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𝜆𝐶  𝑄

 

 



 

 

 

 

 



 

 

 

 

 

𝑑 =

 50 𝜇𝑚 𝑤1  =  60 𝜇𝑚 𝑤2  =  104 𝜇𝑚 𝑃 =  10 𝜇𝑚

50 𝜇𝑚  

𝑑 = 50 𝜇𝑚 𝑤1 = 52 𝜇𝑚  𝑤2 = 95 𝜇𝑚 𝑝 = 2 𝜇𝑚

10 𝜇𝑚  

 

 

 



= 7

𝑑𝑒 26 μ

 

 

 

 

𝑈 =  8.92 × 10−4 𝑚/𝑠

 



2000 µm3

0.2 µm 8 µm

0.25 µm3 4.19 × 10−3 µm3  

𝑈 =  8.92 ×  10−4 𝑚/𝑠 𝑡0  =  30.34

4%

 

 

𝑈 𝑡0

4%

ln 𝜆𝐶 ln 𝑈

𝑅2



0.9 95%

 

ln 𝜆𝐶

ln 𝑈

 

𝑎 → 𝑏 𝑏 → 𝑐  

𝑈 =  8.92 ×  10−4 𝑚/𝑠

𝑡0  

> 10 < 10

 

𝑈 = 8.92 × 10−3 𝑡0

 



𝜆

𝑈 𝑡0

𝜆

𝑈 𝑡0

 

𝑡𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒

 

�̇�/𝑈

�̇�/𝑈 𝜆

�̇�/𝑈

�̇�/𝑈 𝜆  

 

 

(𝑄) (𝑡)

𝛥𝑃 =  20

𝑂 (100 



 

 

(𝛥𝑃) 5 20

(𝑄) 𝑡 𝛥𝑃

𝜏

𝛥𝑃 𝜏

𝛥𝑃 =  5 𝜏 1/𝛥𝑃  

𝛥𝑃 = 5

𝛥𝑃 = 15 𝛥𝑃 = 25

 

𝑑𝑒 =  5

=  10

21 41 =  5 =  10

(𝑄) (𝑡)

𝛥𝑃 =  20

 



(𝑄) (𝑡)

𝛥𝑃 =  20

 

 

ln 𝜆𝐶

ln 𝑈.

 



 



 

1~200

> 200

 



 

 (𝐺ˊ)

(𝐺ˊˊ) 𝜆

𝜆 ≈ 18 𝜂



 

𝜼

𝑮´ 𝑮´´

8.0 × 103 64.67
± 21.03

−

(1.9 ± 1.2)

× 105
(1.5 ± 1.1)
× 102 (1.1 ± 9.9)

(46 ± 5.0)
× 103

(4.5 ± 4.4)
× 102 (25 ± 23)

256 − 2140
(0.73 − 8.56)
× 103

(5.03 − 10.4)
× 103

50000 900 − 1000 125 − 130

(3.6 ± 2.6)

× 105 1 − 280 −



 

(a)

(c) (d)

31.3Biofilm/Organic matter

Colloidal matter/particulate

Scale

Metals

Other Organic

29.0

22.1

10.0

7.7

5 µm

(b)

50 µm

Biofilm/Organic
matter

Colloidal 
matter Scale

Metals
OrganicBrackish Sea water

40.5
38.0

21.4

1.3

20.3

15.2

26.3

24.8

5.6
4.1



 

𝐽

𝐽 =
𝜀𝑟2

8𝜂𝜏

Δ𝑃

Δ𝑥



Δ𝑥 Δ𝑃

𝜂 𝜏 𝑟

𝜀

𝜀 =
𝑛𝑃𝜋𝑟2

𝐴𝑚

𝐴𝑚 𝑛𝑃

𝜏 =
(2 − 𝜀)2

𝜀



 





 





 

 

 







 





 

 





 





 





 

 

 

 



 

 

 

 



 

 

 



 



 

𝑅𝑒, <<  1



 





 



 



 

100 ℃

100 ℃

 



 

80℃

𝑑 =  50 𝜇𝑚

𝑤1  =  60 𝜇𝑚 𝑤2  =  104 𝜇𝑚 𝑃 =  10 𝜇𝑚 50 𝜇𝑚



𝑑 = 50 𝜇𝑚 𝑤1 = 52 𝜇𝑚 𝑤2 = 95 𝜇𝑚 𝑝 = 2 𝜇𝑚

10 𝜇𝑚

30

70℃ 10

µm 10µm

50 µm



 

 

121 ℃ 15

500 ml water

20 grams LB agar

121 C & 15 psi

Sterilize

LB agar plateLiquid agar



 

121 ℃ 15

15

 

−80 ℃



30 ℃ 37 ℃

14 26

30 ℃ 100

150 2.5 6

37 ℃ 100 150

 

5 

15.5 grams LB broth

1 L water

121 C & 15 psi

Sterilize

Liquid LB broth



 

= 7

𝑑𝑒 26 μ

30 C/ 37 C & 100/ 150 rpm 

Incubate

14 & 26 hours

Bacteria strain 

from -80 C

Streak

Incubate at 30 C/ 37 C for 24 hours



𝑑𝑒

𝑑𝑒 = √
4𝐴

𝜋
𝐴

 

 





 

𝑃1 𝑃2

∆𝑃 =  𝑃1 − 𝑃2

𝑄

𝑄 𝑄



 



 

𝑅𝑒 << 1

𝑅𝑒 < 1



𝑡𝑠

𝑡𝑠~ 𝑠𝑒𝑐𝑜𝑛𝑑𝑠



 

 

𝑑

50 µm 10 µm 𝑃

𝑄

𝑅𝑒 << 1 𝑈

𝑈 =  𝑄 (𝑊 × ℎ𝑐)⁄





20

𝑈 = 8.92 ×  10−4m/s 𝑅𝑒 ~ 10−3

𝑈 =  8.92 × 10−4 𝑚/𝑠



2000 µm3

0.2 µm 8 µm

0.25 µm3 4.19 × 10−3 µm3



200

0.009%

~ 𝑂(102

~ 𝑂(103 

𝑈 = 8.92 ×  10−4m/s

𝑡𝑓𝑜𝑟𝑚

𝑡0 ≫

𝑡𝑓𝑜𝑟𝑚 𝑡𝑓𝑜𝑟𝑚 𝑡0



𝑈 =  8.92 ×  10−4 𝑚/𝑠 𝑡0  =  30.34

4%

𝑡0

𝑡0

𝑡𝑐𝑟 ≫ 𝑡𝑓𝑜𝑟𝑚



(𝑡𝑓𝑎𝑖𝑙 ≪ 𝑡𝑐𝑟)

𝑡0

𝜆𝑚𝑒𝑠 =  |𝑑𝑥| |𝑑𝑋|⁄

|𝑑𝑋| 𝑡0 |𝑑𝑥|

𝑡 (𝑡 > 𝑡0)



𝜆𝑚𝑒𝑠

𝜆𝑚𝑒𝑠 = 1

𝑡𝑏𝑖𝑜 ≫  𝑡𝑐𝑟

𝜆𝑐



𝑈 𝑡0

4% ln 𝜆𝐶

ln 𝑈

𝑅2

0.9 95%

ln 𝜆𝐶

ln 𝑈



𝑎 → 𝑏 𝑏 → 𝑐



𝜆𝑐~𝑈𝛼 𝛼 = −0.59 ± 0.052

𝛼 = −0.57 ± 0.060

𝜆𝑐~𝑈𝛼

𝛼 ≈ −0.58

 

𝑈 = 8.92 ×  10−4 m/s

𝑈



𝛿𝑟𝑒𝑝𝑒𝑎𝑡

4%

𝛿𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝛿

𝛿 = √𝛿𝑟𝑒𝑝𝑒𝑎𝑡
2 + 𝛿𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔

2

𝛿

𝑈 =  8.92 ×  10−4 𝑚/𝑠 𝑡0



𝜆𝑐  𝑄

𝝀𝑪 𝝀𝑪

 



 

𝜆

𝜆𝜖 𝜆𝑐𝑟

𝜆𝑐𝑟 = 𝜆/𝜆𝑒 ≈ 𝜆𝑚𝑒𝑠

𝑅, 𝑟 𝐿, 𝑙



𝑟 𝑙

2
�̇�

𝑟
+

𝑙̇

𝑙
= 0

𝛿𝜖𝑐𝑟 = 𝛿𝑙 𝑙⁄

𝑅 × 𝐿

𝜖𝑐𝑟 = ∫
𝑑𝑙′

𝑙′

𝑙

𝐿

= 𝑙𝑛
𝑙

𝐿
= 𝑙𝑛 𝜆𝑐𝑟

𝜖�̇�𝑟 = 𝑙/̇𝑙

𝜆𝑐𝑟 

𝑅

𝑟 𝑙



Ω = 𝐿/𝑅 𝜔 =

𝑙/𝑟

𝜔 = Ω (
𝑙

𝐿
)

3/2

= Ω 𝑒
3
2

𝜖𝑐𝑟

𝑙 = 𝜔2/3Ω−2/3 𝐿 𝑟 = 𝑅Ω1/3𝜔−1/3 

�̇� =
3

2
𝜔 𝜖�̇�𝑟

𝐸 ν

𝜈 = 0.5

 



≈ 10

𝐺

Δ𝐺 =  𝐺1 − 𝐺0 = 𝐺0̇Δ𝑡 +
1

2!
G̈0Δ𝑡2 + ⋯ < 0

Δ𝑡

𝐺0̇ = 0

𝐺0̈ = 0

�̇� = �̇�(𝜖𝑐𝑟, 𝜖�̇�𝑟)𝜋𝑟2𝑙 + 𝛾𝑆𝐴�̇� − Δ�̇�𝑃 − 𝐹𝑓𝑙𝑙̇

𝜙

𝛾𝑆

𝐴�̇� Δ�̇�𝑃



𝐹𝑓𝑙

�̇�𝑆 =
𝑑

𝑑𝑡
(2𝜋𝑟𝑙 + 𝜋𝑟2)  = 2𝜋𝑟𝑙 (

�̇�

𝑟
+

𝑙̇

𝑙
+

�̇�

𝑙
) ≈ 𝜋𝑟𝑙̇ = 𝜋𝑟𝑙𝜖�̇�𝑟 ,   𝜔 ≫ 1

�̇�𝑝𝑟 = Δ𝑝2𝜋𝑟𝑙 �̇� − 𝛥𝑝𝜋𝑟2𝑙̇ = 𝛥𝑝𝜋𝑟2𝑙 (
2�̇�

𝑟
−

𝑙̇

𝑙
) = −2𝛥𝑝𝜋𝑟2𝑙 𝜖�̇�𝑟

𝛥𝑝 = 𝑝0
𝑒𝑥 − 𝑝0

𝑖𝑛 𝑝0
𝑒𝑥

𝑝0
𝑖𝑛

(Ω, 𝜔 ≫ 1)

𝐹𝑓𝑙 = 𝐶𝜋𝜇𝑈/ ln 𝜔  𝜇

𝑈 𝐶

𝐹𝑓𝑙𝑙̇ =
𝐶𝜋𝑈𝑙

ln 𝑙/𝑟
 𝑙 ̇ =

𝐶𝜋𝑈𝑙2

ln 𝜔
 𝜖�̇�𝑟

𝜋𝑟2𝑙

�̇� = �̇�𝑑(𝜖𝑐𝑟, 𝜖�̇�𝑟) +
𝛾𝑆

𝑟
𝜖�̇�𝑟 − 2𝛥𝑝𝜖�̇�𝑟  − 𝐶𝜋𝜇𝑈  

𝜔2

ln 𝜔

1

𝑙
𝜖�̇�𝑟



𝑉0

(𝐷𝑒�̇�𝑐𝑟
≫ 1)

(𝐷𝑒Δ𝑝 ≪ 1)

�̈� = �̈�𝑑(𝜖𝑐𝑟, 𝜖�̇�𝑟) −
𝛾𝑆

𝑟2
 �̇�𝜖�̇�𝑟 − 𝐶𝜇𝑈

𝑑

𝑑𝑡
(

𝜔2

ln 𝜔

1

𝑙
) 𝜖�̇�𝑟 

= �̈�𝑑(𝜖𝑐𝑟 , 𝜖�̇�𝑟) +
1

2
𝑅−1𝛺−

1
3𝜔

1
3𝛾𝑆 𝜖�̇�𝑟𝜖�̇�𝑟 − 𝐶𝜇𝑈

𝑑

𝑑𝑡
 (

𝜔2

ln 𝜔
 𝜔−

2
3𝛺

2
3 𝐿−1) 𝜖�̇�𝑟 

= �̈�𝑑(𝜖𝑐𝑟 , 𝜖�̇�𝑟) +
1

2
𝑅−1𝛺−

1
3𝜔

1
3𝛾𝑆 𝜖�̇�𝑟𝜖�̇�𝑟 − 𝐶𝜇𝑈 

𝑑

𝑑𝑡
(

𝜔
4
3

𝑙𝑛 𝜔
 𝛺

2
3 𝐿−1) 𝜖�̇�𝑟

= �̈�𝑑(𝜖𝑐𝑟 , 𝜖�̇�𝑟) +
1

2
𝑅−1𝛺−

1
3𝜔

1
3𝛾𝑆  𝜖�̇�𝑟𝜖�̇�𝑟 − 𝐶𝜇𝑈𝛺

2
3 𝐿−1  {

4
3

𝑙𝑛 𝜔 𝜔
1
3 − 𝜔

1
3

(𝑙𝑛 𝜔)2
} �̇�𝜖�̇�𝑟 



= �̈�𝑑(𝜖𝑐𝑟 , 𝜖�̇�𝑟) +
1

2
𝑅−1𝛺−

1
3𝜔

1
3𝛾𝑆 𝜖�̇�𝑟𝜖�̇�𝑟

− 𝐶𝜇 𝑈𝛺
2
3 𝐿−1  {

4
3 𝑙𝑛 𝜔 𝜔

1
3 − 𝜔

1
3

(𝑙𝑛 𝜔)2
}

3

2
𝜔𝜖�̇�𝑟𝜖�̇�𝑟

= �̈�𝑑(𝜖𝑐𝑟 , 𝜖�̇�𝑟) +
1

2
𝑅−1𝛺−

1
3𝜔

1
3𝛾𝑆 𝜖�̇�𝑟𝜖�̇�𝑟 − 2𝐶𝜇𝑈𝛺

2
3 𝐿−1

𝜔
4
3

ln 𝜔
𝜖�̇�𝑟𝜖�̇�𝑟

Ω
1

3𝜔−
1

3

𝜖𝑐𝑟

�̈� =  {
𝜕2𝜙𝑑(𝜖̅�̇�𝑟, 𝜖𝑐𝑟)

𝜕𝜖𝑐𝑟
2

 𝛺
1
3𝜔−

1
3 +

𝛾𝑆

2𝑅
−

𝐶′𝜇𝑈

𝐿
 Ω

𝜔

ln 𝜔
} 𝜖�̇�𝑟𝜖�̇�𝑟

𝜔, Ω ≫ 1 

(
𝜕2𝜙𝑑(𝜖̅�̇�𝑟 , 𝜖𝑐𝑟)

𝜕𝜖𝑐𝑟
2

)
𝑐

𝑒− 
𝜖𝑐𝑟,𝑐

2 +
1

2

𝛾𝑆

𝑅
−

𝐶′𝜇𝑈

𝐿
 

𝛺2 

ln Ω
𝑒  

3𝜖𝑐𝑟,𝑐
2 = 0

𝜖̅�̇�𝑟 𝐶′



𝜙𝑑

𝜙𝑑 = 𝜙𝑑(𝐼1) ≈ 𝐻𝐼1

𝐻

𝐼1 𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2

𝜆1, 𝜆2, 𝜆3



𝜆1 = 𝜆𝑐𝑟 , 𝜆2 = 𝜆3 = 1/√𝜆𝑐𝑟

𝜙𝑑 = 𝐻 (𝜆𝑐𝑟
2 +

2

𝜆𝑐𝑟
) = 𝑒2𝜖𝑐𝑟 + 2𝑒−𝜖𝑐𝑟

𝜙𝑑 𝜙𝑑 = 𝐻𝑒2𝜖𝑐𝑟

4𝐻𝑒  
3𝜖𝑐𝑟,𝑐

2 +
1

2

𝛾𝑆

𝑅
−

𝐶′𝜇𝑈

𝐿
 

𝛺2 

ln Ω
𝑒  

3𝜖𝑐𝑟,𝑐
2 = 0

Ω, 𝐿

𝐽𝑚



(Υ − 1)𝑒  
3𝜖𝑐𝑟,𝑐

2 = Γ,    Υ =
𝜇𝑈

𝐻𝐿𝑚
 ,   Γ =

𝛾𝑆

8𝐻𝑅
, 𝐿𝑚 =

𝐿(𝐽𝑚) 𝑙𝑛 𝛺(𝐽𝑚)

4𝐶′𝛺2(𝐽𝑚)
,

𝑅 = 𝐿(𝐽𝑚)/Ω(𝐽𝑚)

Υ ≫ 1

𝜖𝑐𝑟,𝑐 ∼ −(2 3⁄ ) ln 𝑈

ln 𝜆𝑐 = 𝜖𝑐𝑟,𝑐 ∼ −0.6 ln 𝑈 𝜆𝑐

Υ 

𝐻

𝑒  
3𝜖𝑐𝑟,𝑐

2 ≈ 𝑚

𝐶𝑎
, 𝐶𝑎 =

𝜇𝑈

𝛾𝑆

Ω𝑚 =
𝐿𝑚

𝑅

 





 



 

𝑅𝑒 ≲ 1

(𝜂)





 

𝑡𝑓𝑜𝑟𝑚



> 10

< 10

𝑡𝑓𝑜𝑟𝑚

𝑂(10−1 − 100 𝑠)

𝑈 =

𝑄

(ℎ×𝑊)
3.75 × 10−3 ~10−3

(a) (b)



𝜂 > 10

𝜂 < 10

 𝑡0

𝑡0 𝑂(102 − 103 𝑠)



𝑈 =

8.92 × 10−3 𝑡0



𝜆

𝑈 𝑡0

𝜆

𝑈 𝑡0



𝑡𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒

𝜆 = 𝑎/𝑎0 𝑎0 𝑎

𝑡𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑡𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒



�̇� 𝑈⁄

�̇� 𝑈⁄ 𝜆

�̇� 𝑈⁄ �̇� 𝑈⁄ 𝜆

𝑡𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒~𝑂(101 𝑠)

𝑡𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒~𝑂(102 𝑠)



 





 





 



 







 

𝑝 2

5: 1



10−1 10

(𝛥𝑃) 5 25



𝑄

(𝑄) (𝑡)

𝛥𝑃 =  20

𝑂 (100 



𝑄

46

0



101

~101

𝑄 ~ 101 − 102 



(𝛥𝑃) 5 20 (𝑄)

𝑡 𝛥𝑃

𝜏

𝛥𝑃 𝜏 𝛥𝑃 =  5 𝜏
1

𝛥𝑃

𝛥𝑃

b)



 

𝛥𝑃

𝑄 (𝑡)~𝐴𝑒(
−𝑡

𝜏
) 𝐴 𝜏

𝛥𝑃

𝜏)

𝑄 = 𝐴𝑒
(

𝑡
𝜏

)
+ 𝑨𝟎

𝝉



𝛥𝑃 = 5

𝛥𝑃 = 15 𝛥𝑃 = 25

𝜏~
1

𝛥𝑃
 𝛥𝑃 =

5

𝛥𝑃 =

5

𝑄 (𝑊 × ℎ)⁄ 5 µl 𝑊

364 µm ℎ 10 µm

8.2 ×  104 L m2hr⁄  LMH

~2



~8.2 × 104 LMH

𝑑𝑒 =  5

=  10 21

41 =  5 =  10

(𝑄)

(𝑡) 𝛥𝑃 =  20



(𝑄) (𝑡)

𝛥𝑃 =  20

21





 



 



 





 



ln 𝜆𝐶

ln 𝑈.



𝜆𝐶~𝑈𝛼 𝛼 =  − 0.58



 

 

 

 

 

 



 

 

 

 













μ

























 


