
Chapter 11 Flow Over Bodies: Drag and Lift 

 
Flow over Flat Plates 
 
11-43C The fluid viscosity is responsible for the development of the velocity boundary layer. Velocity 
forces the boundary layer closer to the wall. Therefore, the higher the velocity (and thus Reynolds number), 
the lower the thickness of the boundary layer.   
 
11-44C The friction coefficient represents the resistance to fluid flow over a flat plate. It is proportional to 
the drag force acting on the plate. The drag coefficient for a flat surface is equivalent to the mean friction 
coefficient. 
 
11-45C The local friction coefficient decreases with downstream distance in laminar flow over a flat plate.  
 
11-46C The average friction coefficient in flow over a flat plate is determined by integrating the local 
friction coefficient over the entire plate, and then dividing it by the length of the plate. Or, it can be 
determined experimentally by measuring the drag force, and dividing it by the dynamic pressure. 
 
11-47E Light oil flows over a flat plate. The total drag force per unit width of the plate is to be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5 × 105. 3 
The surface of the plate is smooth.  

Properties The density and kinematic viscosity of light oil at 75°F are ρ = 55.3 lbm/ft3 and ν = 7.751×10–3 
ft2/s.  

Analysis Noting that L = 15 ft, the Reynolds number at the end of the plate is  
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Oil 

6 ft/s which is less than the critical Reynolds number. Thus we have laminar flow 
over the entire plate, and the average friction coefficient is determined from 

  01232.0)10161.1(328.1Re328.1 5.045.0 =××== −−
LfC

L = 15 ft 
Noting that the pressure drag is zero and thus C  for a flat plate, the 
drag force acting on the top surface of the plate per unit width becomes  
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The total drag force acting on the entire plate can be determined by multiplying the value obtained above 
by the width of the plate.  

Discussion The force per unit width corresponds to the weight of a mass of 5.87 lbm. Therefore, a person 
who applies an equal and opposite force to the plate to keep it from moving will feel like he or she is using 
as much force as is necessary to hold a 5.87 lbm mass from dropping.  
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-48 Air flows over a plane surface at high elevation. The drag force acting on the top surface of the plate 
is to be determined for flow along the two sides of the plate. √ 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5×105.  3 
Air is an ideal gas. 4 The surface of the plate is smooth. 

Properties The dynamic viscosity is independent of pressure, and for air at 25°C it is µ = 1.849×10-5 
kg/m⋅s. The air density at 25°C = 298 K and 83.4 kPa is 

 3
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Analysis (a) If the air flows parallel to the 8 m side, the Reynolds number becomes 
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which is greater than the critical Reynolds number. Thus we 
have combined laminar and turbulent flow, and the friction 
coefficient is determined to be   
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Noting that the pressure drag is zero and thus  for a flat plate, the 
drag force acting on the top surface of the plate becomes 
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(b) If the air flows parallel to the 2.5 m side, the Reynolds number is 
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which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow, 
and the friction coefficient is determined to be   
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Then the drag force acting on the top surface of the plate becomes 
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Discussion Note that the drag force is proportional to density, which is proportional to the pressure. 
Therefore, the altitude has a major influence on the drag force acting on a surface.  Commercial airplanes 
take advantage of this phenomenon and cruise at high altitudes where the air density is much lower to save 
fuel. 
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-49 Wind is blowing parallel to the side wall of a house. The drag force acting on the wall is to be 
determined for two different wind velocities. √EES 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5×105.  3 
Air is an ideal gas. 4 The wall surface is smooth (the actual wall surface is usually very rough). 5 The wind 
blows parallel to the wall. 

Properties The density and kinematic viscosity of air at 1 atm and 5°C are ρ = 1.269 kg/m3 and ν = 
1.382×10–5 m2/s . 

Air 
55 km/h 

4 m 

10 m

Analysis The Reynolds number is 
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which is greater than the critical Reynolds number. Thus we have 
combined laminar and turbulent flow, and the friction coefficient is 
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Noting that the pressure drag is zero and thus C fD C=  for a flat plate, the drag force acting on the wall 
surface is 
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(b) When the wind velocity is doubled to 110 km/h, the Reynolds number becomes 
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which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow, 
and the friction coefficient and the drag force become   
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Treating flow over the side wall of a house as flow over a flat plate is not quite realistic. When flow hits a 
bluff body like a house, it separates at the sharp corner and a separation bubble exists over most of the side 
panels of the house. Therefore, flat plat boundary layer equations are not appropriate for this problem, and 
the entire house should considered in the solution instead.  

Discussion Note that the actual drag will probably be much higher since the wall surfaces are typically very 
rough. Also, we can solve this problem using the turbulent flow relation (instead of the combined laminar-
turbulent flow relation) without much loss in accuracy. Finally, the drag force nearly quadruples when the 
velocity is doubled. This is expected since the drag force is proportional to the square of the velocity, and 
the effect of velocity on the friction coefficient is small. 
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-50E Air flows over a flat plate. The local friction coefficients at intervals of 1 ft is to be determined and 
plotted against the distance from the leading edge. 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5×105.  3 
Air is an ideal gas. 4 The surface of the plate is smooth. 

Properties The density and kinematic viscosity of air at 1 atm and 70°F are ρ = 0.07489 lbm/ft3 and ν = 
0.5913 ft2/h = 1.643×10–4 ft2/s . 

Analysis For the first 1 ft interval, the Reynolds number is  
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25 ft/swhich is less than the critical value of 5 105× . Therefore, the flow 
is laminar. The local friction coefficient is 
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We repeat calculations for all 1-ft intervals. The results are  
x, ft Re  Cf 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1.522E+05 
3.044E+05 
4.566E+05 
6.088E+05 
7.610E+05 
9.132E+05 
1.065E+06 
1.218E+06 
1.370E+06 
1.522E+06 

0.001702 
0.001203 
0.000983 
0.004111 
0.003932 
0.003791 
0.003676 
0.003579 
0.003496 
0.003423 

rho=0.07489 "lbm/ft3" 
nu=0.5913/3600 "ft2/s" 
V=25  
“Local Re and C_f” 
Re=x*V/nu 
"f=0.664/Re^0.5" 
f=0.059/Re^0.2 
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0.0015
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0.0025
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0.0035

0.004

0.0045

x, ft  

f  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion Note that the Reynolds number exceeds the critical value for x > 3 ft, and thus the flow is 
turbulent over most of the plate. For x > 3 ft, we used  for friction 
coefficient. Note that C

LLfC 1742/Re-Re/074.0 5/1=

f  decreases with Re in both laminar and turbulent flows.   
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-51 Air flows on both sides of a continuous sheet of plastic. The drag force air exerts on the plastic sheet 
in the direction of flow is to be determined. 
Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5×105.  3 
Air is an ideal gas. 4 Both surfaces of the plastic sheet are smooth.  5 The plastic sheet does not vibrate and 
thus it does not induce turbulence in air flow. 

Properties The density and kinematic viscosity of air at 1 atm and 60°C are ρ = 1.059 kg/m3 and ν = 
1.896×10–5 m2/s . 

Analysis The length of the cooling section is   Air 
V∞ = 3 m/s   m 0.5=s) 2(m/s] )60/15[(sheet =∆= tVL

15 m/min 
Plastic sheet 
 

The Reynolds number  is 

 5
25 10899.1
/sm 10896.1

m) m/s)(1.2 (3
Re ×=

×
== −υ

VL
L  

which is less than the critical Reynolds number. Thus the flow is 
laminar. The area on both sides of the sheet exposed to air flow is  
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Then the friction coefficient and the drag force become 
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Discussion Note that the Reynolds number remains under the critical value, and thus the flow remains 
laminar over the entire plate. In reality, the flow may be turbulent because of the motion of the plastic 
sheet. 
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-52 A train is cruising at a specified velocity. The drag force acting on the top surface of a passenger car 
of the train is to be determined. 

Assumptions 1 The air flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5×105.  
3 Air is an ideal gas. 4 The top surface of the train is smooth (in reality it can be rough). 5 The air is calm 
(no significant winds).   

Properties The density and kinematic viscosity of air at 1 atm and 25°C are ρ = 1.184 kg/m3 and ν = 
1.562×10–5 m2/s . 

Analysis The Reynolds number is 
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which is greater than the critical Reynolds number. Thus we have 
combined laminar and turbulent flow, and the friction coefficient 
is determined to be   
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Noting that the pressure drag is zero and thus  for a flat 
plate, the drag force acting on the surface becomes 
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Discussion Note that we can solve this problem using the turbulent flow relation (instead of the combined 
laminar-turbulent flow relation) without much loss in accuracy since the Reynolds number is much greater 
than the critical value. Also, the actual drag force will probably be greater because of the surface roughness 
effects.   
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-53 The weight of a thin flat plate exposed to air flow on both sides is balanced by a counterweight. The 
mass of the counterweight that needs to be added in order to balance the plate is to be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5×105.  3 
Air is an ideal gas. 4 The surfaces of the plate are smooth. 

Properties The density and kinematic viscosity of air at 1 atm and 25°C are ρ = 1.184 kg/m3 and ν = 
1.562×10–5 m2/s . 

Analysis The Reynolds number  is 

Plate 

50 cm 

50 cm

Air, 10 m/s 
 5
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Re ×=

×
== −υ

VL
L  

which is less than the critical Reynolds number of 5×105 . 
Therefore the flow is laminar. The average friction coefficient, 
drag force and the corresponding mass are 
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The mass whose weight is 0.0695 N is 

 g 7.1kg 0.0071 ====
2

2

m/s 9.81
kg.m/s 0695.0

g
F

m D  

Therefore, the mass of the counterweight must be 7.1 g to counteract the drag force acting on the plate. 

Discussion Note that the apparatus described in this problem provides a convenient mechanism to measure 
drag force and thus drag coefficient.  

 
PROPRIETARY MATERIAL. © 2006 The McGraw-Hill Companies, Inc.  Limited distribution 
permitted only to teachers and educators for course preparation.  If you are a student using this Manual, you 
are using it without permission.   

11-28



Chapter 11 Flow Over Bodies: Drag and Lift 
11-54 Laminar flow of a fluid over a flat plate is considered. The change in the drag force is to be 
determined when the free-stream velocity of the fluid is doubled. √ 

Analysis For the laminar flow of a fluid over a flat plate the drag force is given by 
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When the free-stream velocity of the fluid is doubled, the new 
value of the drag force on the plate becomes 
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The ratio of drag forces corresponding to V and 2V is 

 2.8323/2 === 2/3

2/3

1

2 )2(
V
V

F
F

D

D  

Discussion Note that the drag force increases almost three times in laminar flow when the fluid velocity is 
doubled. 
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Chapter 11 Flow Over Bodies: Drag and Lift 
ting on the top and side 

e entire outer surface is 
surfaces of the truck are 

0.07350 lbm/ft3 and ν = 
11-55E A refrigeration truck is traveling at a specified velocity. The drag force ac
surfaces of the truck and the power needed to overcome it are to be determined. √ 

Assumptions 1 The process is steady and incompressible. 2 The airflow over th
turbulent because of constant agitation.  3 Air is an ideal gas. 4 The top and side 
smooth (in reality they can be rough). 5 The air is calm (no significant winds).   

Properties The density and kinematic viscosity of air at 1 atm and 80°F are ρ = 
0.6110 ft2/s = 1.697×10–4 ft2/s . 

Analysis The Reynolds number is 
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The air flow over the entire outer surface is assumed to be 
turbulent. Then the friction coefficient becomes  8 ft
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The area of the top and side surfaces of the truck is 

 A = Atop + 2Aside = 9×20+2×8×20 =500 ft2 

Noting that the pressure drag is zero and thus  for a plane surface, the drag force acting on these 
surfaces becomes 
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Noting that power is force times velocity, the power needed to overcome this drag force is 
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Discussion Note that the calculated drag force (and the power required to overcome it) is very small. This 
is not surprising since the drag force for blunt bodies is almost entirely due to pressure drag, and the 
friction drag is practically negligible compared to the pressure drag. 
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-56E Prob. 11-55E is reconsidered. The effect of truck speed on the total drag force acting on the top 
and side surfaces, and the power required to overcome as the truck speed varies from 0 to 100 mph in 
increments of 10 mph is to be investigated.  
 
rho=0.07350 "lbm/ft3" 
nu=0.6110/3600 "ft2/s" 
V=Vel*1.4667 "ft/s" 
L=20 "ft" 
W=2*8+9 
A=L*W 
Re=L*V/nu 
Cf=0.074/Re^0.2 
g=32.2 "ft/s2" 
F=Cf*A*(rho*V^2)/2/32.2 "lbf" 
Pdrag=F*V/737.56 "kW" 
 

V, mph Re Fdrag, lbf Pdrag, kW 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

0 
1.728E+06 
3.457E+06 
5.185E+06 
6.913E+06 
8.642E+06 
1.037E+07 
1.209E+07 
1.382E+07 
1.555E+07 
1.728E+07 

0.00 
0.51 
1.79 
3.71 
6.23 
9.31 
12.93 
17.06 
21.69 
26.82 
32.42 

0.000 
0.010 
0.071 
0.221 
0.496 
0.926 
1.542 
2.375 
3.451 
4.799 
6.446 
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-57  Air is flowing over a long flat plate with a specified velocity. The distance from the leading edge of 
the plate where the flow becomes turbulent, and the thickness of the boundary layer at that location are to 
be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5×105.  3 
Air is an ideal gas. 4 The surface of the plate is smooth. 

Properties The density and kinematic viscosity of air at 1 atm and 25°C are ρ = 1.184 kg/m3 and ν = 
1.562×10–5 m2/s . 

Analysis The critical Reynolds number is given to be Recr = 5×105. The distance from the leading edge of 
the plate where the flow becomes turbulent is the distance xcr where the Reynolds number becomes equal to 
the critical Reynolds number, 
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==→=
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The thickness of the boundary layer at that location is obtained by substituting this value of x into the 
laminar boundary layer thickness relation,   

  cm 0.678  m 00678.0
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x
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V 

Discussion When the flow becomes turbulent, the boundary layer 
thickness starts to increase, and the value of its thickness can be 
determined from the boundary layer thickness relation for turbulent flow.   
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-58  Water is flowing over a long flat plate with a specified velocity. The distance from the leading edge 
of the plate where the flow becomes turbulent, and the thickness of the boundary layer at that location are 
to be determined. 

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds number is Recr = 5×105.  3  
The surface of the plate is smooth. 

Properties The density and dynamic viscosity of water at 1 atm and 25°C are ρ = 997 kg/m3 and µ = 
0.891×10–3 kg/m⋅s. 

Analysis The critical Reynolds number is given to be Recr = 5×105. The distance from the leading edge of 
the plate where the flow becomes turbulent is the distance xcr where the Reynolds number becomes equal to 
the critical Reynolds number, 
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                   Re 3
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The thickness of the boundary layer at that location is obtained by substituting this value of x into the 
laminar boundary layer thickness relation,   

mm 0.39  m 00039.0
)10(5

m) 056.0(91.4
  

Re
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5
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x
xv
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Therefore, the flow becomes turbulent after about 5.6 cm from the leading edge of the plate, and the 
thickness of the boundary layer at that location is 0.39 mm. 

xcr

V 

Discussion When the flow becomes turbulent, the boundary 
layer thickness starts to increase, and the value of its thickness 
can be determined from the boundary layer thickness relation 
for turbulent flow.   
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Chapter 11 Flow Over Bodies: Drag and Lift 
 
Flow across Cylinders and Spheres 
 
11-59C Turbulence moves the fluid separation point further back on the rear of the body, reducing the size 
of the wake, and thus the magnitude of the pressure drag (which is the dominant mode of drag). As a result, 
the drag coefficient suddenly drops. In general, turbulence increases the drag coefficient for flat surfaces, 
but the drag coefficient usually remains constant at high Reynolds numbers when the flow is turbulent. 
 
11-60C Friction drag is due to the shear stress at the surface whereas the pressure drag is due to the 
pressure differential between the front and back sides of the body when a wake is formed in the rear. 
 
11-61C Flow separation in flow over a cylinder is delayed in turbulent flow because of the extra mixing 
due to random fluctuations and the transverse motion. 
 
11-62E A pipe is crossing a river while remaining completely immersed in water. The drag force exerted 
on the pipe by the river is to be determined. √ 

Assumptions 1 The outer surface of the pipe is smooth so that Fig. 11-34 can be used to determine the drag 
coefficient. 2 Water flow in the river is steady. 3 The turbulence in water flow in the river is not considered. 
4 The direction of water flow is normal to the pipe. 

Properties The density and dynamic viscosity of water at 70°F 
are ρ = 62.30 lbm/ft3 and µ = 2.36 lbm/ft⋅h = 6.556×10-4 
lbm/ft⋅s. 

Analysis  Noting that D = 1.2 in = 0.1 ft, the Reynolds number 
for flow over the pipe is 

   4
4

3
1050.9

slbm/ft 10556.6
ft) ft/s)(0.1 10)(lbm/ft 30.62(Re ×=

⋅×
=== −µ

ρ
ν

VDVD  

 

River water 
V = 10 ft/s 
T = 70°F 

Pipe   
D = 1.2 in 
L = 105 ft 

The drag coefficient corresponding to this value is, from Fig. 11-34, CD = 1.1. Also, the frontal area for 
flow past a cylinder is A = LD. Then the drag force acting on the cylinder becomes 

lbf 1120=








⋅
××==

2

23
2

2

ft/slbm 32.2
lbf 1

2
ft/s) 10)(lbm/ft 30.62(

)ft 1.0105(1.1
2
VACF DD
ρ  

Discussion Note that this force is equivalent to the weight of a 1120 lbm mass. Therefore, the drag force 
the river exerts on the pipe is equivalent to hanging a mass of 1120 lbm on the pipe supported at its ends 70 
ft apart. The necessary precautions should be taken if the pipe cannot support this force. Also, the 
fluctuations in water flow may reduce the drag coefficients by inducing turbulence and delaying flow 
separation.   
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-63 A pipe is exposed to high winds. The drag force exerted on the pipe by the winds is to be determined.   

Assumptions 1 The outer surface of the pipe is smooth so that Fig. 11-34 can be used to determine the drag 
coefficient. 2 Air flow in the wind is steady and incompressible. 3 The turbulence in the wind is not 
considered. 4The direction of wind is normal to the pipe. 

Properties The density and kinematic viscosity of air at 1 atm and 5°C 
are ρ = 1.269 kg/m3 and ν = 1.382×10-5 m2/s. 

Wind 
V = 50 km/h

T∞ = 5°C 
Analysis  Noting that D = 0.08 m and 1 m/s = 3.6 km/h, the 
Reynolds number for flow over the pipe is 

Pipe   
D = 8 cm 
L = 1 m 

5
25 108040.0
/sm 10382.1
m) m/s)(0.08 6.3/50(

Re ×=
×

== −ν
VD  

The drag coefficient corresponding to this value is, from Fig. 11-34, 
CD = 1.0. Also, the frontal area for flow past a cylinder is A = LD. 
Then the drag force becomes 

N 9.79=








⋅
×== 2

23
2

2

m/s kg1
N 1

2
m/s) 6.3/50)( kg/m269.1(

)m 08.01(0.1
2
VACF DD
ρ  (per m length) 

Discussion Note that the drag force acting on a unit length of the pipe is equivalent to the weight of 1 kg 
mass. The total drag force acting on the entire pipe can be obtained by multiplying the value obtained by 
the pipe length. It should be kept in mind that wind turbulence may reduce the drag coefficients by 
inducing turbulence and delaying flow separation.   
 

11-64E A person extends his uncovered arms into the windy air outside. The drag force exerted on both 
arms by the wind is to be determined.  √ 

Assumptions 1 The surfaces of the arms are smooth so that Fig. 11-34 can be used to determine the drag 
coefficient. 2 Air flow in the wind is steady and incompressible. 3 The turbulence in the wind is not 
considered. 4The direction of wind is normal to the arms. 5 The arms can be treated as 2-ft-long and 3-in.-
diameter cylinders with negligible end effects. 

Arm 

Air 
60°F, 20 mphProperties The density and kinematic viscosity of air at 1 atm and 

60°F are ρ = 0.07633 lbm/ft3 and ν = 0.5718 ft2/h = 1.588×10-4 
ft2/s. 

Analysis Noting that D = 3 in = 0.25 ft and 1 mph = 1.4667 ft/s, 
the Reynolds number for flow over the arm is 

4
24 10618.4
/sft 10588.1

ft) ft/s)(0.25 4667.120(
Re ×=

×
×

== −ν
VD  

The drag coefficient corresponding to this value is, from Fig. 11-34, CD = 1.0. Also, the frontal area for 
flow past a cylinder is A = LD. Then the total drag force acting on both arms becomes 

lbf 1.02=







⋅
×

×××== 2

23
2

2

ft/slbm 32.2
lbf 1

2
ft/s) 4667.120)(lbm/ft 07633.0()ft 25.022(0.1

2
VACF DD
ρ  

Discussion Note that this force is equivalent to the weight of  1 lbm mass. Therefore, the drag force the 
wind exerts on the arms of this person is equivalent to hanging 0.5 lbm of mass on each arm. Also, it 
should be kept in mind that the wind turbulence and the surface roughness may affect the calculated result 
significantly.   
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-65 Wind is blowing across the wire of a transmission line. The drag force exerted on the wire by the 
wind is to be determined.  √ 

Assumptions 1 The wire surfaces are smooth so that Fig. 11-34 can be used to determine the drag 
coefficient. 2 Air flow in the wind is steady and incompressible. 3 The turbulence in the wind is not 
considered. 4The direction of wind is normal to the wire. 

Properties The density and kinematic viscosity of air at 1 atm and 15°C 
are ρ = 1.225 kg/m3 and ν = 1.470×10-5 m2/s. Transmission 

wire, 
D = 0.6 cm 
L = 120 m 

 11-36

 
Analysis  Noting that D = 0.006 m and 1 m/s = 3.6 km/h, the 
Reynolds number for the flow is 

3
25 10535.4
/sm 10470.1

m) m/s)(0.006 6.3/40(
Re ×=

×
== −ν

VD  

The drag coefficient corresponding to this value is, from Fig. 11-
34, CD = 1.0. Also, the frontal area for flow past a cylinder is A = 
LD. Then the drag force becomes 

  N 54.4=








⋅
×== 2

23
2

2

m/s kg1
N 1

2
m/s) 6.3/40)( kg/m225.1(

)m 006.0120(0.1
2
VACF DD
ρ  

Wind 
V = 40 km/h 

T = 15°C 

Therefore, the drag force acting on the wire is 54.4 N, which is equivalent to the weight of about 5.4 kg 
mass hanging on the wire. 

Discussion It should be kept in mind that wind turbulence may reduce the drag coefficients by inducing 
turbulence and delaying flow separation.   
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-66 A spherical hail is falling freely in the atmosphere. The terminal velocity of the hail in air is to be 
determined.  √ 

Assumptions 1 The surface of the hail is smooth so that Fig. 11-34 can be used to determine the drag 
coefficient. 2 The variation of the air properties with altitude is negligible. 3 The buoyancy force applied by 
air to hail is negligible since ρair << ρhail (besides, the uncertainty in the density of hail is greater than the 
density of air). 4 Air flow over the hail is steady and incompressible when terminal velocity is established. 
5 The atmosphere is calm (no winds or drafts).   

Properties The density and kinematic viscosity of air at 1 atm and 5°C are ρ = 1.269 kg/m3 and ν = 
1.382×10-5 m2/s. The density of hail is given to be 910 kg/m3. 

Analysis The terminal velocity of a free falling object is reached when the drag force equals the weight of 
the solid object less the buoyancy force applied by the fluid, which is negligible in this case, 

BD FWF −=       where     0and      ),6/(       ,
2

3
2

≅==== Bss
f

DD FDggmgW
V

ACF πρρ
ρ

V  

and A = πD2/4 is the frontal area.  Substituting and simplifying,   
Hail 
D = 0.3 cm 

  
3

4      
624

       
2

2
3222

DgVCDg
VDCW

V
A sfDs

f
D

f
D ρρπρ

ρπρ
=→=→=C  

Air 
T = 5°C 

D 
Solving for V and substituting, 

 
DDfD

s

C
V

CC
Dg

V 662.8         
) kg/m269.1(3

m) )(0.008 kg/m)(910m/s 81.9(4
3
4

 3

32
=→==

ρ
ρ

       (1) 

The drag coefficient CD is to be determined from Fig. 11-34, but it 
requires the Reynolds number which cannot be calculated since we do 
not know velocity. Therefore, the solution requires a trial-error 
approach. First we express the Reynolds number as 

V
VVD 578.9Re            

/sm 10382.1
m) (0.008

Re 25 =→
×

== −ν
           (2) 

Now we choose a velocity in m/s, calculate the Re from Eq. (2), read the corresponding CD from Fig. 11-
34, and calculate V from Eq. (1). Repeat calculations until the assumed velocity matches the calculated 
velocity. With this approach the terminal velocity is determined to be 

 V = 13.7 m/s 

The corresponding Re and CD values are Re = 7930 and CD = 0.40.  Therefore, the velocity of hail will 
remain constant when it reaches the terminal velocity of 13.7 m/s = 49 km/h. 

Discussion The simple analysis above gives us a reasonable value for the terminal velocity. A more 
accurate answer can be obtained by a more detailed (and complex) analysis by considering the variation of 
air properties with altitude, and by considering the uncertainty in the drag coefficient (a hail is not 
necessarily spherical and smooth). 
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-67 A spherical dust particle is suspended in the air at a fixed point as a result of an updraft air motion. 
The magnitude of the updraft velocity is to be determined using Stokes law.   

Assumptions 1 The Reynolds number is low (at the order of 1) so that Stokes law is applicable (to be 
verified). 2 The updraft is steady and incompressible. 3 The buoyancy force applied by air to the dust 
particle is negligible since ρair << ρdust (besides, the uncertainty in the density of dust is greater than the 
density of air). (We will solve the problem without utilizing this assumption for generality). 

Properties The density of dust is given to be ρs = 2.1 g/cm3 = 2100 kg/m3.  The density and dynamic 
viscosity of air at 1 atm and 25°C are ρf = 1.184 kg/m3 and µ = 1.849×10-5 kg/m⋅s. 

 Analysis The terminal velocity of a free falling object is reached (or the suspension of an object in a flow 
stream is established) when the drag force equals the weight of the solid object less the buoyancy force 
applied by the surrounding fluid,  

BD FWF −=       where   VDFD πµ3=  (Stoke’s law),   VV gFgW fBs ρρ == and      ,  

Here V = πD3/6 is the volume of the sphere. Substituting,  

  
6

)(3       3
3DgVDggVD fsfs

πρρπµρρπµ −=→−= VV  

Dust 

0.1 mm V

Air Solving for the velocity V and substituting the numerical values, the 
updraft velocity is determined to be 

  m/s 0.619=
⋅×

=
−

=
s)kg/m 1018(1.849

kg/m 1.184)-(2100m) 0001.0)(m/s 81.9(
18

)(
5-

3222

µ

ρρ fsgD
V   

The Reynolds number in this case is 

0.4
m/skg 101.849

m) 1m/s)(0.000 )(0.619kg/m (1.184
Re

5-

3
=

⋅×
==

µ
ρVD  

which is in the order of 1. Therefore, the creeping flow idealization and thus Stokes law is applicable, and 
the value calculated is valid. 
 
Discussion Flow separation starts at about Re = 10. Therefore, Stokes law can be used for Reynolds 
numbers upto this value, but this should be done with care. 
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-68 Dust particles that are unsettled during high winds rise to a specified height, and start falling back 
when things calm down. The time it takes for the dust particles to fall back to the ground and their velocity 
are to be determined using Stokes law.   

Assumptions 1 The Reynolds number is low (at the order of 1) so that Stokes law is applicable (to be 
verified). 2 The atmosphere is calm during fall back (no winds or drafts). 3 The initial transient period 
during which the dust particle accelerates to its terminal velocity is negligible. 4 The buoyancy force 
applied by air to the dust particle is negligible since ρair << ρdust (besides, the uncertainty in the density of 
dust is greater than the density of air). (We will solve this problem without utilizing this assumption for 
generality).  

Properties The density of dust is given to be ρs = 1.8 g/cm3 = 1800 kg/m3.  The density and dynamic 
viscosity of air at 1 atm and 15°C are ρf = 1.225 kg/m3 and µ = 1.802×10-5 kg/m⋅s. 

 Analysis The terminal velocity of a free falling object is reached when the drag force equals the weight of 
the solid object less the buoyancy force applied by the surrounding fluid,  

BD FWF −=       where   VDFD πµ3=  (Stoke’s law),   VV gFgW fBs ρρ == and      ,  

Here V = πD3/6 is the volume of the sphere. Substituting,  

  
6

)(3       3
3DgVDggVD fsfs

πρρπµρρπµ −=→−= VV  
m

Solving for the velocity V and substituting the numerical values, the 
terminal velocity is determined to be 

m/s 0.136=
⋅×

×
=

−
=

−

s) kg/m1018(1.802
 kg/m1.225)-(1800m) 105)(m/s 81.9(

18
)(

5-

32522

µ

ρρ fsgD
V  

Then the time it takes for the dust particle to travel 350 m at this velocity becomes 

min 42.9 ====∆  s 2573
m/s 0.136
m 350t  

V
L  

The Reynolds number is 

46.0
m/skg 101.802

m) 10m/s)(5 )(0.136kg/m (1.225
Re

5-

-53
=

⋅×

×
==

µ
ρVD  

which is in the order of 1. Therefore, the creeping flow idealization and thus Stokes law is ap
 
Discussion Note that the dust particle reaches a terminal velocity of 0.136 m/s, and it takes a
fall back to the ground. The presence of drafts in air may significantly increase the settling ti
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Chapter 11 Flow Over Bodies: Drag and Lift 
11-69 A cylindrical log suspended by a crane is subjected to normal winds. The angular displacement of 
the log and the tension on the cable are to be determined. 

Assumptions 1 The surfaces of the log are smooth so that Fig. 11-34 can be used to determine the drag 
coefficient (not a realistic assumption). 2 Air flow in the wind is steady and incompressible. 3 The 
turbulence in the wind is not considered. 4The direction of wind is normal to the log, which always remains 
horizontal. 5 The end effects of the log are negligible. 6 The weight of the cable and the drag acting on it 
are negligible. 7 Air is an ideal gas.  

Properties The dynamic viscosity of air at 5°C (independent of pressure) is µ = 1.754×10-5 kg/m⋅s. Then 
the density and kinematic viscosity of air are calculated to be  

80 km/h 
0.

3
3  kg/m103.1

K) K)(278/kgm kPa287.0(
 kPa88

=
⋅⋅

==
RT
Pρ  

/sm 10590.1
 kg/m103.1

s kg/m10754.1 25
3

5
−

−

×=
⋅×

==
ρ
µν  

Analysis Noting that D = 0.2 m and 1 m/s = 3.6 km/h, the 
Reynolds number is  

5
25 10398.1
/sm 10590.1
m) m/s)(0.2 6.3/40(

Re ×=
×

== −ν
VD  

The drag coefficient corresponding to this value is, from Fig. 11-34, CD = 1.2. Also, the frontal 
flow past a cylinder is A = LD. Then the total drag force acting on the log becomes 

N 32.7
m/skg 1
N 1

2
m/s) 6.3/40)(kg/m 103.1()m 2.02(2.1

2 2

23
2

2
=











⋅
×==

VACF DD
ρ

The weight of the log is 

3
m/s kg1
N 1

4
m) 2(m) 2.0(

)m/s 81.9)( kg/m513(
4 2

2
23

2
=









⋅
====

ππρρ LDggmgW V

Then the resultant force acting on the log and the angle it makes with the horizontal become 

°=→===

=+=+==

84

N 318

θθ             9.66
32.7
316tan

3167.32 2222
log

D

D

F
W

FWRF
 

Drawing a free body diagram of the log and doing a force balance will show that the magn
tension on the cable must be equal to the resultant force acting on the log. Therefore, the ten
cable is 318 N and the cable makes 84° with the horizontal. 

Discussion Note that the wind in this case has rotated the cable by 6° from its vertical p
increased the tension action on it somewhat. At very high wind speeds, the increase in the cable
be very significant, and wind loading must always be considered in bodies exposed to high wind

 
PROPRIETARY MATERIAL. © 2006 The McGraw-Hill Companies, Inc.  Limited distributi
permitted only to teachers and educators for course preparation.  If you are a student using this M
are using it without permission.   

11-40
θ

2 m

2 m 

area for 

 

N 16  

itude of the 
sion on the 

osition, and 
 tension can 
s.    

on 
anual, you 



Chapter 11 Flow Over Bodies: Drag and Lift 
11-70 A ping-pong ball is suspended in air by an upward air jet. The velocity of the air jet is to be 
determined, and the phenomenon that the ball returns to the center of the air jet after a disturbance is to be 
explained.  

Assumptions 1 The surface of the ping-pong ball is smooth so that Fig. 11-34 can be used to determine the 
drag coefficient. 2 Air flow over the ball is steady and incompressible.   

Properties The density and kinematic viscosity of air at 1 atm and 25°C are ρ = 1.184 kg/m3 and ν = 
1.562×10-5 m2/s.   

Analysis The terminal velocity of a free falling object is reached 
when the drag force equals the weight of the solid object less the 
buoyancy force applied by the fluid,  

Ball 
2.6 g 

Air jet

        where     BD FWF −= VgFmgW
V

ACF fB
f

DD ρ
ρ

=== and      ,       ,
2

2

 

Here A = πD2/4 is the frontal area and V = πD3/6 is the volume of the 
sphere. Also, 

  
N 000334.0m/s kg000334.0

6
m) 038.0()m/s )(9.81 kg/m184.1( 

6

N 0255.0m/s kg0255.0)m/s  kg)(9.810026.0(

2
3

23
3

22

=⋅===

=⋅===

ππρ DgF

mgW
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Substituting  and solving for V,  

DDfD

B
B

f
D C

V
CCD

FW
VFW

VDC 122.6    
) kg/m184.1(m) 038.0(
)m/s kg)000334.00255.0(8)(8

     
24 32

2

2

22
=→

⋅−
=

−
=→−=

πρπ

ρπ   (1) 

The drag coefficient CD is to be determined from Fig. 11-34, but it requires the Reynolds number which 
cannot be calculated since we do not know velocity. Therefore, the solution requires a trial-error approach. 
First we express the Reynolds number as 

V
VVD 2433Re            

/sm 10562.1
m) (0.038

Re 25 =→
×

== −ν
           (2) 

Now we choose a velocity in m/s, calculate the Re from Eq. (2), read the corresponding CD from Fig. 11-
34, and calculate V from Eq. (1). Repeat calculations until the assumed velocity matches the calculated 
velocity. With this approach the velocity of the fluid jet is determined to be 

 V = 9.3 m/s 

The corresponding Re and CD values are Re = 22,600 and CD = 0.43.  Therefore, the ping-pong ball will 
remain suspended in the air jet when the air velocity reaches 9.3 m/s = 33.5 km/h. 

Discussion 1 If the ball is pushed to the side by a finger, the ball will come back to the center of the jet 
(instead of falling off) due to the Bernoulli effect. In the core of the jet the velocity is higher, and thus the 
pressure is lower relative to a location away from the jet.  
 
2 Note that this simple apparatus can be used to determine the drag coefficients of certain object by simply 
measuring the air velocity, which is easy to do. 
 
3 This problem can also be solved roughly by taking CD = 0.5 from Table 11-2 for a sphere in laminar flow, 
and then verifying that the flow is laminar. 
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