




ሶ𝛾

𝜇

𝜏 ∝ ሶ𝛾 → 𝜏 = 𝜇 ሶ𝛾 & ሶ𝛾 =
𝑑𝑢

𝑑𝑦


𝛿𝛽 ≈ tan 𝛿𝛽 =
𝛿𝑎

𝑏
=

𝑈𝛿𝑡

𝑏

ሶ𝛾 = lim
𝛿𝑡→0

𝛿𝛽

𝛿𝑡
=

𝑈

𝑏
=

𝑑𝑢

𝑑𝑦



N ⋅ s/m2 Pa ⋅ s kg/m ⋅ s P(=dyne ⋅s/cm2, poise)

m2/s, St(=cm2/s, stokes)

℃

𝜈 =
𝜇

𝜌

𝜇

cP = 10−2P = 10−3Pa ∙ s

cSt = 10−2St = 10−6 m2/s

𝜇 = 1.002 × 10−3Pa ∙ s ≈ 1 cP

𝜈 = 1.004 × 10−6m2/s ≈ 1cSt



910𝑘𝑔/𝑚3 0.38𝑁 ∙ 𝑠/𝑚2 25𝑚𝑚 2.6𝑚/𝑠

𝑅𝑒 =
𝜌𝑉𝐿

𝜇 𝐿 ∶ (𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ)

𝑉 ∶ (𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)

𝑅𝑒 =

𝑅𝑒 =
𝜌𝑉𝐷

𝜇
=

910 𝑘𝑔/𝑚3 2.6 𝑚/𝑠 (0.025 𝑚)

0.38 𝑁 ∙ 𝑠/𝑚2 = 156





𝑭𝑩 = 𝜸𝒇𝑽

(𝛾𝑓 ∶ 𝑉 ∶

𝐴
ℎ





𝐶𝐷 =
𝐹𝐷

1
2 𝜌𝑈2𝐴

𝐶𝐿 =
𝐹𝐿

1
2 𝜌𝑈2𝐴

𝐴

𝐶𝐷 = 𝜙(𝑠ℎ𝑎𝑝𝑒, 𝑅𝑒, … … )



Re Re < 1

Re

𝐶𝐷 ~ 103 < Re < 105

Re

𝐶𝐷 105 < Re < 106

𝐹𝐷 = 3𝜋𝜇𝑈𝐷 𝑆𝑡𝑜𝑘𝑒𝑠′𝑙𝑎𝑤 → 𝐶𝐷 =
24

𝑅𝑒



𝑊 = 𝐹𝐵 + 𝐹𝐷

∶ 𝑊 = 𝑚𝑠𝑔 = γ𝑠𝑉

∶ 𝐹𝐵 = 𝛾𝑓𝑉

∶ 𝐹𝐷 = 3𝜋𝜇𝑈𝐷 for Re<1   (Stokes’ law)

𝛾𝑠𝑉 = 𝛾𝑓𝑉 + 3𝜋𝜇𝑈𝑑

(𝛾𝑠−𝛾𝑓)
1

6
𝜋𝑑3 = 3𝜋𝜇𝑈𝑑

𝑠
𝑓

∴ 𝜇 =
1

18

𝑑2

𝑈𝑡𝑒𝑟𝑚
(𝛾𝑠 −𝛾𝑓) =

1

18

𝑑2

𝑈𝑡𝑒𝑟𝑚
(𝜌𝑠 −𝜌𝑓)𝑔

𝐹𝐵

𝑊

𝐹𝐷

∴ 𝑈𝑡𝑒𝑟𝑚 =
𝑑2

18𝜇
(𝛾𝑠 −𝛾𝑓)



→

→

𝑚𝑠

𝑑𝑈

𝑑𝑡
= 𝑊 − (𝐹𝐵+𝐹𝐷)

𝑚𝑠

𝑑𝑈

𝑑𝑡
= (𝛾𝑠−𝛾𝑓)

1

6
𝜋𝑑3 − 3𝜋𝜇𝑈𝑑 𝑈(𝑡)

𝑡

𝑈𝑡𝑒𝑟𝑚𝑈𝑒𝑥𝑝 =
𝐻 ( )

Δ𝑡 ( )

→

𝐶𝐷 =
24

𝑅𝑒
1 + 0.15𝑅𝑒0.687 for Re ≤ 1,000

𝐶𝐷 =
𝐹𝐷

1
2 𝜌𝑈2𝐴





𝑈(𝑡) 𝑡

𝐶𝐷 =
𝐹𝐷

1
2 𝜌𝑈2𝐴

𝑈(𝑡) = 𝑈𝑡𝑒𝑟𝑚 1 − exp −
3𝜋𝜇𝑑

𝑚𝑠
𝑡



∴ 𝑈(𝑡) = 𝑈𝑡𝑒𝑟𝑚 1 − exp −
3𝜋𝜇𝑑

𝑚𝑠
𝑡

𝑚𝑠

𝑑𝑈

𝑑𝑡
= 𝑊 − (𝐹𝐵+𝐹𝐷)

𝑚𝑠

𝑑𝑈

𝑑𝑡
= (𝛾𝑠−𝛾𝑓)

𝜋

6
𝑑3 − 3𝜋𝜇𝑈𝑑

𝑚𝑠

𝑑𝑈

𝑑𝑡
= −3𝜋𝜇𝑑 𝑈 −

𝑑2

18𝜇
(𝛾𝑠 − 𝛾𝑓)

𝑑𝑈

𝑑𝑡
= −

3𝜋𝜇𝑑

𝑚𝑠
(𝑈 − 𝑈𝑡𝑒𝑟𝑚)

1

𝑈 − 𝑈𝑡𝑒𝑟𝑚

𝑑

𝑑𝑡
(𝑈 − 𝑈𝑡𝑒𝑟𝑚) = −

3𝜋𝜇𝑑

𝑚𝑠

ln 𝑈 − 𝑈𝑡𝑒𝑟𝑚 = −
3𝜋𝜇𝑑

𝑚𝑠
𝑡 + 𝐶

𝑈 − 𝑈𝑡𝑒𝑟𝑚 = 𝐴exp(−
3𝜋𝜇𝑑

𝑚𝑠
𝑡)

𝑈 = 0 𝑎𝑡 𝑡 = 0 → −𝑈𝑡𝑒𝑟𝑚 = 𝐴




