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L = 125 mm  

A2 / A1 = 0.044 

A2 / A1 = 0.114 
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A1 r1 A2 r2

A1 > A2  

 

 

 

 
 i vl vg g cF t F t F t F t F t  (4.1) 

A2 / A1 = 0.044 

A2 / A1 = 0.114 

A2 / A1 = 0.186 

L = 62.5 mm  

43



 

 2
1

l
i l l

dh tdF t h t r
dt dt

 (4.2) 

 

 2
12

1

8 ll
vl l

dh t
F t h t r

dtr
 (4.3) 

 
 2

1vg gF t p t r  (4.4) 

 
 2

1g l lF t gh t r  (4.5) 

 
 2

1c cF t p t r  (4.6) 

 

Fi (t) Fvl (t) Fvg (t) Fg (t) 

Fc (t) p g (t)

pc (t) hl (t) hg (t) t 

r1 r2 r1 > r2 l g l 

(4.1) r12  

 

 
2

01

08l l c c ll
l l l g l l c

dh t dh t p p dh td h t h t p t gh t p
dt dt dt V dtr

 (4.7) 

 
 2

00c lp V  (4.8) 

Liquid

d (t)

2r1

2r2

Fc (t)

Fvg (t)

Fi (t) + Fvl (t) + Fg (t)

hl (t)
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1

2 cosc sp
r

 (4.9) 

 

s pc (0) t = 0 s

pc ( ) V0

(4.7)

r1

r1 r2

r1

r2

r2

r12 p g (t) r12

(4.7) (4.7)

 

 

 
2

01

08 l c c ll
l g l l c

dh t p p dh t
h t p t gh t p

dt V dtr
 (4.10) 

 

Poiseuille  

 

 
2

2

8 g g
g

dh t
p t L

dtr
 (4.11) 

g L r2     

hg (t) 

Vl

    Vg

hg (t)  

 

 
2

1

2
g l

r
h t h t

r
 (4.12) 

(4.11) (4.12) (4.10)  

 

 
4 2

11

2 0

0

8
c cgl l

l l
l l

r p pdh t dh trh t L A h t B
dt r V dt

 (4.13) 
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(4.13) A B V0  

 

 
2

1

8
l

l

gr
A  (4.14) 

 

 1 cos
4

s

l

r
B  (4.15) 

 

 
1.2807

4.2145 1
0

1

2 cos s
l l

rV e
r

 (4.16) 

t = 0 s  

 

 0 0lh  (4.17) 

 

(4.11) (4.7)  

 

 04
1

02
21

0

8
0

l c

g
c c

dh p
V

dt rL V p p
rr

 (4.18) 

 

(4.18) V0

(4.18) A2 / A1 < 1

 

(4.13)  

Liquid

Gas

Gas

2r2

2r2

hl (t)

Vg = Vl

2r1

2r1

Vg Vl

hg (t)

T  

T t = T  

t = 0  
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2

111 1
1

B A t
B AC

l
Bh t AC W e
A AC

 (4.19) 

 

 
4

1
2

2 01

8 01 g c c

c

p pr
C L

p r Vr
 (4.20) 

 

W (x) Lambert W A2 

/ A1 = 1 (4.20) 1

0 (4.19) (3.19) t   

(4.19)

Fries et al.  

 

(3.31)

30 5)  

Fluid l or g
(kg/m3)

l or g
(Pa s) (mN/m)

s
(rad)

Water 
(tap water) 998 0.001000 72.73 0.87414

Gas (atmosphere) 1.20 0.000018 - -

Capillary tube r1 (mm) r2 (mm) L (mm)

Case1 0.695 0.145 62.5

Case2 0.695 0.145 125

Case3 0.695 0.235 62.5

Case4 0.695 0.235 125

Case5 0.695 0.300 62.5

Case6 0.695 0.300 125
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L = 125 mm L = 62.5 mm

 A2 / A1 L 

A2 / A1

L 

L 

A2 / A1 

L 

 

L = 125 mm L = 

62.5 mm (4.19) (3.1)

(3.12)  

 

 1

0 0

1 1cos 0 1
2

l l
d c c

dh t dh trt p p
V dt V dt

 (4.21) 

 

 
1

ldh t A Z t
dt Z t

 (4.22) 

 

 
2

11
1

B A t
B ACZ t W e

AC
 (4.23) 

 

(4.21)

(a) A2 / A1 L 

A2 / A1 L 

A2 / A1 L 

 

(4.19)

(4.19) (4.7)  
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A2 / A1 = 0.186 

A2 / A1 = 0.114 

A2 / A1 = 0.044 

A2 / A1 = 0.186 

A2 / A1 = 0.114 

A2 / A1 = 0.044 

 
Water r1 = 0.695 mm L = 125 mm  

(a) t = 0.132 s

(b) t = 0.520 s

(c) t = 1.234 s

(d) t = 1.876 s

(e) t = 2.750 s

(f) t = 4.122 s

(a) t = 0.028 s

(b) t = 0.129 s

(c) t = 0.282 s

(d) t = 0.528 s

(e) t = 0.844 s

(f) t = 1.534 s

(a) t = 0.016 s

(b) t = 0.066 s

(c) t = 0.143 s

(d) t = 0.223 s

(e) t = 0.359 s

(f) t = 1.510 s

Water r1 = 0.695 mm L = 125 mm  
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Water r1 = 0.695 mm L = 62.5 mm  

A2 / A1 = 0.186 

A2 / A1 = 0.114 

A2 / A1 = 0.044 

A2 / A1 = 0.186 

A2 / A1 = 0.114 

A2 / A1 = 0.044 

 
Water r1 = 0.695 mm L = 62.5 mm  

(a) t = 0.072 s

(b) t = 0.251 s

(c) t = 0.609 s

(d) t = 0.945 s

(e) t = 1.426 s

(f) t = 2.268 s

(a) t = 0.017 s

(b) t = 0.077 s

(c) t = 0.168 s

(d) t = 0.260 s

(e) t = 0.542 s

(f) t = 1.940 s

(a) t = 0.013 s

(b) t = 0.039 s

(c) t = 0.089 s

(d) t = 0.170 s

(e) t = 0.352 s

(f) t = 0.774 s
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d

d

(4.7)
Water r1 = 0.695 mm L = 125 mm  

A2 / A1 = 0.186 

A2 / A1 = 0.044 

A2 / A1 = 0.114 
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(4.7)
Water r1 = 0.695 mm L = 62.5 mm  

A2 / A1 = 0.186 

d

d

A2 / A1 = 0.044 

A2 / A1 = 0.114 
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2
gl l ll

d l l l l l

dh t dh t dh trr dt h t h t L gh t
dt dt dt r dtr r

 (4.24) 

 

d (t)neg

d (t)con (4.7)

(4.7)
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dt dt

 (4.25) 
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8 ll
vl l

dh t
p t h t

dtr
 (4.26) 

 

 
2

1
2

22

8 g l
vg

dh trp t L
r dtr

 (4.27) 

 
 g l lp t gh t  (4.28) 

 

pi (t) pvl (t) pvg (t) pg (t)

r12

A2 / A1 L (4.21) (4.24)

A2 / A1 

L t = 0 s (4.18)

 

 

 
2

0
0 l

i l

dh
p

dt
 (4.29) 

 

(4.21) (4.24)

A2 / A1 L 
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(4.10)

 

 

 
2

1
2

2 02

8 0g l c c l
l l c

dh t p p dh tr
L gh t p

r dt V dtr
 (4.30) 

 

(4.30) (4.17)  

 

 1 t
l

Bh t e
A

 (4.31) 

 

(4.31)  

 

 2
1

2
2 02

8 0
l

g c c

g

p prL
r Vr

 (4.32) 

 

L 100 mm A2 / A1 0.10

A2 / A1 0.50

L 1000 mm

A2 / A1 L 

 

 

A2 / A1 L (mm)

Case1 0.05 100

Case2 0.10 100

Case3 0.20 100

Case4 0.30 100

Case5 0.50 100

Case6 1.00 100

A2 / A1 L (mm)

Case1 0.50 1

Case2 0.50 10

Case3 0.50 100

Case4 0.50 500

Case5 0.50 1000

Case6 0.50 5000

L  A2 / A1  
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Water L = 100 mm  

A2 / A1 = 0.20 

A2 / A1 = 0.10 

A2 / A1 = 0.05 

A2 / A1 = 1.00 

A2 / A1 = 0.50 

A2 / A1 = 0.30 
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Water A2 / A1 = 0.50  

L = 100 mm 

L = 10 mm 

L = 1 mm 

L = 5000 mm 

L = 1000 mm 

L = 500 mm 
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1  
 

2  
 

3   

4   A2 / A1 L 

A2 / A1 L 

 

5  A2 / A1 L 

A2 / A1 

L 
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Liquid Liquid 2r1

hl (t)

hg (t)

d

g

L

2r2

59



 

 

 

 
 

0.45 0.65 4.5 ± 1.5 %

8.0 ± 1.5 cm

1.00 g/cm3 3.16 g/cm3 2.66 g/cm3

2.76 g/cm3 AE AE

 100 × 200 mm 1 27

105 0.1 %

 

2

105 0.1 %

 

 100 mm

3

100 mm 200 mm

3  

100 mm 0.65 100 mm

0.45
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0 

m
m

W/C
%

Air
%

kg/m3

W C S
45 7.4 1.5 271 602 1236
65 7.3 1.5 268 412 1408
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m
m
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1 3 7 0.65 0.45

 

0

99.5 wt % 1 3

0.65 0.45

 

 

15mm ma [g] 105 

md [g]

ms [g]

Sr [%]  

 

 100a d
r

s d

m m
S

m m
 (5.1) 

 

(5.1)  

(5.1)

Sr 0 mm

 

15 mm

 
W/C=0.65 1  
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1

 

 

 

0.45 1

3

5 % Thompson 3

1 1

 

1

0.45 45 mm 0.65

60 mm

0.45 0.65

1 0.45 0.65

3 7

0.45 0.65

 

0.45

1 45 mm

60 mm 50%

30%

0.65 1 60 mm

45 mm
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W/C=0.65 

W/C=0.45 

 

W/C=0.45 1  
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W/C=0.65 

W/C=0.45 
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(2)
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(2)
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0

1

2
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6

Sw

P c

0.65

100 mm 0.65 100 mm

0.45

1 45 mm

60 mm 3
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100 %

100 % 70 %
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100 %

 

 

 

1

10 nm 5 m 6) 
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111 1
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B AC
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A AC

 (5.2) 
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 1 cos
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p r Vr

 (5.5) 

 

 
1.2807
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2 cos s
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hl (t) t r1 r2 r1 > r2 s

l g l g L

r2 pc (0) t = 0 s pc ( ) 
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(5.2)

0

0

1 3 0.65 0.45

0.45 1.40 × 10-6 mm

0.65 2.75 × 10-6 mm

r 0.45 1.40 × 10-6 mm 0.65 2.75 

× 10-6 mm

65° 1.13446 rad

s

65° 1.13446 rad

s 

l sl 

7)  

 
 cos 0sl s l s  (5.7) 

 

(5.7)
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1  

W/C=0.45  

3  

1  

W/C=0.65  

3  

t (day)
hl (mm) 

W/C=0.45 W/C=0.65

1 35 45

3 65 75
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W/C=0.65 

W/C=0.45 

 

W/C=0.45 

 
W/C=0.65 
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Solid

Liquid

s sl

l

s

 

Fluid l or g
(kg/m3)

l or g
(Pa s) (mN/m) s

(rad)

Water 
(tap water) 998 0.001000 72.73 1.13446

Gas (atmosphere) 1.20 0.000018 - -

W/C r1
(mm)

r2
(mm)

L
(mm)

0.45 1.40 10-6 - -

0.65 2.75 10-6 - -

0.65-0.45 2.75 10-6 1.40 10-6 100

 

 

30
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(5.2) Fries et al.

Fries et al.  
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B
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W/C=0.65 

W/C=0.45 

 

 

 1 cos
4

s

l

r
B  (5.10) 

 

0.45 0.65

1 24 h 3 72 h

7 168 h

Fries et al.

r

hl (t) hmax
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r = 0.10000 mm 

r = 1.00000 mm 

r  

r = 0.01000 mm 
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r = 0.00010 mm 

r = 0.00100 mm 

r  

r = 0.00001 mm 
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W/C=0.65-W/C=0.45  

r 1.00000 mm 0.10000 mm 0.01000 mm 0.00100 mm 0.00010 mm 0.00001 mm

r 0.00100 mm

Fries et al.

r 0.00100 mm

10 nm 5 

m

 

100 mm 0.65 100 mm

0.45

Fries et al. 1 24 h 3 72 h

7 168 h

r1 r2

100 mm
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Fries et al. 1 24 h 3 72 h
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