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什么是流体？

流体：液体和气体

铁磁流体
http://v.youku.com/v_show/id_XMzc3MzUxNTU2.html

空气

水
http://v.youku.com/v_show/id_XMzc3NDIyNTU2.html
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http://www.youtube.com/watch?v=kL8R8SfuXp8
http://www.youtube.com/watch?v=kL8R8SfuXp8
http://www.youtube.com/watch?v=n8WJ5tkghiI
http://www.youtube.com/watch?v=n8WJ5tkghiI


压强、密度、速度

压强：P(r, t) ，Pascal = N/m2

密度：ρ(r, t)
速度：v(r, t)

流体内的压强各向同性：
Px(r) = Py(r) = Pz(r)
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流体内的压强
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流体内的压强各向同性：
Px(r) = Py(r) = Pz(r)
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静止流体中的压强：大气

1 mbar = 0.001 bar = 0.1 kPa
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静止流体中的压强：大气

4300米 2700米 300米
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静止流体中的压强：水

PA�S � PB�S = 0 ) PA = PB

PC�S � PB�S = (⇢�S)gh ) PC � PB = ⇢gh

PA PB
�SPB

h

�S

PC

Prepared by Jiang Xiao



气压计

PC�S � PB�S = (⇢�S)gh ) PC � PB = ⇢gh

!mercury = 13.534 g·cm−3

P
atomsphere

= ⇢
mercury

gh ⇡ 13.5⇥ 103 kg/m3 ⇥ 10 m/s2 ⇥ 0.76 m

⇡ 105 kg/m s2 = 105N/m2 = 100 kPa

PB

h

�S

PC

地球大气质量？
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浮力

12.3 Buoyancy
Buoyancy is a familiar phenomenon: A body immersed in water seems to
weigh less than when it is in air. When the body is less dense than the fluid, it
floats. The human body usually floats in water, and a helium-filled balloon
floats in air.

Archimedes’s principle: When a body is completely or partially immersed in a
fluid, the fluid exerts an upward force on the body equal to the weight of the fluid
displaced by the body.

To prove this principle, we consider an arbitrary element of fluid at rest. In 
Fig. 12.11a the irregular outline is the surface boundary of this element of fluid.
The arrows represent the forces exerted on the boundary surface by the surround-
ing fluid.

The entire fluid is in equilibrium, so the sum of all the y-components of force
on this element of fluid is zero. Hence the sum of the y-components of the surface
forces must be an upward force equal in magnitude to the weight mg of the fluid
inside the surface. Also, the sum of the torques on the element of fluid must be
zero, so the line of action of the resultant y-component of surface force must pass
through the center of gravity of this element of fluid.

Now we remove the fluid inside the surface and replace it with a solid body
having exactly the same shape (Fig. 12.11b). The pressure at every point is
exactly the same as before. So the total upward force exerted on the body by the
fluid is also the same, again equal in magnitude to the weight mg of the fluid dis-
placed to make way for the body. We call this upward force the buoyant force on
the solid body. The line of action of the buoyant force again passes through the
center of gravity of the displaced fluid (which doesn’t necessarily coincide with
the center of gravity of the body).

When a balloon floats in equilibrium in air, its weight (including the 
gas inside it) must be the same as the weight of the air displaced by the
balloon. A fish’s flesh is denser than water, yet a fish can float while
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Test Your Understanding of Section 12.2 Mercury is less dense at
high temperatures than at low temperatures. Suppose you move a mercury barom-
eter from the cold interior of a tightly sealed refrigerator to outdoors on a hot sum-
mer day. You find that the column of mercury remains at the same height in the tube.
Compared to the air pressure inside the refrigerator, is the air pressure outdoors (i) higher,
(ii) lower, or (iii) the same? (Ignore the very small change in the dimensions of the glass
tube due to the temperature change.) !

(a)
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to pressure must
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element’s weight.
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(b) Fluid element replaced with solid body
of the same size and shape
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element, regardless
of the body’s weight.

B

dF'
dF'

dF'

dF'

dF'

dF'

dF'

wbody

dF'

12.11 Archimedes’s principle.
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PhET: Balloons & Buoyancy

阿基米德定律：浸在液体（或气体）里的物体受到向上的浮力作
用，浮力的大小等于被该物体排开的液体的重力。
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流场、流线、流管

12.4 Fluid Flow 383

steady flow, every element passing through a given point follows the same flow
line. In this case the “map” of the fluid velocities at various points in space
remains constant, although the velocity of a particular particle may change in
both magnitude and direction during its motion. A streamline is a curve whose
tangent at any point is in the direction of the fluid velocity at that point. When
the flow pattern changes with time, the streamlines do not coincide with the flow
lines. We will consider only steady-flow situations, for which flow lines and
streamlines are identical.

The flow lines passing through the edge of an imaginary element of area, such
as the area A in Fig. 12.18, form a tube called a flow tube. From the definition of
a flow line, in steady flow no fluid can cross the side walls of a flow tube; the fluids
in different flow tubes cannot mix.

Figure 12.19 shows patterns of fluid flow from left to right around three differ-
ent obstacles. The photographs were made by injecting dye into water flowing
between two closely spaced glass plates. These patterns are typical of laminar
flow, in which adjacent layers of fluid slide smoothly past each other and the flow is
steady. (A lamina is a thin sheet.) At sufficiently high flow rates, or when boundary
surfaces cause abrupt changes in velocity, the flow can become irregular and
chaotic. This is called turbulent flow (Fig. 12.20). In turbulent flow there is no
steady-state pattern; the flow pattern changes continuously.

The Continuity Equation
The mass of a moving fluid doesn’t change as it flows. This leads to an important
quantitative relationship called the continuity equation. Consider a portion of a
flow tube between two stationary cross sections with areas and (Fig. 12.21).
The fluid speeds at these sections are and respectively. No fluid flows in or
out across the sides of the tube because the fluid velocity is tangent to the wall at
every point on the wall. During a small time interval dt, the fluid at moves a
distance so a cylinder of fluid with height and volume 
flows into the tube across During this same interval, a cylinder of volume

flows out of the tube across 
Let’s first consider the case of an incompressible fluid so that the density has

the same value at all points. The mass flowing into the tube across in time
dt is Similarly, the mass that flows out across in the
same time is In steady flow the total mass in the tube is con-
stant, so and

(continuity equation, incompressible fluid) (12.10)A1v1 = A2v2

rA1v1 dt = rA2v2 dt  or

dm1 = dm2

dm2 = rA2v2 dt.
A2dm2dm1 = rA1v1 dt.

A1dm1

r
A2.dV2 = A2v2 dt

A1.
dV1 = A1v1 dtv1 dtv1 dt,

A1

v2,v1

A2A1

12.17 How does the scale reading change
when the statue is immersed in water?

12.19 Laminar flow around obstacles of
different shapes.

12.20 The flow of smoke rising from
these incense sticks is laminar up to a 
certain point, and then becomes turbulent.

Flow lines

Flow tube

Area A

12.18 A flow tube bounded by flow
lines. In steady flow, fluid cannot cross the
walls of a flow tube.

定常流动：P(r), ρ(r), v(r) 
不定常流动：P(r, t), ρ(r, t), v(r, t)

不可压缩流体： ρ(r, t) = ρ

压强：P(r, t) ，Pascal = N/m2

密度：ρ(r, t)
速度：v(r, t)
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定常流动的连续性方程

定常流动：P(r), ρ(r), v(r) The product is the volume flow rate the rate at which volume crosses a
section of the tube:

(volume flow rate) (12.11)

The mass flow rate is the mass flow per unit time through a cross section. This is
equal to the density times the volume flow rate 

Equation (12.10) shows that the volume flow rate has the same value at all
points along any flow tube. When the cross section of a flow tube decreases, the
speed increases, and vice versa. A broad, deep part of a river has larger cross sec-
tion and slower current than a narrow, shallow part, but the volume flow rates are
the same in both. This is the essence of the familiar maxim, “Still waters run
deep.” The stream of water from a faucet narrows as it gains speed during its fall,
but is the same everywhere along the stream. If a water pipe with 2-cm
diameter is connected to a pipe with 1-cm diameter, the flow speed is four times
as great in the 1-cm part as in the 2-cm part.

We can generalize Eq. (12.10) for the case in which the fluid is not incom-
pressible. If and are the densities at sections 1 and 2, then

(continuity equation, compressible fluid) (12.12)

If the fluid is denser at point 2 than at point 1 the volume flow rate at
point 2 will be less than at point 1 We leave the details to you. If
the fluid is incompressible so that and are always equal, Eq. (12.12) reduces
to Eq. (12.10).

r2r1

1A2v2 6 A1v12.1r2 7 r12,r1A1v1 = r2A2v2

r2r1

dV>dt

dV>dt.r

dV
dt

= Av

dV>dt,Av

384 CHAPTER 12 Fluid Mechanics

Example 12.6 Flow of an incompressible fluid

Incompressible oil of density is pumped through a
cylindrical pipe at a rate of 9.5 liters per second. (a) The first sec-
tion of the pipe has a diameter of 8.0 cm. What is the flow speed of
the oil? What is the mass flow rate? (b) The second section of the
pipe has a diameter of 4.0 cm. What are the flow speed and mass
flow rate in that section?

SOLUTION

IDENTIFY and SET UP: Since the oil is incompressible, the volume
flow rate has the same value in both sections of pipe. The
mass flow rate (the density times the volume flow rate) also has the
same value in both sections. (This is just the statement that no fluid
is lost or added anywhere along the pipe.) We use the volume flow
rate equation, Eq. (12.11), to determine the speed in the 8.0-cm-
diameter section and the continuity equation for incompressible
flow, Eq. (12.10), to find the speed in the 4.0-cm-diameter section.

EXECUTE: (a) From Eq. (12.11) the volume flow rate in the first
section is , where is the cross-sectional area ofA1dV>dt = A1v1

v2

v1

19.5 L>s2

850 kg>m3 the pipe of diameter 8.0 cm and radius 4.0 cm. Hence

The mass flow rate is 

(b) From the continuity equation, Eq. (12.10),

The volume and mass flow rates are the same as in part (a).

EVALUATE: The second section of pipe has one-half the diameter
and one-fourth the cross-sectional area of the first section. Hence
the speed must be four times greater in the second section, which is
just what our result shows.

v2 =
A1

A2
v1 =

p14.0 * 10-2 m22
p12.0 * 10-2 m22 11.9 m>s2 = 7.6 m>s = 4v1

8.1 kg>s.
m3>s2 =19.5 * 10-3r dV>dt = 1850 kg>m32

v1 =
dV>dt

A1
=
19.5 L>s2110-3 m3>L2
p14.0 * 10-2 m22 = 1.9 m>s

The product Av is
constant for an
incompressible
fluid.

v1

v2

v1 dt

v2 dt

A1

A2

12.21 A flow tube with changing cross-
sectional area. If the fluid is incompress-
ible, the product has the same value at
all points along the tube.

Av

Test Your Understanding of Section 12.4 A maintenance crew is
working on a section of a three-lane highway, leaving only one lane open to traffic.
The result is much slower traffic flow (a traffic jam). Do cars on a highway behave
like (i) the molecules of an incompressible fluid or (ii) the molecules of a compressible
fluid? !

m1 = ⇢1(v1dt)A1

m2 = ⇢2(v2dt)A2

m1 = m2 ) ⇢1A1v1 = ⇢2A2v2

) ⇢Av = const.

不可压缩流体： ρ(r, t) = ρ
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伯努利方程

12.5 Bernoulli’s Equation 385

12.5 Bernoulli’s Equation
According to the continuity equation, the speed of fluid flow can vary along the
paths of the fluid. The pressure can also vary; it depends on height as in the static
situation (see Section 12.2), and it also depends on the speed of flow. We can
derive an important relationship called Bernoulli’s equation that relates the pres-
sure, flow speed, and height for flow of an ideal, incompressible fluid. Bernoulli’s
equation is an essential tool in analyzing plumbing systems, hydroelectric gener-
ating stations, and the flight of airplanes.

The dependence of pressure on speed follows from the continuity equation,
Eq. (12.10). When an incompressible fluid flows along a flow tube with varying
cross section, its speed must change, and so an element of fluid must have an
acceleration. If the tube is horizontal, the force that causes this acceleration has to
be applied by the surrounding fluid. This means that the pressure must be differ-
ent in regions of different cross section; if it were the same everywhere, the net
force on every fluid element would be zero. When a horizontal flow tube narrows
and a fluid element speeds up, it must be moving toward a region of lower pres-
sure in order to have a net forward force to accelerate it. If the elevation also
changes, this causes an additional pressure difference.

Deriving Bernoulli’s Equation
To derive Bernoulli’s equation, we apply the work–energy theorem to the fluid in
a section of a flow tube. In Fig. 12.22 we consider the element of fluid that at
some initial time lies between the two cross sections a and c. The speeds at the
lower and upper ends are and In a small time interval dt, the fluid that is
initially at a moves to b, a distance and the fluid that is initially at c
moves to d, a distance The cross-sectional areas at the two ends are

and as shown. The fluid is incompressible; hence by the continuity equa-
tion, Eq. (12.10), the volume of fluid dV passing any cross section during time dt
is the same. That is, 

Let’s compute the work done on this fluid element during dt. We assume
that there is negligible internal friction in the fluid (i.e., no viscosity), so the
only nongravitational forces that do work on the fluid element are due to the
pressure of the surrounding fluid. The pressures at the two ends are and 
the force on the cross section at a is and the force at c is The net
work dW done on the element by the surrounding fluid during this displace-
ment is therefore

(12.13)

The second term has a negative sign because the force at c opposes the displace-
ment of the fluid.

The work dW is due to forces other than the conservative force of gravity, so it
equals the change in the total mechanical energy (kinetic energy plus gravita-
tional potential energy) associated with the fluid element. The mechanical energy
for the fluid between sections b and c does not change. At the beginning of dt
the fluid between a and b has volume mass and kinetic 
energy . At the end of dt the fluid between c and d has kinetic energy

. The net change in kinetic energy dK during time dt is

(12.14)

What about the change in gravitational potential energy? At the beginning of
dt, the potential energy for the mass between a and b is Atdm gy1 = r dV gy1.

dK = 1
2r dV1v2

2 - v1
22

1
2r1A2 ds22v2

2

1
2r1A1 ds12v1

2
rA1 ds1,A1 ds1,

dW = p1A1 ds1 - p2A2 ds2 = 1p1 - p22dV

p2A2.p1A1,
p2;p1

dV = A1 ds1 = A2 ds2.

A2,A1

ds2 = v2 dt.
ds1 = v1 dt,

v2.v1

p2A2

ds2

ds1

a
b

c
d

dV

dV

v1

v2

Flow

y1

y2

A1

A2

p1A1

12.22 Deriving Bernoulli’s equation.
The net work done on a fluid element by
the pressure of the surrounding fluid
equals the change in the kinetic energy
plus the change in the gravitational potential
energy.

E2 � E1 =

✓
1

2
mv22 +mgh2

◆
�

✓
1

2
mv21 +mgh1

◆

= m

✓
1

2
v22 + gh2

◆
�

✓
1

2
v21 + gh1

◆�

m = ⇢A1v1dt = ⇢A2v2dt

W = p1A1v1�t� p2A2v2�t = (p1 � p2)
m

⇢

W = E2 � E1

p1 +
1

2
⇢v21 + ⇢gh1 = p2 +

1

2
⇢v22 + ⇢gh2

p+
1

2

⇢v2 + ⇢gh = const.
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伯努利方程的应用

p+
1

2

⇢v2 + ⇢gh = const.伯努利方程：

1

2
⇢v2 + P

atomsphere

= ⇢gh+ P
atomsphere

) v =
p
2gh

在何处开孔射程最远？

h
vH

L
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400 CHAPTER 12 Fluid Mechanics

windshield, where and back along the x-axis.
Now consider a volume element of thickness dx in this tube. The
pressure on its front surface is p and the pressure on its rear sur-
face is Assume the air has a constant density (a) Apply
Newton’s second law to the volume element to show that

(b) Integrate the result of part (a) to find the pressure
at the front surface in terms of a and x. (c) To show that considering

constant is reasonable, calculate the pressure difference in atm for a
distance as long as 2.5 m and a large acceleration of 
(d) Show that the net horizontal force on a balloon of volume V is

(e) For negligible friction forces, show that the acceleration of
the balloon is so that the accelera-
tion relative to the car is (f) Use the expres-
sion for in part (e) to explain the movement of the balloons.
12.89 . CP Water stands at a depth H in a large, open tank whose
side walls are vertical (Fig. P12.89). A hole is made in one of the
walls at a depth h below the water surface. (a) At what distance R
from the foot of the wall does the emerging stream strike the floor?
(b) How far above the bottom of the tank could a second hole be
cut so that the stream emerging from it could have the same range
as for the first hole?

arel

arel = 31r>rbal2 - 14a.
1r>rbal2a,(average density rbal)

rVa.

5.0 m>s2.
r

dp = ra dx.

r.p + dp.

p = p0,x = 0 momentum remained roughly constant. (a) Estimate the wind
speed at the rim of the hurricane. (b) Estimate the pressure differ-
ence at the earth’s surface between the eye and the rim. (Hint: See
Table 12.1.) Where is the pressure greater? (c) If the kinetic energy
of the swirling air in the eye could be converted completely to
gravitational potential energy, how high would the air go? (d) In
fact, the air in the eye is lifted to heights of several kilometers.
How can you reconcile this with your answer to part (c)?
12.93 .. Two very large open tanks A and F (Fig. P12.93) contain
the same liquid. A horizontal pipe BCD, having a constriction at C
and open to the air at D, leads out of the bottom of tank A, and a
vertical pipe E opens into the constriction at C and dips into the
liquid in tank F. Assume streamline flow and no viscosity. If the
cross-sectional area at C is one-half the area at D and if D is a dis-
tance below the level of the liquid in A, to what height will
liquid rise in pipe E? Express your answer in terms of h1.

h2h1

h

R

H

Figure P12.89

12.90 ... A cylindrical bucket, open at the top, is 25.0 cm high
and 10.0 cm in diameter. A circular hole with a cross-sectional
area is cut in the center of the bottom of the bucket.
Water flows into the bucket from a tube above it at the rate of

How high will the water in the bucket rise?
12.91 . Water flows steadily from an open tank as in 
Fig. P12.91. The elevation of point 1 is 10.0 m, and the elevation
of points 2 and 3 is 2.00 m. The cross-sectional area at point 2 is

at point 3 it is The area of the tank is very
large compared with the cross-sectional area of the pipe. Assum-
ing that Bernoulli’s equation applies, compute (a) the discharge
rate in cubic meters per second and (b) the gauge pressure at
point 2.

0.0160 m2.0.0480 m2;

2.40 * 10-4 m3>s.

1.50 cm2

2

10.0 m

2.00 m

3

1

Figure P12.91

h1

h2

A
B C D

E

F

Figure P12.93

12.94 .. The horizontal pipe
shown in Fig. P12.94 has 
a cross-sectional area of

at the wider portions
and at the constric-
tion. Water is flowing in the
pipe, and the discharge from
the pipe is 

Find (a) the flow
speeds at the wide and the nar-
row portions; (b) the pressure difference between these portions;
(c) the difference in height between the mercury columns in the 
U-shaped tube.
12.95 . A liquid flowing from a vertical pipe has a definite shape
as it flows from the pipe. To get the equation for this shape, assume
that the liquid is in free fall once it leaves the pipe. Just as it leaves
the pipe, the liquid has speed and the radius of the stream of liq-
uid is (a) Find an equation for the speed of the liquid as a func-
tion of the distance y it has fallen. Combining this with the
equation of continuity, find an expression for the radius of the
stream as a function of y. (b) If water flows out of a vertical pipe at
a speed of how far below the outlet will the radius be
one-half the original radius of the stream?

Challenge Problems
12.96 ... A rock with mass is suspended from the
roof of an elevator by a light cord. The rock is totally immersed in
a bucket of water that sits on the floor of the elevator, but the rock
doesn’t touch the bottom or sides of the bucket. (a) When the ele-
vator is at rest, the tension in the cord is 21.0 N. Calculate the vol-
ume of the rock. (b) Derive an expression for the tension in the
cord when the elevator is accelerating upward with an acceleration
of magnitude a. Calculate the tension when a = 2.50 m>s2

m = 3.00 kg

1.20 m>s,

r0.
v0

16.00 L>s2.6.00 * 10-3 m3>s
10.0 cm2

40.0 cm2

h

10.0 cm240.0 cm2

Figure P12.94

12.92 .. CP In 1993 the radius of Hurricane Emily was about 
350 km. The wind speed near the center (“eye”) of the hurricane,
whose radius was about 30 km, reached about As air
swirled in from the rim of the hurricane toward the eye, its angular

200 km>h.

伯努利方程的应用：空吸作用

p+
1

2

⇢v2 + ⇢gh = const.伯努利方程：

p0 + ⇢gh1 = pC +
1

2
⇢v2C

= p0 +
1

2
⇢v2D

vCAC = VDAD

pC � p0 = ⇢gh1

"
1�

✓
AD

AC

◆2
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Using we find

From Eq. (12.11), the volume flow rate is 

EVALUATE: The speed sometimes called the speed of efflux,
depends on both the pressure difference and the
height h of the liquid level in the tank. If the top of the tank is
vented to the atmosphere, and . Then 

v2 = 12gh

p0 - patm = 0p0 = patm

1p0 - patm2v2,

dV>dt = v2A2.

v2 = B2ap0 - patm

r
b + 2gh

v1 = 0, That is, the speed of efflux from an opening at a distance h
below the top surface of the liquid is the same as the speed a
body would acquire in falling freely through a height h. This
result is called Torricelli’s theorem. It is valid not only for an
opening in the bottom of a container, but also for a hole in a side
wall at a depth h below the surface. In this case the volume flow
rate is 

dV
dt

= A212gh

Example 12.9 The Venturi meter

Figure 12.25 shows a Venturi meter, used to measure flow speed in
a pipe. Derive an expression for the flow speed in terms of the
cross-sectional areas and and the difference in height h of
the liquid levels in the two vertical tubes.

SOLUTION

IDENTIFY and SET UP: The flow is steady, and we assume the
fluid is incompressible and has negligible internal friction.
Hence we can use Bernoulli’s equation. We apply that equation
to the wide part (point 1) and narrow part (point 2, the throat) of
the pipe. Equation (12.6) relates h to the pressure difference

EXECUTE: Points 1 and 2 have the same vertical coordinate
so Eq. (12.17) says

From the continuity equation, Substituting this
and rearranging, we get

p1 - p2 = 1
2rv

2
1 c aA1

A2
b2

- 1 d
v2 = 1A1>A22v1.

p1 + 1
2rv

2
1 = p2 + 1
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y1 = y2,

p1 - p2.

A2A1

v1

From Eq. (12.6), the pressure difference is also equal
to Substituting this and solving for we get

EVALUATE: Because is greater than is greater than and
the pressure in the throat is less than Those pressure differences
produce a net force to the right that makes the fluid speed up as it
enters the throat, and a net force to the left that slows it as it leaves.

p1.p2

v1A2, v2A1

v1 = B 2gh1A1>A222 - 1

v1,rgh.
p1 - p2

Difference in height results from
reduced pressure in throat (point 2).

h

p2

A2A1

2

v2

1

v1

p1

12.25 The Venturi meter.

Conceptual Example 12.10 Lift on an airplane wing

Figure 12.26a shows flow lines around a cross section of an air-
plane wing. The flow lines crowd together above the wing, corre-
sponding to increased flow speed and reduced pressure, just as in
the Venturi throat in Example 12.9. Hence the downward force of
the air on the top side of the wing is less than the upward force of
the air on the underside of the wing, and there is a net upward force
or lift. Lift is not simply due to the impulse of air striking the
underside of the wing; in fact, the reduced pressure on the upper
wing surface makes the greatest contribution to the lift. (This sim-
plified discussion ignores the formation of vortices.)

We can also understand the lift force on the basis of momentum
changes. The vector diagram in Fig. 12.26a shows that there is a
net downward change in the vertical component of momentum of
the air flowing past the wing, corresponding to the downward force
the wing exerts on the air. The reaction force on the wing is upward,
as we concluded above.

Similar flow patterns and lift forces are found in the vicinity of
any humped object in a wind. A moderate wind makes an umbrella

“float”; a strong wind can turn it inside out. At high speed, lift can
reduce traction on a car’s tires; a “spoiler” at the car’s tail, shaped
like an upside-down wing, provides a compensating downward
force.

CAUTION A misconception about wings Some discussions of
lift claim that air travels faster over the top of a wing because
“it has farther to travel.” This claim assumes that air molecules
that part company at the front of the wing, one traveling over the
wing and one under it, must meet again at the wing’s trailing
edge. Not so! Figure 12.26b shows a computer simulation of
parcels of air flowing around an airplane wing. Parcels that are
adjacent at the front of the wing do not meet at the trailing edge;
the flow over the top of the wing is much faster than if the
parcels had to meet. In accordance with Bernoulli’s equation,
this faster speed means that there is even lower pressure above
the wing (and hence greater lift) than the “farther-to-travel”
claim would suggest. !
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Conceptual Example 12.11 The curve ball

Does a curve ball really curve? Yes, it certainly does, and the rea-
son is turbulence. Figure 12.30a shows a nonspinning ball moving
through the air from left to right. The flow lines show that to an
observer moving with the ball, the air stream appears to move from
right to left. Because of the high speeds that are ordinarily
involved (near 35 m s, or 75 mi h), there is a region of turbulent
flow behind the ball.

Figure 12.30b shows a spinning ball with “top spin.” Layers of
air near the ball’s surface are pulled around in the direction of the
spin by friction between the ball and air and by the air’s internal
friction (viscosity). Hence air moves relative to the ball’s surface
more slowly at the top of the ball than at the bottom, and turbu-
lence occurs farther forward on the top side than on the bottom.
This asymmetry causes a pressure difference; the average pressure
at the top of the ball is now greater than that at the bottom. As Fig.
12.30c shows, the resulting net force deflects the ball downward.
“Top spin” is used in tennis to keep a fast serve in the court (Fig.
12.30d).

>>
In baseball, a curve ball spins about a nearly vertical axis and

the resulting deflection is sideways. In that case, Fig. 12.30c is a
top view of the situation. A curve ball thrown by a left-handed
pitcher spins as shown in Fig. 12.30e and will curve toward a
right-handed batter, making it harder to hit.

A similar effect occurs with golf balls, which acquire “back
spin” from impact with the grooved, slanted club face. Figure
12.30f shows the backspin of a golf ball just after impact. The
resulting pressure difference between the top and bottom of the
ball causes a lift force that keeps the ball in the air longer than
would be possible without spin. A well-hit drive appears, from the
tee, to “float” or even curve upward during the initial portion of its
flight. This is a real effect, not an illusion. The dimples on the golf
ball play an essential role; the viscosity of air gives a dimpled ball
a much longer trajectory than an undimpled one with the same ini-
tial velocity and spin.

This side of the ball moves
opposite to the airflow.

A moving ball drags the adjacent air with
it. So, when air moves past a spinning ball:

The resultant force points in the direction
of the low-pressure side.

On one side, the ball slows the air,
creating a region of high pressure.

On the other side, the ball speeds the
air, creating a region of low pressure.

This side moves in the
direction of the airflow.

(a) Motion of air relative
to a nonspinning ball

(b) Motion of a spinning ball

(d) Spin pushing a tennis ball downward (e) Spin causing a curve ball to
be deflected sideways

(f) Backspin of a golf ball

(c) Force generated when a spinning ball moves through air

vball

12.30 (a)–(e) Analyzing the motion of a spinning ball through the air. (f) Stroboscopic photograph of a golf ball being struck by a
club. The picture was taken at 1000 flashes per second. The ball rotates about once in eight pictures, corresponding to an angular speed
of or 7500 rpm.125 rev>s,

Test Your Understanding of Section 12.6 How much more thumb
pressure must a nurse use to administer an injection with a hypodermic needle of
inside diameter 0.30 mm compared to one with inside diameter 0.60 mm? Assume
that the two needles have the same length and that the volume flow rate is the same in
both cases. (i) twice as much; (ii) 4 times as much; (iii) 8 times as much; (iv) 16 times as
much; (v) 32 times as much. !
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
and that the flow was laminar. While these assumptions are often quite valid, in
many important physical situations the effects of viscosity (internal friction) and
turbulence (nonlaminar flow) are extremely important. Let’s take a brief look at
some of these situations.

Viscosity
Viscosity is internal friction in a fluid. Viscous forces oppose the motion of one
portion of a fluid relative to another. Viscosity is the reason it takes effort to pad-
dle a canoe through calm water, but it is also the reason the paddle works. Vis-
cous effects are important in the flow of fluids in pipes, the flow of blood, the
lubrication of engine parts, and many other situations.

Fluids that flow readily, such as water or gasoline, have smaller viscosities
than do “thick” liquids such as honey or motor oil. Viscosities of all fluids are
strongly temperature dependent, increasing for gases and decreasing for liquids
as the temperature increases (Fig. 12.27). Oils for engine lubrication must flow
equally well in cold and warm conditions, and so are designed to have as little
temperature variation of viscosity as possible.

A viscous fluid always tends to cling to a solid surface in contact with it. There
is always a thin boundary layer of fluid near the surface, in which the fluid is
nearly at rest with respect to the surface. That’s why dust particles can cling to a
fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.

Viscosity has important effects on the flow of liquids through pipes, including
the flow of blood in the circulatory system. First think about a fluid with zero vis-
cosity so that we can apply Bernoulli’s equation, Eq. (12.17). If the two ends of a
long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
same at both ends of the pipe. But this result simply isn’t true if we take viscosity
into account. To see why, consider Fig. 12.28, which shows the flow-speed pro-
file for laminar flow of a viscous fluid in a long cylindrical pipe. Due to viscosity,
the speed is zero at the pipe walls (to which the fluid clings) and is greatest at the
center of the pipe. The motion is like a lot of concentric tubes sliding relative to

v1 = v22,1 1y1 = y22

(a) Flow lines around an airplane wing
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Flow lines are crowded together above the wing, so
flow speed is higher there and pressure is lower.

Equivalent explanation: Wing imparts a
net downward momentum to the air, so
reaction force on airplane is upward.

Dp (air)
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pf

pf
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(b) Computer simulation of air parcels flowing around a wing, showing
that air moves much faster over the top than over the bottom.

Wing

1 2 3 4 5 6 7 8 9 10 11

1 2 3 4 5 6 7 8 9 10 11

Notice that air
particles that are
together at the leading
edge of the wing do
not meet up at the
trailing edge!

12.26 Flow around an airplane wing.

Test Your Understanding of Section 12.5 Which is the most accurate
statement of Bernoulli’s principle? (i) Fast-moving air causes lower pressure; 
(ii) lower pressure causes fast-moving air; (iii) both (i) and (ii) are equally 
accurate. !

12.27 Lava is an example of a viscous
fluid. The viscosity decreases with increas-
ing temperature: The hotter the lava, the
more easily it can flow.

Cross section of a
cylindrical pipe

The velocity profile for
viscous fluid flowing in
the pipe has a parabolic shape.

v vs. rR
r

12.28 Velocity profile for a viscous
fluid in a cylindrical pipe.
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Section 1: How does a boomerang work?

!is is a simplified explanation, but it hits the important points:

1. A boomerang has “arms” shaped like airplane wings—
they create lift.

2. The boomerang is moving forward and the boomerang 
is spinning– creating 
an uneven lift.

3. The uneven lift created 
by the spinning 
boomerang makes it 
turn (like leaning on 
a bicycle)—and keep 
turning until it makes 
a circle and comes 
back to you.

Let’s start with number 1: the 
boomerang arms are shaped 
like wings. Notice the cross-
section of the boomerang. 
!e wing has a flat side and a 
curved side. Notice also that 
it has a rounded, more blunt 
edge and a tapered, sharper 
edge, like an airplane wing. 
!e blunt edge is called the 
leading edge and the tapered 
one is called the trailing edge. 
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5

A properly built boomerang is made so that, as it’s spinning, the 
leading edge of each wing cuts through the air first. Because of 
this, there really is such a thing as a left-handed or right-handed 
boomerang—and, if you don’t throw it correctly, with the leading 
edge cutting through the air first as it spins, a boomerang won’t work.

A two-winged boomerang (it’s possible to make boomerangs with 
3, 4 or 5 wings—even more, but I’m sticking with the traditional 
2-winged version for this book) has a “control” wing and a “dingle” 
wing. !is is another thing that’s great about Australians—they not 
only have a lot of weird animals, they have a lot of weird words!

Talk like an Australian

berk: a bad person 

quokka: a kind of marsupial

ocker: an Australian redneck

galah: rosy breasted

jumbuck: a sheep

hooly-dooly: holy cow!

molly-dooker: lefty 

bludger: a do-nothing

stoush: a brawl

starkers: naked

argy-bargy: argumentative

jaffle: sandwich

ripper: terrific

dinkum: honest

From Kangaroo’s Comments and 
Wallaby’s Words, by Helen Jonsen, 
Hippocrene Books, NY, 1988.
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Imagine looking at the same diagram from behind. 
!e forward speed plus the spinning speed in the 
top area, the white area of the diagram, creates more 
lift than the spinning speed minus the forward speed 
in the bottom area, the gray area of the diagram.

!e end result on the boomerang is a kind of 
twisting force, or torque. !e top area of the 
spinning boomerang is being tugged by the lift more 
than the bottom area of the spinning boomerang.

!is is important because of the physics of how 
spinning objects react to twisting forces.

Because it’s spinning the boomerang acts like a 
gyroscope or a spinning top. When you throw 
a boomerang, flicking or snapping your wrist 
like you’d snap a whip, you apply a torque, a 
force that makes the boomerang spin on its 
axis. For our imaginary top, that spinning 
torque is A in the diagram. 

Now suppose we apply pressure, (another torque) at the upper 
end of the top—that is torque B. !e result is that the top tilts 
in the direction C. If I keep applying pressure, B, the upper end 
of the spinning top will make a small, circular motion that is a 
combination of the spinning force, A and the applied force, B. !is 
resulting circular motion is called 
precession. A little pressure makes 
the upper end of the top move 
in a small circle, a lot of pressure 
makes it move in a bigger circle.

Torque: a twisting force 
that tends to cause 
rotation.

L
T
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2. The boomerang is moving forward and the 
boomerang is spinning– creating uneven lift (torque).

When you throw the boomerang correctly, it’s almost vertical when 
it leaves your hand, not lying flat like a frisbee. !e boomerang is 
both moving forward and spinning, so you’ve got two speeds. As 
the rotating wing is spinning forward, the rotation speed is added to 
the forward speed. As the rotating wing is spinning in the opposite 
direction to the forward motion, the rotation speed is subtracted 
from the forward speed. See the diagram below:

Greater speed means greater lift. !at means, as the spinning 
boomerang moves forward, more lift is being created on the upper 
half of the spin than the lower half. !is puts a twisting force, or 
torque, on the spinning boomerang.

v 𝝎
L
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沥青滴漏实验

全球持续时间最长的实验 沥青比水粘性大2.3×1011倍
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流体的粘滞性

f = ⌘
dv

dz
�S层间粘滞力：

粘滞系数，粘度 (单位： Pa·s = N·s·m-2 )

v(R) = 0
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
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fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.

Viscosity has important effects on the flow of liquids through pipes, including
the flow of blood in the circulatory system. First think about a fluid with zero vis-
cosity so that we can apply Bernoulli’s equation, Eq. (12.17). If the two ends of a
long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
same at both ends of the pipe. But this result simply isn’t true if we take viscosity
into account. To see why, consider Fig. 12.28, which shows the flow-speed pro-
file for laminar flow of a viscous fluid in a long cylindrical pipe. Due to viscosity,
the speed is zero at the pipe walls (to which the fluid clings) and is greatest at the
center of the pipe. The motion is like a lot of concentric tubes sliding relative to
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(b) Computer simulation of air parcels flowing around a wing, showing
that air moves much faster over the top than over the bottom.
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particles that are
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edge of the wing do
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12.26 Flow around an airplane wing.

Test Your Understanding of Section 12.5 Which is the most accurate
statement of Bernoulli’s principle? (i) Fast-moving air causes lower pressure; 
(ii) lower pressure causes fast-moving air; (iii) both (i) and (ii) are equally 
accurate. !

12.27 Lava is an example of a viscous
fluid. The viscosity decreases with increas-
ing temperature: The hotter the lava, the
more easily it can flow.
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12.28 Velocity profile for a viscous
fluid in a cylindrical pipe.
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
and that the flow was laminar. While these assumptions are often quite valid, in
many important physical situations the effects of viscosity (internal friction) and
turbulence (nonlaminar flow) are extremely important. Let’s take a brief look at
some of these situations.

Viscosity
Viscosity is internal friction in a fluid. Viscous forces oppose the motion of one
portion of a fluid relative to another. Viscosity is the reason it takes effort to pad-
dle a canoe through calm water, but it is also the reason the paddle works. Vis-
cous effects are important in the flow of fluids in pipes, the flow of blood, the
lubrication of engine parts, and many other situations.

Fluids that flow readily, such as water or gasoline, have smaller viscosities
than do “thick” liquids such as honey or motor oil. Viscosities of all fluids are
strongly temperature dependent, increasing for gases and decreasing for liquids
as the temperature increases (Fig. 12.27). Oils for engine lubrication must flow
equally well in cold and warm conditions, and so are designed to have as little
temperature variation of viscosity as possible.

A viscous fluid always tends to cling to a solid surface in contact with it. There
is always a thin boundary layer of fluid near the surface, in which the fluid is
nearly at rest with respect to the surface. That’s why dust particles can cling to a
fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.

Viscosity has important effects on the flow of liquids through pipes, including
the flow of blood in the circulatory system. First think about a fluid with zero vis-
cosity so that we can apply Bernoulli’s equation, Eq. (12.17). If the two ends of a
long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
same at both ends of the pipe. But this result simply isn’t true if we take viscosity
into account. To see why, consider Fig. 12.28, which shows the flow-speed pro-
file for laminar flow of a viscous fluid in a long cylindrical pipe. Due to viscosity,
the speed is zero at the pipe walls (to which the fluid clings) and is greatest at the
center of the pipe. The motion is like a lot of concentric tubes sliding relative to
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(b) Computer simulation of air parcels flowing around a wing, showing
that air moves much faster over the top than over the bottom.
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Notice that air
particles that are
together at the leading
edge of the wing do
not meet up at the
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12.26 Flow around an airplane wing.

Test Your Understanding of Section 12.5 Which is the most accurate
statement of Bernoulli’s principle? (i) Fast-moving air causes lower pressure; 
(ii) lower pressure causes fast-moving air; (iii) both (i) and (ii) are equally 
accurate. !

12.27 Lava is an example of a viscous
fluid. The viscosity decreases with increas-
ing temperature: The hotter the lava, the
more easily it can flow.

Cross section of a
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The velocity profile for
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12.28 Velocity profile for a viscous
fluid in a cylindrical pipe.
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12.5 Bernoulli’s Equation
According to the continuity equation, the speed of fluid flow can vary along the
paths of the fluid. The pressure can also vary; it depends on height as in the static
situation (see Section 12.2), and it also depends on the speed of flow. We can
derive an important relationship called Bernoulli’s equation that relates the pres-
sure, flow speed, and height for flow of an ideal, incompressible fluid. Bernoulli’s
equation is an essential tool in analyzing plumbing systems, hydroelectric gener-
ating stations, and the flight of airplanes.

The dependence of pressure on speed follows from the continuity equation,
Eq. (12.10). When an incompressible fluid flows along a flow tube with varying
cross section, its speed must change, and so an element of fluid must have an
acceleration. If the tube is horizontal, the force that causes this acceleration has to
be applied by the surrounding fluid. This means that the pressure must be differ-
ent in regions of different cross section; if it were the same everywhere, the net
force on every fluid element would be zero. When a horizontal flow tube narrows
and a fluid element speeds up, it must be moving toward a region of lower pres-
sure in order to have a net forward force to accelerate it. If the elevation also
changes, this causes an additional pressure difference.

Deriving Bernoulli’s Equation
To derive Bernoulli’s equation, we apply the work–energy theorem to the fluid in
a section of a flow tube. In Fig. 12.22 we consider the element of fluid that at
some initial time lies between the two cross sections a and c. The speeds at the
lower and upper ends are and In a small time interval dt, the fluid that is
initially at a moves to b, a distance and the fluid that is initially at c
moves to d, a distance The cross-sectional areas at the two ends are

and as shown. The fluid is incompressible; hence by the continuity equa-
tion, Eq. (12.10), the volume of fluid dV passing any cross section during time dt
is the same. That is, 

Let’s compute the work done on this fluid element during dt. We assume
that there is negligible internal friction in the fluid (i.e., no viscosity), so the
only nongravitational forces that do work on the fluid element are due to the
pressure of the surrounding fluid. The pressures at the two ends are and 
the force on the cross section at a is and the force at c is The net
work dW done on the element by the surrounding fluid during this displace-
ment is therefore

(12.13)

The second term has a negative sign because the force at c opposes the displace-
ment of the fluid.

The work dW is due to forces other than the conservative force of gravity, so it
equals the change in the total mechanical energy (kinetic energy plus gravita-
tional potential energy) associated with the fluid element. The mechanical energy
for the fluid between sections b and c does not change. At the beginning of dt
the fluid between a and b has volume mass and kinetic 
energy . At the end of dt the fluid between c and d has kinetic energy

. The net change in kinetic energy dK during time dt is

(12.14)

What about the change in gravitational potential energy? At the beginning of
dt, the potential energy for the mass between a and b is Atdm gy1 = r dV gy1.

dK = 1
2r dV1v2
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22
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12.22 Deriving Bernoulli’s equation.
The net work done on a fluid element by
the pressure of the surrounding fluid
equals the change in the kinetic energy
plus the change in the gravitational potential
energy.p1 +
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
and that the flow was laminar. While these assumptions are often quite valid, in
many important physical situations the effects of viscosity (internal friction) and
turbulence (nonlaminar flow) are extremely important. Let’s take a brief look at
some of these situations.

Viscosity
Viscosity is internal friction in a fluid. Viscous forces oppose the motion of one
portion of a fluid relative to another. Viscosity is the reason it takes effort to pad-
dle a canoe through calm water, but it is also the reason the paddle works. Vis-
cous effects are important in the flow of fluids in pipes, the flow of blood, the
lubrication of engine parts, and many other situations.

Fluids that flow readily, such as water or gasoline, have smaller viscosities
than do “thick” liquids such as honey or motor oil. Viscosities of all fluids are
strongly temperature dependent, increasing for gases and decreasing for liquids
as the temperature increases (Fig. 12.27). Oils for engine lubrication must flow
equally well in cold and warm conditions, and so are designed to have as little
temperature variation of viscosity as possible.

A viscous fluid always tends to cling to a solid surface in contact with it. There
is always a thin boundary layer of fluid near the surface, in which the fluid is
nearly at rest with respect to the surface. That’s why dust particles can cling to a
fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.

Viscosity has important effects on the flow of liquids through pipes, including
the flow of blood in the circulatory system. First think about a fluid with zero vis-
cosity so that we can apply Bernoulli’s equation, Eq. (12.17). If the two ends of a
long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
same at both ends of the pipe. But this result simply isn’t true if we take viscosity
into account. To see why, consider Fig. 12.28, which shows the flow-speed pro-
file for laminar flow of a viscous fluid in a long cylindrical pipe. Due to viscosity,
the speed is zero at the pipe walls (to which the fluid clings) and is greatest at the
center of the pipe. The motion is like a lot of concentric tubes sliding relative to
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(a) Flow lines around an airplane wing
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Equivalent explanation: Wing imparts a
net downward momentum to the air, so
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(b) Computer simulation of air parcels flowing around a wing, showing
that air moves much faster over the top than over the bottom.
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Notice that air
particles that are
together at the leading
edge of the wing do
not meet up at the
trailing edge!

12.26 Flow around an airplane wing.

Test Your Understanding of Section 12.5 Which is the most accurate
statement of Bernoulli’s principle? (i) Fast-moving air causes lower pressure; 
(ii) lower pressure causes fast-moving air; (iii) both (i) and (ii) are equally 
accurate. !

12.27 Lava is an example of a viscous
fluid. The viscosity decreases with increas-
ing temperature: The hotter the lava, the
more easily it can flow.

Cross section of a
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The velocity profile for
viscous fluid flowing in
the pipe has a parabolic shape.
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12.28 Velocity profile for a viscous
fluid in a cylindrical pipe.
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
and that the flow was laminar. While these assumptions are often quite valid, in
many important physical situations the effects of viscosity (internal friction) and
turbulence (nonlaminar flow) are extremely important. Let’s take a brief look at
some of these situations.

Viscosity
Viscosity is internal friction in a fluid. Viscous forces oppose the motion of one
portion of a fluid relative to another. Viscosity is the reason it takes effort to pad-
dle a canoe through calm water, but it is also the reason the paddle works. Vis-
cous effects are important in the flow of fluids in pipes, the flow of blood, the
lubrication of engine parts, and many other situations.

Fluids that flow readily, such as water or gasoline, have smaller viscosities
than do “thick” liquids such as honey or motor oil. Viscosities of all fluids are
strongly temperature dependent, increasing for gases and decreasing for liquids
as the temperature increases (Fig. 12.27). Oils for engine lubrication must flow
equally well in cold and warm conditions, and so are designed to have as little
temperature variation of viscosity as possible.

A viscous fluid always tends to cling to a solid surface in contact with it. There
is always a thin boundary layer of fluid near the surface, in which the fluid is
nearly at rest with respect to the surface. That’s why dust particles can cling to a
fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.

Viscosity has important effects on the flow of liquids through pipes, including
the flow of blood in the circulatory system. First think about a fluid with zero vis-
cosity so that we can apply Bernoulli’s equation, Eq. (12.17). If the two ends of a
long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
same at both ends of the pipe. But this result simply isn’t true if we take viscosity
into account. To see why, consider Fig. 12.28, which shows the flow-speed pro-
file for laminar flow of a viscous fluid in a long cylindrical pipe. Due to viscosity,
the speed is zero at the pipe walls (to which the fluid clings) and is greatest at the
center of the pipe. The motion is like a lot of concentric tubes sliding relative to
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Equivalent explanation: Wing imparts a
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(b) Computer simulation of air parcels flowing around a wing, showing
that air moves much faster over the top than over the bottom.
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Notice that air
particles that are
together at the leading
edge of the wing do
not meet up at the
trailing edge!

12.26 Flow around an airplane wing.

Test Your Understanding of Section 12.5 Which is the most accurate
statement of Bernoulli’s principle? (i) Fast-moving air causes lower pressure; 
(ii) lower pressure causes fast-moving air; (iii) both (i) and (ii) are equally 
accurate. !

12.27 Lava is an example of a viscous
fluid. The viscosity decreases with increas-
ing temperature: The hotter the lava, the
more easily it can flow.

Cross section of a
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The velocity profile for
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12.28 Velocity profile for a viscous
fluid in a cylindrical pipe.
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
and that the flow was laminar. While these assumptions are often quite valid, in
many important physical situations the effects of viscosity (internal friction) and
turbulence (nonlaminar flow) are extremely important. Let’s take a brief look at
some of these situations.

Viscosity
Viscosity is internal friction in a fluid. Viscous forces oppose the motion of one
portion of a fluid relative to another. Viscosity is the reason it takes effort to pad-
dle a canoe through calm water, but it is also the reason the paddle works. Vis-
cous effects are important in the flow of fluids in pipes, the flow of blood, the
lubrication of engine parts, and many other situations.

Fluids that flow readily, such as water or gasoline, have smaller viscosities
than do “thick” liquids such as honey or motor oil. Viscosities of all fluids are
strongly temperature dependent, increasing for gases and decreasing for liquids
as the temperature increases (Fig. 12.27). Oils for engine lubrication must flow
equally well in cold and warm conditions, and so are designed to have as little
temperature variation of viscosity as possible.

A viscous fluid always tends to cling to a solid surface in contact with it. There
is always a thin boundary layer of fluid near the surface, in which the fluid is
nearly at rest with respect to the surface. That’s why dust particles can cling to a
fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.

Viscosity has important effects on the flow of liquids through pipes, including
the flow of blood in the circulatory system. First think about a fluid with zero vis-
cosity so that we can apply Bernoulli’s equation, Eq. (12.17). If the two ends of a
long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
same at both ends of the pipe. But this result simply isn’t true if we take viscosity
into account. To see why, consider Fig. 12.28, which shows the flow-speed pro-
file for laminar flow of a viscous fluid in a long cylindrical pipe. Due to viscosity,
the speed is zero at the pipe walls (to which the fluid clings) and is greatest at the
center of the pipe. The motion is like a lot of concentric tubes sliding relative to
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Equivalent explanation: Wing imparts a
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(b) Computer simulation of air parcels flowing around a wing, showing
that air moves much faster over the top than over the bottom.
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Notice that air
particles that are
together at the leading
edge of the wing do
not meet up at the
trailing edge!

12.26 Flow around an airplane wing.

Test Your Understanding of Section 12.5 Which is the most accurate
statement of Bernoulli’s principle? (i) Fast-moving air causes lower pressure; 
(ii) lower pressure causes fast-moving air; (iii) both (i) and (ii) are equally 
accurate. !

12.27 Lava is an example of a viscous
fluid. The viscosity decreases with increas-
ing temperature: The hotter the lava, the
more easily it can flow.
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12.28 Velocity profile for a viscous
fluid in a cylindrical pipe.
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
and that the flow was laminar. While these assumptions are often quite valid, in
many important physical situations the effects of viscosity (internal friction) and
turbulence (nonlaminar flow) are extremely important. Let’s take a brief look at
some of these situations.

Viscosity
Viscosity is internal friction in a fluid. Viscous forces oppose the motion of one
portion of a fluid relative to another. Viscosity is the reason it takes effort to pad-
dle a canoe through calm water, but it is also the reason the paddle works. Vis-
cous effects are important in the flow of fluids in pipes, the flow of blood, the
lubrication of engine parts, and many other situations.

Fluids that flow readily, such as water or gasoline, have smaller viscosities
than do “thick” liquids such as honey or motor oil. Viscosities of all fluids are
strongly temperature dependent, increasing for gases and decreasing for liquids
as the temperature increases (Fig. 12.27). Oils for engine lubrication must flow
equally well in cold and warm conditions, and so are designed to have as little
temperature variation of viscosity as possible.

A viscous fluid always tends to cling to a solid surface in contact with it. There
is always a thin boundary layer of fluid near the surface, in which the fluid is
nearly at rest with respect to the surface. That’s why dust particles can cling to a
fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.

Viscosity has important effects on the flow of liquids through pipes, including
the flow of blood in the circulatory system. First think about a fluid with zero vis-
cosity so that we can apply Bernoulli’s equation, Eq. (12.17). If the two ends of a
long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
same at both ends of the pipe. But this result simply isn’t true if we take viscosity
into account. To see why, consider Fig. 12.28, which shows the flow-speed pro-
file for laminar flow of a viscous fluid in a long cylindrical pipe. Due to viscosity,
the speed is zero at the pipe walls (to which the fluid clings) and is greatest at the
center of the pipe. The motion is like a lot of concentric tubes sliding relative to
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Equivalent explanation: Wing imparts a
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(b) Computer simulation of air parcels flowing around a wing, showing
that air moves much faster over the top than over the bottom.

Wing

1 2 3 4 5 6 7 8 9 10 11

1 2 3 4 5 6 7 8 9 10 11

Notice that air
particles that are
together at the leading
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not meet up at the
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12.26 Flow around an airplane wing.

Test Your Understanding of Section 12.5 Which is the most accurate
statement of Bernoulli’s principle? (i) Fast-moving air causes lower pressure; 
(ii) lower pressure causes fast-moving air; (iii) both (i) and (ii) are equally 
accurate. !

12.27 Lava is an example of a viscous
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ing temperature: The hotter the lava, the
more easily it can flow.
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12.28 Velocity profile for a viscous
fluid in a cylindrical pipe.
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
and that the flow was laminar. While these assumptions are often quite valid, in
many important physical situations the effects of viscosity (internal friction) and
turbulence (nonlaminar flow) are extremely important. Let’s take a brief look at
some of these situations.

Viscosity
Viscosity is internal friction in a fluid. Viscous forces oppose the motion of one
portion of a fluid relative to another. Viscosity is the reason it takes effort to pad-
dle a canoe through calm water, but it is also the reason the paddle works. Vis-
cous effects are important in the flow of fluids in pipes, the flow of blood, the
lubrication of engine parts, and many other situations.

Fluids that flow readily, such as water or gasoline, have smaller viscosities
than do “thick” liquids such as honey or motor oil. Viscosities of all fluids are
strongly temperature dependent, increasing for gases and decreasing for liquids
as the temperature increases (Fig. 12.27). Oils for engine lubrication must flow
equally well in cold and warm conditions, and so are designed to have as little
temperature variation of viscosity as possible.

A viscous fluid always tends to cling to a solid surface in contact with it. There
is always a thin boundary layer of fluid near the surface, in which the fluid is
nearly at rest with respect to the surface. That’s why dust particles can cling to a
fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.

Viscosity has important effects on the flow of liquids through pipes, including
the flow of blood in the circulatory system. First think about a fluid with zero vis-
cosity so that we can apply Bernoulli’s equation, Eq. (12.17). If the two ends of a
long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
same at both ends of the pipe. But this result simply isn’t true if we take viscosity
into account. To see why, consider Fig. 12.28, which shows the flow-speed pro-
file for laminar flow of a viscous fluid in a long cylindrical pipe. Due to viscosity,
the speed is zero at the pipe walls (to which the fluid clings) and is greatest at the
center of the pipe. The motion is like a lot of concentric tubes sliding relative to
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(b) Computer simulation of air parcels flowing around a wing, showing
that air moves much faster over the top than over the bottom.
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Notice that air
particles that are
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not meet up at the
trailing edge!

12.26 Flow around an airplane wing.

Test Your Understanding of Section 12.5 Which is the most accurate
statement of Bernoulli’s principle? (i) Fast-moving air causes lower pressure; 
(ii) lower pressure causes fast-moving air; (iii) both (i) and (ii) are equally 
accurate. !

12.27 Lava is an example of a viscous
fluid. The viscosity decreases with increas-
ing temperature: The hotter the lava, the
more easily it can flow.
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12.28 Velocity profile for a viscous
fluid in a cylindrical pipe.
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12.6 Viscosity and Turbulence
In our discussion of fluid flow we assumed that the fluid had no internal friction
and that the flow was laminar. While these assumptions are often quite valid, in
many important physical situations the effects of viscosity (internal friction) and
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is always a thin boundary layer of fluid near the surface, in which the fluid is
nearly at rest with respect to the surface. That’s why dust particles can cling to a
fan blade even when it is rotating rapidly, and why you can’t get all the dirt off
your car by just squirting a hose at it.
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long cylindrical pipe are at the same height and the flow speed is the
same at both ends so Bernoulli’s equation tells us that the pressure is the
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steady flow, every element passing through a given point follows the same flow
line. In this case the “map” of the fluid velocities at various points in space
remains constant, although the velocity of a particular particle may change in
both magnitude and direction during its motion. A streamline is a curve whose
tangent at any point is in the direction of the fluid velocity at that point. When
the flow pattern changes with time, the streamlines do not coincide with the flow
lines. We will consider only steady-flow situations, for which flow lines and
streamlines are identical.

The flow lines passing through the edge of an imaginary element of area, such
as the area A in Fig. 12.18, form a tube called a flow tube. From the definition of
a flow line, in steady flow no fluid can cross the side walls of a flow tube; the fluids
in different flow tubes cannot mix.

Figure 12.19 shows patterns of fluid flow from left to right around three differ-
ent obstacles. The photographs were made by injecting dye into water flowing
between two closely spaced glass plates. These patterns are typical of laminar
flow, in which adjacent layers of fluid slide smoothly past each other and the flow is
steady. (A lamina is a thin sheet.) At sufficiently high flow rates, or when boundary
surfaces cause abrupt changes in velocity, the flow can become irregular and
chaotic. This is called turbulent flow (Fig. 12.20). In turbulent flow there is no
steady-state pattern; the flow pattern changes continuously.

The Continuity Equation
The mass of a moving fluid doesn’t change as it flows. This leads to an important
quantitative relationship called the continuity equation. Consider a portion of a
flow tube between two stationary cross sections with areas and (Fig. 12.21).
The fluid speeds at these sections are and respectively. No fluid flows in or
out across the sides of the tube because the fluid velocity is tangent to the wall at
every point on the wall. During a small time interval dt, the fluid at moves a
distance so a cylinder of fluid with height and volume 
flows into the tube across During this same interval, a cylinder of volume

flows out of the tube across 
Let’s first consider the case of an incompressible fluid so that the density has

the same value at all points. The mass flowing into the tube across in time
dt is Similarly, the mass that flows out across in the
same time is In steady flow the total mass in the tube is con-
stant, so and

(continuity equation, incompressible fluid) (12.10)A1v1 = A2v2

rA1v1 dt = rA2v2 dt  or

dm1 = dm2

dm2 = rA2v2 dt.
A2dm2dm1 = rA1v1 dt.

A1dm1

r
A2.dV2 = A2v2 dt

A1.
dV1 = A1v1 dtv1 dtv1 dt,

A1

v2,v1

A2A1

12.17 How does the scale reading change
when the statue is immersed in water?

12.19 Laminar flow around obstacles of
different shapes.

12.20 The flow of smoke rising from
these incense sticks is laminar up to a 
certain point, and then becomes turbulent.

Flow lines

Flow tube

Area A

12.18 A flow tube bounded by flow
lines. In steady flow, fluid cannot cross the
walls of a flow tube.

one another, with the central tube moving fastest and the outermost tube at rest.
Viscous forces between the tubes oppose this sliding, so to keep the flow going
we must apply a greater pressure at the back of the flow than at the front. That’s
why you have to keep squeezing a tube of toothpaste or a packet of ketchup (both
viscous fluids) to keep the fluid coming out of its container. Your fingers provide
a pressure at the back of the flow that is far greater than the atmospheric pressure
at the front of the flow.

The pressure difference required to sustain a given volume flow rate through a
cylindrical pipe of length L and radius R turns out to be proportional to If
we decrease R by one-half, the required pressure increases by decreas-
ing R by a factor of 0.90 (a 10% reduction) increases the required pressure differ-
ence by a factor of (a 52% increase). This simple relationship
explains the connection between a high-cholesterol diet (which tends to narrow
the arteries) and high blood pressure. Due to the dependence, even a small
narrowing of the arteries can result in substantially elevated blood pressure and
added strain on the heart muscle.

Turbulence
When the speed of a flowing fluid exceeds a certain critical value, the flow is no
longer laminar. Instead, the flow pattern becomes extremely irregular and com-
plex, and it changes continuously with time; there is no steady-state pattern. This
irregular, chaotic flow is called turbulence. Figure 12.20 shows the contrast
between laminar and turbulent flow for smoke rising in air. Bernoulli’s equation
is not applicable to regions where there is turbulence because the flow is not
steady.

Whether a flow is laminar or turbulent depends in part on the fluid’s viscosity.
The greater the viscosity, the greater the tendency for the fluid to flow in sheets
or lamina and the more likely the flow is to be laminar. (When we discussed
Bernoulli’s equation in Section 12.5, we assumed that the flow was laminar and
that the fluid had zero viscosity. In fact, a little viscosity is needed to ensure that
the flow is laminar.)

For a fluid of a given viscosity, flow speed is a determining factor for the
onset of turbulence. A flow pattern that is stable at low speeds suddenly becomes
unstable when a critical speed is reached. Irregularities in the flow pattern can
be caused by roughness in the pipe wall, variations in the density of the fluid,
and many other factors. At low flow speeds, these disturbances damp out; the
flow pattern is stable and tends to maintain its laminar nature (Fig. 12.29a).
When the critical speed is reached, however, the flow pattern becomes unstable.
The disturbances no longer damp out but grow until they destroy the entire
laminar-flow pattern (Fig. 12.29b).

R4

11>0.9024 = 1.52

24 = 16;
L>R4.
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Application Listening for Turbulent
Flow
Normal blood flow in the human aorta is lami-
nar, but a small disturbance such as a heart
pathology can cause the flow to become turbu-
lent. Turbulence makes noise, which is why
listening to blood flow with a stethoscope is a
useful diagnostic technique.

(a) (b)12.29 The flow of water from a faucet
is (a) laminar at low speeds but (b) turbu-
lent at sufficiently high speeds.
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湍流 - 声音 - 听诊（血液粘稠度）

层流 过度 湍流
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湍流（雷诺数11000）：http://v.youku.com/v_show/id_XMzkxOTk5MjU2.html
厨房中的层流和湍流：http://v.youku.com/v_show/id_XMzkxOTk3MTc2.html
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雷诺数 - 小球

Re =
⇢vr

⌘
雷诺数：

流体密度

流体粘滞系数

颗粒半径

颗粒相对流体速度

⇢air = 1.25 kg/m3

⌘air = 1.8⇥ 10�5N s/m2

层流： Re < 0.1
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Trinity bomb test: http://v.youku.com/v_show/id_XMzkyMDA0NTIw.html

Prepared by Jiang Xiao

http://v.youku.com/v_show/id_XMzkyMDA0NTIw.html
http://v.youku.com/v_show/id_XMzkyMDA0NTIw.html


Trinity Atomic Bomb (1945)

1947年解密的原子弹鲍照火球随时间的系列照片，爆炸当量保密

100 m
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Trinity Atomic Bomb (1945)

Sir Geoffrey Ingram Taylor
(1886 - 1975)
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