
1. [Static pressure & buoyancy]  
 

          
 
(a1) Hydrostatic pressure force (+3 points) 
 

𝐹𝑅 = 𝛾ℎ𝐶𝐴 = 𝛾 �
ℎ
2
� (ℎ × 2) = (9.8 × 103) �

2.5
2
� (2.5 × 2) = 𝟔𝟏,𝟐𝟓𝟎 𝐍 

 
(a2) Pressure center (+3 points) 

𝑦𝑅 = 𝑦𝐶 +
𝐼𝑥
𝑦𝐶𝐴

=
2.5
2

+
1
12(2)(2.5)3

�2.5
2 �(2.5 × 2)

= 𝟏.𝟔𝟔𝟕 𝐦  (from free surface) 

 
 
 
(b) Tension (+2 points) 

4 × 𝑇 = (ℎ − 𝑦𝑅) × 𝐹𝑅 
 

∴ 𝑇 =
(2.5 − 1.667) × (61,250)

4
= 𝟏𝟐,𝟕𝟔𝟎 𝐍 

 
 
(c) Cylinder mass (+2 points) 

𝑊 = 𝑇 + 𝐹𝐵    or  𝑀𝑔 = 𝑇 + 𝛾𝑉 
 

∴ 𝑀 =
𝑇 + 𝛾𝑉
𝑔

=
12,760 + (9.8 × 103) (𝜋)(1)2

4 (2.5− 1)
9.81

=
12,760 + 11,545

9.81
= 𝟐,𝟒𝟖𝟎 𝐤𝐠 

 
 

 
 
 
 
 
 
 
 
 



2. [Momentum+Energy]  

 
 

Continuity (+1 point) 

𝑉2 = �
𝐷1
𝐷2
�
2
𝑉1 = �

12
6
�
2

(5) = 𝟐𝟎 𝐟𝐭 𝐬⁄  

 
 
Energy equation (+3 points) 

𝑝1
𝛾

+
𝑉12

2𝑔
+ 0 = 0 +

𝑉22

2𝑔
+ 0 + ℎ𝐿 

 

∴ 𝑝1 = 𝛾 ⋅ �
𝑉22 − 𝑉12

2𝑔
+ ℎ𝐿� = (62.4)�

202 − 52

2 × 32.2
+ 1� = 363.4 + 62.4 = 𝟒𝟐𝟓.𝟖 𝐥𝐛 𝐟𝐭𝟐⁄  

 
 
 
(a) Momentum equation with loss (+4 points) 
 

−𝐹𝑥 + 𝑝1𝐴1 = �̇�(−𝑉2) − �̇�𝑉1 
where, 

�̇� = 𝜌𝐴1𝑉1 = 𝜌𝐴2𝑉2 = 7.62 kg m3⁄  
 

∴ 𝐹𝑥 = 𝑝1𝐴1 + �̇�(𝑉1 + 𝑉2) = (425.8)�
𝜋 × 12

4 � + (7.62)(20 + 5) = 334 + 191 = 𝟓𝟐𝟓 𝐥𝐛 

Alternatively, 
−𝐹𝑥 + 𝑝1𝐴1 = −𝜌𝐴2𝑉22 − 𝜌𝐴1𝑉12 

 
∴ 𝐹𝑥 = 𝑝1𝐴1 + 𝜌𝐴2𝑉22 + 𝜌𝐴1𝑉12 = 𝟓𝟐𝟓 𝐥𝐛 

 
 
(b) Without loss (+2 points) 

𝑝1 = 𝛾 ⋅ �
𝑉22 − 𝑉12

2𝑔 � = 𝟑𝟔𝟑.𝟒 𝐥𝐛/𝐟𝐭𝟐 

 

∴ 𝐹𝑥 = (363.4)�
𝜋 × 12

4 �+ (7.62)(20 + 5) = 285 + 191 = 𝟒𝟕𝟔 𝐥𝐛 

or 

𝐹𝑥  



∴ 𝐹𝑥 = 𝑝1𝐴1 + 𝜌𝐴2𝑉22 + 𝜌𝐴1𝑉12 = 𝟒𝟕𝟔 𝐥𝐛 
 

 
 
  



3. [Exact solution]  
 
(a1) B.C. at 𝑥 = 0 (+3 points) 
 

𝑣(0) = 0 + 0 + 𝑐2 = 𝑉0 
 

∴ 𝒄𝟐 = 𝑽𝟎 
 
 
(a2) B.C. at 𝑥 = ℎ (+2 points) 
 

𝑑𝑣
𝑑𝑥
�
𝑥=ℎ

=
𝛾
𝜇
⋅ ℎ + 𝑐1 = 0 

 

∴ 𝒄𝟏 = −
𝜸𝒉
𝝁

 

 
  

 
(b1) Shear stress (+3 points) 
 

𝜏𝑤 = 𝜇
𝑑𝑣
𝑑𝑥
�
𝑥=0

= 𝜇 �
𝛾
𝜇
𝑥 −

𝛾ℎ
𝜇
�
𝑥=0

= −𝛾ℎ = (12.4 × 103)(0.002) = −𝟐𝟒.𝟖 𝐍 𝐦𝟐⁄  

 
 
(b2) Flow rate (+2 points) 
 

𝑞 = � 𝑣𝑑𝑥
ℎ

0
= 𝑉0ℎ −

𝛾ℎ3

3𝜇
= (0.015)(0.002)−

(12.4 × 103)(0.002)3

3(1.5) = 𝟕.𝟗𝟔 × 𝟏𝟎−𝟔  𝐦𝟑 𝐬⁄

≈ 𝟖 𝒄𝒎𝟑 𝒔⁄  
 

 
 
 
  



4. [Pipe flow - Q]  

 
 
Energy equation (+6 points) 
 

0 + 0 + 𝑧1 + ℎ𝑝 = 0 + 0 + 𝑧2 + �𝑓
𝐿
𝐷

+ �𝐾𝐿�
𝑉2

2𝑔
 

 
with ℎ𝑝 = 250 ft, 𝑧2 = 𝑧1 + 120 ft, 𝐿 = 2,000 ft, 𝐷 = (7.5/12) = 0.625 ft, and 
 

�𝐾𝐿 = 0.8 + 2 × 1.5 + 1.0 = 4.8 
Thus, 

0 + 0 + 𝑧1 + 250 = 0 + 0 + (𝑧1 + 120) + �𝑓
2000
0.625

+ 4.8�
𝑉2

2 × 32.2
 

or, 

𝑉2 =
(250− 120)(2)(32.2)

2,000
0.625𝑓 + 4.8

=
8,372

3,200𝑓 + 4.8
     (1) 

 
 

 
 
 
 
 
 
Iteration process (+3 points) 
 
Guess 𝑓 = 0.02: 

𝑉 = � 8,372
3,200×0.02+4.8

�
1
2 = 11 ft s⁄  → 𝑅𝑒 = 𝜌𝑉𝐷

𝜇
= (1.94)(11)(7.5 12⁄ )

2.09×10−5
= 6.4 × 105 

 
1
�𝑓

= −1.8 log ��0.00085 0.602⁄
3.7

�
1.1

+ 6.9
6.4×105

� → 𝑓𝑛𝑒𝑤 = 0.022 

 
Guess 𝑓 = 0.022: 

𝑉 = 10.55 ft s⁄  → 𝑅𝑒 = 6.12 × 105 → 𝑓𝑛𝑒𝑤 = 0.022 (Converged) 
 

 



Flow rate (+1 point) 
 

𝑄 = 𝑉𝐴 = (10.55)�
𝜋 ⋅ (7.5 12⁄ )2

4 � = 𝟑.𝟐𝟒 𝐟𝐭𝟑 𝐬⁄  

 
 
  



5. [Turbulent boundary layer]  
 

 
 
 
Reynolds number (+2 points) 
 

𝑅𝑒𝐿 =
𝑉𝐿
𝜈

=
(60 × 1.4667)(11)

1.697 × 10−4
=

(88)(11)
1.697 × 10−4

= 𝟓.𝟕𝟎𝟒 × 𝟏𝟎𝟔 
 

 
 
Friction drag coefficient (+3 points) 
 

𝐶𝑓 =
0.074

𝑅𝑒𝐿
1
5

=
0.074

(5.704 × 106)
1
5

= 𝟎.𝟎𝟎𝟑𝟑𝟎 

Alternatively, 
 

𝐶𝑓 =
0.031

𝑅𝑒𝐿
1
7

= 0.00336 

or 

𝐶𝑓 =
0.455

(log𝑅𝑒𝐿)2.58 = 0.00329 

 
 

 
  



 
Friction Drag (+5 points) 
 

𝐷𝑓 = 𝐶𝑓 ⋅
1
2
𝜌𝑉2𝐴 

 

∴ 𝐷𝑓 = (0.00330) �
1
2
� (2.28 × 10−3)(88)2{(6 × 11) + 2 × (3.2 × 11)} 

= 0.0291 × (66 + 2 × 35.2) = 1.9 + 2.1 = 𝟒 𝐥𝐛𝐟 
 

 
 
 
 
  



6. [Pi theorem + Drag]  
 

 
 
(a) Pi theorem (+4 points) 
 

𝐷 =̇ 𝑀𝐿𝑇−2;𝑑 =̇ 𝐿;𝑈 =̇ 𝐿𝑇−1; 𝜀 =̇ 𝐿; 𝜌 =̇ 𝑀𝐿−3; 𝜈 =̇ 𝐿2𝑇−1 
or 

𝐷 =̇ 𝐹;𝑑 =̇ 𝐿;𝑈 =̇ 𝐿𝑇−1; 𝜀 =̇ 𝐿;𝜌 =̇ 𝐹𝐿−4𝑇2; 𝜈 =̇ 𝐿2𝑇−1 
 
Thus, 𝑘 − 𝑟 = 6 − 3 = 3. Select 𝜌, 𝑈, 𝑑 as repeating variables: 
 
    Π1 = 𝐷𝜌𝑎𝑈𝑏𝑑𝑐   →   (𝑀𝐿𝑇−2)(𝑀𝐿−3)𝑎(𝐿𝑇−1)𝑏(𝐿)𝑐 =̇ 𝑀0𝐿0𝑇0   →   𝑎 = −1,𝑏 = −2, 𝑐 = −2  
    Π2 = 𝜀𝜌𝑎𝑈𝑏𝑑𝑐    →   (𝐿)(𝑀𝐿−3)𝑎(𝐿𝑇−1)𝑏(𝐿)𝑐            =̇ 𝑀0𝐿0𝑇0   →   𝑎 = 0,     𝑏 = 0,     𝑐 = −1  
    Π3 = 𝜈𝜌𝑎𝑈𝑏𝑑𝑐    →   (𝐿2𝑇−1)(𝑀𝐿−3)𝑎(𝐿𝑇−1)𝑏(𝐿)𝑐   =̇ 𝑀0𝐿0𝑇0   →   𝑎 = 0,     𝑏 = −1, 𝑐 = −1  
 
Alternatively, 
    Π1 = 𝐷𝜌𝑎𝑈𝑏𝑑𝑐   →   (𝐹)(𝐹𝐿−4𝑇2)𝑎(𝐿𝑇−1)𝑏(𝐿)𝑐           =̇ 𝐹0𝐿0𝑇0   →   𝑎 = −1,𝑏 = −2, 𝑐 = −2  
    Π2 = 𝜀𝜌𝑎𝑈𝑏𝑑𝑐    →   (𝐿)(𝐹𝐿−4𝑇2)𝑎(𝐿𝑇−1)𝑏(𝐿)𝑐           =̇ 𝐹0𝐿0𝑇0   →   𝑎 = 0,𝑏 = 0, 𝑐 = −1  
    Π3 = 𝜈𝜌𝑎𝑈𝑏𝑑𝑐    →   (𝐿2𝑇−1)(𝐹𝐿−4𝑇2)𝑎(𝐿𝑇−1)𝑏(𝐿)𝑐  =̇ 𝐹0𝐿0𝑇0   →   𝑎 = 0, 𝑏 = −1, 𝑐 = −1  
 

∴ Π1 =
𝐷

𝜌𝑈2𝑑2
;     Π2 =

𝜀
𝑑

;       Π1 =
𝜈
𝑈𝑑

 

Thus, 
𝑫

𝝆𝑼𝟐𝒅𝟐
= 𝝓�

𝜺
𝒅

,
𝑼𝒅
𝝂
� 

 
 
 
 
 
 
(b) Drag force (+6 points) 
 

𝜀
𝑑

=
3.75 × 10−2

3
= 1.25 × 10−2 

𝐶 𝐷
=

𝐷
1 2𝜌
𝑈
2
𝜋 4
𝑑2

 



 

𝑅𝑒 =
𝑈𝑑
𝜈

=
(51)(3 12⁄ )
1.57 × 10−4

= 8.1 × 104 
 
 
Thus, 𝐶𝐷 ≈ 0.2 from the chart and 
 

𝐷 = 𝐶𝐷 ⋅
1
2
𝜌𝑈2 𝜋

4
𝑑2 = (0.2) �

1
2
� (2.38 × 10−3)(51)2 �

𝜋
4
� �

3
12
�
2

= 𝟎.𝟎𝟑 𝐥𝐛 
 

 
 
 
 
 


