
1. [Static pressure & monometer]  
          

 

 

(a) (b) 
 

(a) Monometer (+2 points) 
𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 + 𝛾𝛾 ⋅ SG ⋅ ℎ − 𝛾𝛾(𝐻𝐻 + 0.02) = 𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 

∴ 𝐻𝐻 = SG ⋅ ℎ − 0.02 = (13.6)(0.1485)− 0.02 = 𝟐𝟐.𝟎𝟎 𝐦𝐦 
 

 
(b1) Hydrostatic pressure force (+4 points) 

ℎ𝑐𝑐 = 𝐻𝐻 − �
𝐷𝐷
2
� sin 50∘ = 2 − �

0.04
2
� sin 50∘ = 1.985 m 

𝐴𝐴 =
𝜋𝜋𝐷𝐷2

4
=
𝜋𝜋 × 0.042

4
= 1.257 × 10−3 m2 

𝐹𝐹𝑅𝑅 = 𝛾𝛾ℎ𝑐𝑐𝐴𝐴 = (9800)(1.987)(1.257 × 10−3) = 𝟐𝟐𝟐𝟐.𝟓𝟓 𝐍𝐍 
 
(b2) Pressure center (+4 points) 

𝑦𝑦� =
ℎ𝑐𝑐

sin 50∘
=

1.985
sin 50∘

= 2.591 m 

𝐼𝐼𝑥𝑥 =
𝜋𝜋𝑅𝑅4

4
=

(𝜋𝜋)(0.04 2⁄ )4

4
= 1.257 × 10−7 m4 

∴ 𝑦𝑦𝑅𝑅 = 𝑦𝑦� +
𝐼𝐼𝑥𝑥
𝑦𝑦�𝐴𝐴

= 2.591 +
1.257 × 10−7

(2.591)(1.257 × 10−3) = 𝟐𝟐.𝟓𝟓𝟓𝟓𝟓𝟓 𝐦𝐦 

 
 
 
 
 
 
 
 
 
 
 
2. [Continuity+Momentum+Energy]  



 
 

(a) Continuity (+1 point) 

𝑉𝑉1 =
𝑄𝑄
𝐴𝐴1

=
0.11

0.0182
= 𝟔𝟔.𝟎𝟎 𝐦𝐦 𝐬𝐬⁄  

𝑉𝑉2 =
𝑄𝑄
𝐴𝐴2

=
0.11

0.0081
= 𝟓𝟓𝟏𝟏.𝟔𝟔 𝐦𝐦 𝐬𝐬⁄  

 
 

(b) Energy equation (+3 points) 

𝑝𝑝2 = 𝑝𝑝1 + 𝛾𝛾 �
𝑉𝑉12 − 𝑉𝑉22

2𝑔𝑔
+ (𝑧𝑧1 − 𝑧𝑧2)� 

∴ 𝑝𝑝2 = 100,000 + (9800) �
62 − 13.62

2 × 9.81
+ 0.15� = 𝟐𝟐𝟐𝟐,𝟎𝟎𝟔𝟔𝟔𝟔 𝐏𝐏𝐏𝐏 

 
 

(c1) x-momentum (+3 points) 
 

−𝐹𝐹𝑥𝑥 + 𝑝𝑝1𝐴𝐴1 − 𝑝𝑝2𝐴𝐴2 cos𝜃𝜃 = (𝜌𝜌𝑄𝑄)𝑉𝑉2 cos𝜃𝜃 − (𝜌𝜌𝑄𝑄)𝑉𝑉1 
or  

𝐹𝐹𝑥𝑥 = +𝑝𝑝1𝐴𝐴1 − 𝑝𝑝2𝐴𝐴2 cos 30∘ − (𝜌𝜌𝑄𝑄)(𝑉𝑉2 cos 30∘ − 𝑉𝑉1) 
∴ 𝐹𝐹𝑥𝑥 = (100,000)(0.0182) − (27,066)(0.0081) cos 30∘ − (999)(0.11)(13.6 cos 30∘ − 6) = 𝟓𝟓𝟓𝟓𝟓𝟓 𝐍𝐍 
 
(c2) y-momentum (+3 points) 

−𝐹𝐹𝑧𝑧 + 𝑝𝑝2𝐴𝐴2 sin𝜃𝜃 −𝑀𝑀𝑔𝑔 − 𝛾𝛾𝑉𝑉 = (𝜌𝜌𝑄𝑄)(−𝑉𝑉2 sin𝜃𝜃) − (𝜌𝜌𝑄𝑄)(0) 
or 

𝐹𝐹𝑧𝑧 = 𝑝𝑝2𝐴𝐴2 sin𝜃𝜃 −𝑀𝑀𝑔𝑔 − 𝛾𝛾𝑉𝑉 + 𝜌𝜌𝑄𝑄𝑉𝑉2 sin𝜃𝜃 
∴ 𝐹𝐹𝑧𝑧 = (27,066)(0.0081) sin 30∘ − (10)(9.81) − (9800)(0.006) + (999)(0.11)(13.6) sin 30∘

= 𝟐𝟐𝟎𝟎𝟎𝟎 𝐍𝐍 
 

 
 
 
 
 
 
 
 
 

𝐹𝐹𝑥𝑥  



3. [Navier-Stokes]  
 

 
 

(a) B.C. at 𝑥𝑥 = h (+4 points) 
 

𝜏𝜏(ℎ) = 𝜇𝜇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑦𝑦
�
𝑦𝑦=ℎ

= 𝜇𝜇 ⋅
𝜌𝜌𝑔𝑔 sin𝜃𝜃

𝜇𝜇
(𝐶𝐶 − ℎ) = 0 

∴ 𝑪𝑪 = 𝒉𝒉 
 

 
(b) Acceleration (+2 points) 
 

∵
𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕

=
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝜕𝜕𝑑𝑑
𝜕𝜕𝑥𝑥

=
𝜕𝜕𝑑𝑑
𝜕𝜕𝑧𝑧

= 𝜕𝜕 = 𝜕𝜕 = 0, 

𝑎𝑎𝑥𝑥 =
𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕

+ 𝑑𝑑
𝜕𝜕𝑑𝑑
𝜕𝜕𝑥𝑥

+ 𝜕𝜕
𝜕𝜕𝑑𝑑
𝜕𝜕𝑦𝑦

+𝜕𝜕
𝜕𝜕𝑑𝑑
𝜕𝜕𝑧𝑧

= 0 + (𝑑𝑑)(0) + (0) �
𝜕𝜕𝑑𝑑
𝜕𝜕𝑦𝑦
� + (0)(0) = 0 

𝑎𝑎𝑦𝑦 =
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑑𝑑
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥

+ 𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝑦𝑦

+ 𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝑧𝑧

= 0 + (𝑑𝑑)(0) + (0)(0) + (0)(0) = 0 

𝑎𝑎𝑧𝑧 =
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑑𝑑
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥

+ 𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝑦𝑦

+ 𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝑧𝑧

= 0 + (𝑑𝑑)(0) + (0)(0) + (0)(0) = 0 

 
 

(c) Flow rate (+4 points) 
 

𝑄𝑄 = �
𝜌𝜌𝑔𝑔 sin𝜃𝜃

𝜇𝜇 �ℎ𝑦𝑦 −
𝑦𝑦2

2 �
𝑏𝑏𝑑𝑑𝑦𝑦

ℎ

0
=
𝜌𝜌𝑔𝑔 sin𝜃𝜃 𝑏𝑏

𝜇𝜇
�
ℎ𝑦𝑦2

2
−
𝑦𝑦3

6
�
0

ℎ

 

∴ 𝑄𝑄 =
𝜌𝜌𝑔𝑔 sin𝜃𝜃 𝑏𝑏ℎ3

3𝜇𝜇
=

(912)(9.81)(sin 15∘)(1)(0.001)3

(3)(0.38) = 𝟐𝟐.𝟎𝟎𝟏𝟏 × 𝟓𝟓𝟎𝟎−𝟔𝟔  𝐦𝐦𝟏𝟏 𝐬𝐬⁄  

 
 

 
 
 
 
 
 
 
 
 



4. [Major+Minor - Q]  

 
 

Energy equation (+5 points) 
 
Energy equation with 𝑝𝑝1 = 0 and 𝑉𝑉1 = 𝑉𝑉2 = 0, 

0 + 0 + 𝑧𝑧1 + ℎ𝑝𝑝 =
𝑝𝑝2
𝛾𝛾

+ 0 + 𝑧𝑧2 + 𝑓𝑓
𝐿𝐿
𝐷𝐷
𝑉𝑉2

2𝑔𝑔
+ �𝐾𝐾𝐿𝐿

𝑉𝑉2

2𝑔𝑔
 

or 

200 + 15 =
3 × 144

62.4
+ 195 + 𝑓𝑓

200
0.5

𝑉𝑉2

2 × 32.2
+ (0.6 + 2 × 0.3)

𝑉𝑉2

2 × 32.2
 

Solve for 𝑉𝑉, 

𝑉𝑉 = �
842.2

400𝑓𝑓 + 1.2
  �or   �

13.0769
6.2112𝑓𝑓 + 0.0186

�            (1) 

 
 

Iteration process (+4 points) 

𝑅𝑅𝑅𝑅 =
𝜌𝜌𝑉𝑉𝐷𝐷
𝜇𝜇

=
(1.94)(𝑉𝑉)(0.5)

2.34 × 10−5
= 41,453 ⋅ 𝑉𝑉       (2) 

1

�𝑓𝑓
= −1.8 log ��

𝜀𝜀 𝐷𝐷⁄
3.7 �

1.1

+
6.9
𝑅𝑅𝑅𝑅�

= −1.8 log ��
0.003 0.5⁄

3.7 �
1.1

+
6.9
𝑅𝑅𝑅𝑅�

     (3) 

 
Assume 𝑓𝑓 = 0.03 and using (1), (2), and (3) in sequence, 

𝑉𝑉 = 7.988 → 𝑅𝑅𝑅𝑅 = 3.31 × 105 → 𝑓𝑓 = 0.033 
 
Assume 𝑓𝑓 = 0.033, 

𝑉𝑉 = 7.648 → 𝑅𝑅𝑅𝑅 = 3.17 × 105 → 𝑓𝑓 = 0.033  (Converged) 
 

1)  
 

Flow rate (+1 point) 

𝐴𝐴 =
𝜋𝜋𝐷𝐷2

4
=
𝜋𝜋 × 0.52

4
= 0.196 m2 

𝑄𝑄 = 𝑉𝑉𝐴𝐴 = (7.648)(0.196) = 𝟓𝟓.𝟓𝟓 𝐟𝐟𝐟𝐟𝟏𝟏 𝐬𝐬⁄  
 

 



5. [Boundary layer]  

 

 
 
 

a1) Reynolds number (+2 points) 
 

𝑈𝑈 = 5 × 0.5144 = 2.572 m s⁄  

𝑅𝑅𝑅𝑅𝐿𝐿 =
𝜌𝜌𝑈𝑈𝐿𝐿
𝜇𝜇

=
(1030)(2.572)(360)

1.20 × 10−3
= 𝟐𝟐.𝟓𝟓𝟓𝟓 × 𝟓𝟓𝟎𝟎𝟖𝟖 

 
a2) Friction drag coefficient (+3 points) 
 

𝐶𝐶𝑓𝑓 =
0.455

(log10 𝑅𝑅𝑅𝑅𝐿𝐿)2.58 =
0.455

(log10 7.95 × 108)2.58 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟓𝟓𝟔𝟔𝟐𝟐 

or 

𝐶𝐶𝑓𝑓 =
0.031

𝑅𝑅𝑅𝑅𝐿𝐿
1
7

=
0.031

(7.95 × 108)
1
7

= 𝟎𝟎.𝟎𝟎𝟎𝟎𝟓𝟓𝟔𝟔𝟔𝟔 

 
 
 
  



 
b1) Friction Drag (+3 points) 

𝐴𝐴 = 𝐿𝐿𝑏𝑏 = (360 )(70 + 2 × 25) = 43,200 m2 
 

𝐹𝐹𝐷𝐷 =
1
2
𝜌𝜌𝑈𝑈2𝐴𝐴 ⋅ 𝐶𝐶𝑓𝑓 =

1
2

(1030)(2.572)2(43200)(0.00162) = 𝟐𝟐.𝟏𝟏𝟖𝟖 × 𝟓𝟓𝟎𝟎𝟓𝟓 𝑵𝑵 
Or 

𝐹𝐹𝐷𝐷 = 𝟐𝟐.𝟐𝟐𝟐𝟐 × 𝟓𝟓𝟎𝟎𝟓𝟓 𝑵𝑵 
 
b2) Power (+2 points) 

𝑃𝑃 = 𝐹𝐹𝐷𝐷𝑈𝑈 = (2.38 × 105)(2.572) = 𝟔𝟔.𝟓𝟓𝟐𝟐 × 𝟓𝟓𝟎𝟎𝟓𝟓 𝐖𝐖 ≈ 0.6 MW 
or 

𝑃𝑃 = 𝟔𝟔.𝟐𝟐𝟖𝟖 × 𝟓𝟓𝟎𝟎𝟓𝟓 𝑾𝑾 
 

 
 
 
 
  



6. [Pi theorem + Drag+Similarity]  
 

 
 

(a) Pi theorem (+4 points) 
 

𝐷𝐷𝑤𝑤 ℓ 𝑈𝑈 𝜌𝜌 𝑔𝑔 
{𝑀𝑀𝐿𝐿𝑇𝑇−2} {𝐿𝐿} {𝐿𝐿𝑇𝑇−1} {𝑀𝑀𝐿𝐿−3} {𝐿𝐿𝑇𝑇−2} 

{𝐹𝐹} {𝐿𝐿} {𝐿𝐿𝑇𝑇−1} {𝐹𝐹𝑇𝑇2𝐿𝐿−4} {𝐿𝐿𝑇𝑇−2} 
 

𝑟𝑟 = 𝑛𝑛 −𝑚𝑚 = 5 − 3 = 2 
Π1 = ℓ𝑎𝑎𝑈𝑈𝑏𝑏𝜌𝜌𝑐𝑐𝐷𝐷𝑤𝑤 =̇ (𝐿𝐿)𝑎𝑎(𝐿𝐿𝑇𝑇−1)𝑏𝑏(𝑀𝑀𝐿𝐿−3)𝑐𝑐(𝑀𝑀𝐿𝐿𝑇𝑇−2) =̇ 𝑀𝑀0𝐿𝐿0𝑇𝑇0 

�or  =̇ (𝐿𝐿)𝑎𝑎(𝐿𝐿𝑇𝑇−1)𝑏𝑏(𝐹𝐹𝑇𝑇2𝐿𝐿−4)𝑐𝑐(𝐹𝐹) =̇ 𝐹𝐹0𝐿𝐿0𝑇𝑇0� 
⇒ 𝑎𝑎 = −2, 𝑏𝑏 = −2, 𝑐𝑐 = −1 

∴ Π1 = ℓ−2𝑈𝑈−2𝜌𝜌−1𝐷𝐷𝑤𝑤 =
𝑫𝑫𝒘𝒘

𝝆𝝆𝑼𝑼𝟐𝟐𝓵𝓵𝟐𝟐
 

 
Π2 = ℓ𝑎𝑎𝑈𝑈𝑏𝑏𝜌𝜌𝑐𝑐𝑔𝑔 =̇ (𝐿𝐿)𝑎𝑎(𝐿𝐿𝑇𝑇−1)𝑏𝑏(𝑀𝑀𝐿𝐿−3)𝑐𝑐(𝐿𝐿𝑇𝑇−2) =̇ 𝑀𝑀0𝐿𝐿0𝑇𝑇0 

�or  =̇ (𝐿𝐿)𝑎𝑎(𝐿𝐿𝑇𝑇−1)𝑏𝑏(𝐹𝐹𝑇𝑇2𝐿𝐿−4)𝑐𝑐(𝐿𝐿𝑇𝑇−2) =̇ 𝐹𝐹0𝐿𝐿0𝑇𝑇0� 
⇒ 𝑎𝑎 = 1, 𝑏𝑏 = −2, 𝑐𝑐 = 0 

∴ Π2 = ℓ1𝑈𝑈−2𝜌𝜌0𝑔𝑔 =
𝒈𝒈𝓵𝓵
𝑼𝑼𝟐𝟐 

 
 

(b) Similarity requirement (+2 points) 
 

gℓ𝑎𝑎
𝑈𝑈𝑎𝑎2

=
gℓ
𝑈𝑈2 

𝑈𝑈 = 16.3 × 0.5144 = 8.385 m s⁄  

ℓ𝑎𝑎 =
100
25

= 4 m 



∴ 𝑈𝑈𝑎𝑎 = 𝑈𝑈�
ℓ𝑎𝑎
ℓ

= (16.3 × 0.5144)�
1

25
= 𝟓𝟓.𝟔𝟔𝟐𝟐𝟐𝟐𝐦𝐦 𝐬𝐬⁄  

 
 

(c) Wave-making drag (+4 points) 
Model: 

𝐹𝐹𝑟𝑟 =
𝑈𝑈

�𝑔𝑔ℓ
=

1.677
�(9.81)(100 25⁄ )

= 0.268 

𝐶𝐶𝑊𝑊 = 0.00065 from the chart 

∴ 𝐷𝐷𝑤𝑤 =
1
2
𝜌𝜌𝑎𝑎𝑈𝑈𝑎𝑎2 ℓ𝑎𝑎2 ⋅ 𝐶𝐶𝑊𝑊 = �

1
2
� (999)(1.677)2(4)2(0.00065) = 𝟓𝟓𝟐𝟐.𝟔𝟔 𝐍𝐍 

Prototype: 

𝐹𝐹𝑟𝑟 =
𝑈𝑈

�𝑔𝑔ℓ
=

8.385
�(9.81)(100)

= 0.268 

𝐶𝐶𝑊𝑊 = 0.00065 from the chart 

∴ 𝐷𝐷𝑤𝑤 =
1
2
𝜌𝜌𝑈𝑈2ℓ2 ⋅ 𝐶𝐶𝑊𝑊 = �

1
2
� (1,030)(8.385)2(100)2(0.00065) = 𝟐𝟐𝟏𝟏𝟓𝟓 𝐤𝐤𝐍𝐍 

 
 
 
 
 
 


