.18 𝑚𝑚 0.2 𝑚𝑚

0.15 𝑚𝑚 0.15 𝑚𝑚 0.2 𝑚𝑚

0.12 𝑚𝑚 0.12 𝑚𝑚 0.2 𝑚𝑚

0.1 𝑚𝑚 0.1 𝑚𝑚 0.2 𝑚𝑚

0.08 𝑚𝑚 0.08 𝑚𝑚 0.2 𝑚𝑚

0.06 𝑚𝑚 0.06 𝑚𝑚 0.2 𝑚𝑚

0.04 𝑚𝑚 0.04 𝑚𝑚 0.2 𝑚𝑚



0.1 𝑚𝑚

𝐹𝑟 = 0.63378 𝑁

𝐴𝑠𝑡𝑒𝑛𝑡 = 31.6773 𝑚𝑚2

𝑃𝑚á𝑥 = 20.0074 𝑘𝑃𝑎





1.5 𝑚𝑚 𝑟 = 1.5𝑚𝑚

0.1 𝑚𝑚 0.1 𝑚𝑚

0.09 𝑚𝑚 0.09 𝑚𝑚

0.08 𝑚𝑚 0.08 𝑚𝑚

0.07 𝑚𝑚 0.07 𝑚𝑚

0.06 𝑚𝑚 0.06 𝑚𝑚

0.05 𝑚𝑚 0.05 𝑚𝑚

0.04 𝑚𝑚 0.04 𝑚𝑚

0.03 𝑚𝑚 0.03 𝑚𝑚

0.025 𝑚𝑚 0.03 𝑚𝑚

0.02 𝑚𝑚 0.03 𝑚𝑚

0.015 𝑚𝑚 0.03 𝑚𝑚

0.01 𝑚𝑚 0.03 𝑚𝑚

0.009 𝑚𝑚 0.03 𝑚𝑚

0.007 𝑚𝑚 0.03 𝑚𝑚

0.005 𝑚𝑚 0.03 𝑚𝑚



𝐹𝑠 = 1.116

𝜎𝑣𝑀−𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 500.0301 𝑀𝑃𝑎



5.65 ± 0.09

5.66

7.15





 

 

 

 

 

 

 

 















 

 



 

 







 

 

 




