
microscopic determination of the average height of the roughness of the surface. They do,
however, provide the correct correlation for 

It is important to observe that the values of relative roughness given pertain to new,
clean pipes. After considerable use, most pipes 1because of a buildup of corrosion or scale2
may have a relative roughness that is considerably larger 1perhaps by an order of magnitude2
than that given. Very old pipes may have enough scale buildup to not only alter the value of

but also to change their effective diameter by a considerable amount.
The following characteristics are observed from the data of Fig. 8.20. For laminar flow,

which is independent of relative roughness. For very large Reynolds numbers,
which is independent of the Reynolds number. For such flows, commonly

termed completely turbulent flow 1or wholly turbulent flow2, the laminar sublayer is so thin1its thickness decreases with increasing Re2 that the surface roughness completely domi-
nates the character of the flow near the wall. Hence, the pressure drop required is a result
of an inertia-dominated turbulent shear stress rather than the viscosity-dominated laminar
shear stress normally found in the viscous sublayer. For flows with moderate values of Re,
the friction factor is indeed dependent on both the Reynolds number and relative roughness—

The gap in the figure for which no values of f are given 1the
range2 is a result of the fact that the flow in this transition range may

be laminar or turbulent 1or an unsteady mix of both2 depending on the specific circumstances
involved.

Note that even for smooth pipes the friction factor is not zero. That is, there
is a head loss in any pipe, no matter how smooth the surface is made. This is a result of the
no-slip boundary condition that requires any fluid to stick to any solid surface it flows over.
There is always some microscopic surface roughness that produces the no-slip behavior 1and
thus 2 on the molecular level, even when the roughness is considerably less than the
viscous sublayer thickness. Such pipes are called hydraulically smooth.

Various investigators have attempted to obtain an analytical expression for 
Note that the Moody chart covers an extremely wide range in flow parameters.

The nonlaminar region covers more than four orders of magnitude in Reynolds number—
from to Obviously, for a given pipe and fluid, typical values of the
average velocity do not cover this range. However, because of the large variety in pipes 1D2,
fluids and and velocities 1V 2, such a wide range in Re is needed to accommodate nearly
all applications of pipe flow. In many cases the particular pipe flow of interest is confined
to a relatively small region of the Moody chart, and simple semiempirical expressions can

m2,1r
Re � 108.Re � 4 � 103

f1Re, e�D2.
f �

f � 0

1e � 02

2100 6 Re 6 4000
f � f1Re, e�D2.

f � f1e�D2,
f � 64�Re,

e

f � f1Re, e�D2.

476 � Chapter 8 / Viscous Flow in Pipes

� TA B L E 8 . 1
Equivalent Roughness for New Pipes [From Moody
(Ref. 7) and Colebrook (Ref. 8)]

Equivalent Roughness,

Pipe Feet Millimeters

Riveted steel 0.003–0.03 0.9–9.0
Concrete 0.001–0.01 0.3–3.0
Wood stave 0.0006–0.003 0.18–0.9
Cast iron 0.00085 0.26
Galvanized iron 0.0005 0.15
Commercial steel
or wrought iron 0.00015 0.045

Drawn tubing 0.000005 0.0015
Plastic, glass 0.0 1smooth2 0.0 1smooth2

E

The Moody chart
gives the friction
factor in terms of
the Reynolds num-
ber and relative
roughness.
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� F I G U R E  8 . 2 0 Friction factor as a function of Reynolds number and relative roughness for round pipes—the Moody
chart. (Data from Ref. 7 with permission.)
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because the fluid cannot turn a sharp right-angle corner. The flow is said to separate from
the sharp corner. The maximum velocity at section 122 is greater than that in the pipe at sec-
tion 132, and the pressure there is lower. If this high-speed fluid could slow down efficiently,
the kinetic energy could be converted into pressure 1the Bernoulli effect2, and the ideal pres-
sure distribution indicated in Fig. 8.23 would result. The head loss for the entrance would
be essentially zero.

Such is not the case. Although a fluid may be accelerated very efficiently, it is very
difficult to slow down 1decelerate2 a fluid efficiently. Thus, the extra kinetic energy of the
fluid at section 122 is partially lost because of viscous dissipation, so that the pressure does
not return to the ideal value. An entrance head loss 1pressure drop2 is produced as is indi-
cated in Fig. 8.23. The majority of this loss is due to inertia effects that are eventually dis-
sipated by the shear stresses within the fluid. Only a small portion of the loss is due to the
wall shear stress within the entrance region. The net effect is that the loss coefficient for a
square-edged entrance is approximately One-half of a velocity head is lost as the
fluid enters the pipe. If the pipe protrudes into the tank 1a reentrant entrance2 as is shown in
Fig. 8.22a, the losses are even greater.

KL � 0.50.

8.4 Dimensional Analysis of Pipe Flow � 483

D

r

0.5

0.4

0.3

0.2

0.1

0
0 0.05 0.1 0.15 0.20 0.25

r__
D

KL

(a)

(c) (d)

(b)

(1)

(2)

� F I G U R E  8 . 2 4
Entrance loss coefficient as
a function of rounding of
the inlet edge (Ref. 9).

� F I G U R E  8 . 2 5 Exit flow conditions and loss coefficient. (a) Reentrant,

(b) sharp-edged, (c) slightly rounded, (d) well-rounded, KL � 1.0.KL � 1.0,KL � 1.0,

KL � 1.0,

V8.4 Entrance/exit
flows

Minor head losses
are often a result of
the dissipation of
kinetic energy.
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An obvious way to reduce the entrance loss is to round the entrance region as is shown
in Fig. 8.22c, thereby reducing or eliminating the vena contracta effect. Typical values for
the loss coefficient for entrances with various amounts of rounding of the lip are shown in
Fig. 8.24. A significant reduction in can be obtained with only slight rounding.

A head loss 1the exit loss2 is also produced when a fluid flows from a pipe into a tank
as is shown in Fig. 8.25. In these cases the entire kinetic energy of the exiting fluid 1veloc-
ity 2 is dissipated through viscous effects as the stream of fluid mixes with the fluid in the
tank and eventually comes to rest The exit loss from points 112 and 122 is therefore
equivalent to one velocity head, or 

Losses also occur because of a change in pipe diameter as is shown in Figs. 8.26
and 8.27. The sharp-edged entrance and exit flows discussed in the previous paragraphs are
limiting cases of this type of flow with either respectively. The
loss coefficient for a sudden contraction, is a function of the area ratio,

as is shown in Fig. 8.26. The value of changes gradually from one extreme of a
sharp-edged entrance with to the other extreme of no area change

with 
In many ways, the flow in a sudden expansion is similar to exit flow. As is indicated

in Fig. 8.28, the fluid leaves the smaller pipe and initially forms a jet-type structure as it en-
ters the larger pipe. Within a few diameters downstream of the expansion, the jet becomes
dispersed across the pipe, and fully developed flow becomes established again. In this process
[between sections 122 and 132] a portion of the kinetic energy of the fluid is dissipated as a
result of viscous effects. A square-edged exit is the limiting case with A1�A2 � 0.

KL � 02.1A2�A1 � 1
KL � 0.5021A2�A1 � 0

KLA2�A1,
KL � hL � 1V 2

2 �2g2,A1�A2 � �, or A1�A2 � 0,

KL � 1.
1V2 � 02.V1

KL

484 � Chapter 8 / Viscous Flow in Pipes

A1 A2 hL = KL 
V2

2
___
2g

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1.0

A2/A1

KL

A1 A2 hL = KL 
V1

2
___
2g

1.0

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1.0

A1/A2

KL

� F I G U R E  8 . 2 6
Loss coefficient for a sud-
den contraction (Ref. 10).

� F I G U R E  8 . 2 7
Loss coefficient for a sudden
expansion (Ref. 10).

Pipe entrance losses
can be relatively
easily reduced by
rounding the inlet.

7708d_c08_442-531  7/23/01  2:38 PM  Page 484



An obvious way to reduce the entrance loss is to round the entrance region as is shown
in Fig. 8.22c, thereby reducing or eliminating the vena contracta effect. Typical values for
the loss coefficient for entrances with various amounts of rounding of the lip are shown in
Fig. 8.24. A significant reduction in can be obtained with only slight rounding.

A head loss 1the exit loss2 is also produced when a fluid flows from a pipe into a tank
as is shown in Fig. 8.25. In these cases the entire kinetic energy of the exiting fluid 1veloc-
ity 2 is dissipated through viscous effects as the stream of fluid mixes with the fluid in the
tank and eventually comes to rest The exit loss from points 112 and 122 is therefore
equivalent to one velocity head, or 

Losses also occur because of a change in pipe diameter as is shown in Figs. 8.26
and 8.27. The sharp-edged entrance and exit flows discussed in the previous paragraphs are
limiting cases of this type of flow with either respectively. The
loss coefficient for a sudden contraction, is a function of the area ratio,

as is shown in Fig. 8.26. The value of changes gradually from one extreme of a
sharp-edged entrance with to the other extreme of no area change

with 
In many ways, the flow in a sudden expansion is similar to exit flow. As is indicated
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8.4 Dimensional Analysis of Pipe Flow � 489

� TA B L E 8 . 2

Loss Coefficients for Pipe Components (Data from Refs. 5, 10, 27)

Component

a. Elbows
Regular flanged 0.3
Regular threaded 1.5
Long radius flanged 0.2
Long radius threaded 0.7
Long radius flanged 0.2
Regular threaded 0.4

b. return bends
return bend, flanged 0.2
return bend, threaded 1.5

c. Tees
Line flow, flanged 0.2
Line flow, threaded 0.9
Branch flow, flanged 1.0
Branch flow, threaded 2.0

d. Union, threaded 0.08

*e. Valves
Globe, fully open 10
Angle, fully open 2
Gate, fully open 0.15
Gate, closed 0.26
Gate, closed 2.1
Gate, closed 17
Swing check, forward flow 2
Swing check, backward flow �

Ball valve, fully open 0.05
Ball valve, closed 5.5
Ball valve, closed 210

*See Fig. 8.36 for typical valve geometry

2
3

1
3

3
4

1
2

1
4

180°
180°
180�

45°,
45°,
90°,
90°,

90°,
90°,

KL

ahL � KL 
V 2

2g
b

V

V

V

V

V

V

EXAMPLE
8.6

Air at standard conditions is to flow through the test section [between sections 152 and 162]
of the closed-circuit wind tunnel shown in Fig. E8.6 with a velocity of 200 ft�s. The flow is
driven by a fan that essentially increases the static pressure by the amount that is
needed to overcome the head losses experienced by the fluid as it flows around the circuit.
Estimate the value of and the horsepower supplied to the fluid by the fan.p1 � p9

p1 � p9
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Moderate Reynolds number flows tend to take on a boundary layer flow structure. For
such flows past streamlined bodies, the drag coefficient tends to decrease slightly with Reyn-
olds number. The dependence for a laminar boundary layer on a flat plate 1see
Table 9.32 is such an example. Moderate Reynolds number flows past blunt bodies gener-
ally produce drag coefficients that are relatively constant. The values for the spheres and
circular cylinders shown in Fig. 9.21a indicate this character in the range 

The structure of the flow field at selected Reynolds numbers indicated in Fig. 9.21a is
shown in Fig. 9.21b. For a given object there is a wide variety of flow situations, depending
on the Reynolds number involved. The curious reader is strongly encouraged to study the
many beautiful photographs and videos of these 1and other2 flow situations found in Refs. 8
and 31. (See also the photograph at the beginning of Chapter 7.)

For many shapes there is a sudden change in the character of the drag coefficient when
the boundary layer becomes turbulent. This is illustrated in Fig. 9.15 for the flat plate and in
Fig. 9.21 for the sphere and the circular cylinder. The Reynolds number at which this tran-
sition takes place is a function of the shape of the body.

For streamlined bodies, the drag coefficient increases when the boundary layer becomes
turbulent because most of the drag is due to the shear force, which is greater for turbulent
flow than for laminar flow. On the other hand, the drag coefficient for a relatively blunt
object, such as a cylinder or sphere, actually decreases when the boundary layer becomes
turbulent. As is discussed in Section 9.2.6, a turbulent boundary layer can travel further along
the surface into the adverse pressure gradient on the rear portion of the cylinder before

103 6 Re 6 105.
CD

CD � Re�1�2

582 � Chapter 9 / Flow Over Immersed Bodies

Note that if the density of the particle were the same as the surrounding fluid, from
Eq. 4 we would obtain This is reasonable since the particle would be neutrally buoy-
ant and there would be no force to overcome the motion-induced drag. Note also that we
have assumed that the particle falls at its steady terminal velocity. That is, we have neglected
the acceleration of the particle from rest to its terminal velocity. Since the terminal velocity
is small, this acceleration time is quite small. For faster objects 1such as a free-falling sky
diver2 it may be important to consider the acceleration portion of the fall.

U � 0.

Flow past a cylin-
der can take on a
variety of different
structures.

V9.6 Oscillating
sign

� F I G U R E  9 . 2 1 (a) Drag coefficient as a function of Reynolds number for a smooth
circular cylinder and a smooth sphere.
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9.3 Drag � 583

No separation

(A)

Steady separation bubble

(B)

Oscillating Karman vortex street wake

(C)

Laminar boundary layer,
wide turbulent wake

(D)

Turbulent boundary layer,
narrow turbulent wake

(E)

(b)

Flat plate
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� F I G U R E  9 . 2 1
(Continued) (b) Typical flow
patterns for flow past a circular
cylinder at various Reynolds
numbers as indicated in (a).

� F I G U R E  9 . 2 2 Character of the drag coefficient as a function of Reynolds number
for objects with various degrees of streamlining, from a flat plate normal to the upstream flow
to a flat plate parallel to the flow (two-dimensional flow) (Ref. 5).
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work better—extensive testing has gone into obtaining the optimum surface roughness for
golf balls.

606 � Chapter 9 / Flow Over Immersed Bodies

EXAMPLE
9.16

A table tennis ball weighing with diameter is hit at a ve-
locity of with a back spin of angular velocity as is shown in Fig. E9.16. What
is the value of if the ball is to travel on a horizontal path, not dropping due to the accel-
eration of gravity?

v

vU � 12 m�s
D � 3.8 � 10�2 m2.45 � 10�2 N

� F I G U R E  9 . 3 9 Lift and drag
coefficients for a spinning smooth
sphere (Ref. 23).

� F I G U R E  E 9 . 1 6
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SOLUTION

For horizontal flight, the lift generated by the spinning of the ball must exactly balance the
weight, of the ball so that

w � l � 1
2rU

2ACL

w,

ω U

Horizontal path
with backspin

Path without
spin
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