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热传导
For thermal insulation in buildings, engineers use the concept of thermal

resistance, denoted by R. The thermal resistance R of a slab of material with area
A is defined so that the heat current H through the slab is

(17.23)

where and are the temperatures on the two sides of the slab. Comparing this
with Eq. (17.21), we see that R is given by

(17.24)

where L is the thickness of the slab. The SI unit of R is In the units
used for commercial insulating materials in the United States, H is expressed in

A is in and in The units of R are
then though values of R are usually quoted without units; a 6-inch-
thick layer of fiberglass has an R value of 19 that is, a
2-inch-thick slab of polyurethane foam has an R value of 12, and so on. Doubling
the thickness doubles the R value. Common practice in new construction in
severe northern climates is to specify R values of around 30 for exterior walls and
ceilings. When the insulating material is in layers, such as a plastered wall, fiber-
glass insulation, and wood exterior siding, the R values are additive. Do you see
why? (See Problem 17.108.)

R = 19 ft2 # F° # h>Btu2,1ft2 # F° # h>Btu,
11 Btu>h = 0.293 W.2F°.TH - TCft2,Btu>h,

1 m2 # K>W.

R = L
k

TCTH

H =
A1TH - TC2

R
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Application Fur Versus Blubber
The fur of an arctic fox is a good thermal
insulator because it traps air, which has 
a low thermal conductivity k. (The value
k W m K for fur is higher than for
air, k W m K, because fur also
includes solid hairs.) The layer of fat beneath 
a bowhead whale’s skin, called blubber, has 
six times the thermal conductivity of fur
(k W m K). So a 6-cm thickness of
blubber (L cm) is required to give the
same insulation as 1 cm of fur.

= 6
#>= 0.24

#>= 0.024
#>= 0.04

Problem-Solving Strategy 17.3 Heat Conduction

IDENTIFY the relevant concepts: Heat conduction occurs when-
ever two objects at different temperatures are placed in contact.

SET UP the problem using the following steps:
1. Identify the direction of heat flow (from hot to cold). In 

Eq. (17.21), L is measured along this direction, and A is an area
perpendicular to this direction. You can often approximate an
irregular-shaped container with uniform wall thickness as a flat
slab with the same thickness and total wall area.

2. List the known and unknown quantities and identify the target
variable.

EXECUTE the solution as follows:
1. If heat flows through a single object, use Eq. (17.21) to solve

for the target variable.
2. If the heat flows through two different materials in succession

(in series), the temperature T at the interface between them is

intermediate between and so that the temperature differ-
ences across the two materials are and In
steady-state heat flow, the same heat must pass through both
materials, so the heat current H must be the same in both
materials.

3. If heat flows through two or more parallel paths, then the total
heat current H is the sum of the currents for the
separate paths. An example is heat flow from inside a room to
outside, both through the glass in a window and through the
surrounding wall. In parallel heat flow the temperature differ-
ence is the same for each path, but L, A, and k may be different
for each path.

4. Use consistent units. If k is expressed in for example,
use distances in meters, heat in joules, and T in kelvins.

EVALUATE your answer: Are the results physically reasonable?

W>m # K,

H2, ÁH1,

1T - TC2.1TH - T2TC,TH

Example 17.11 Conduction into a picnic cooler

A Styrofoam cooler (Fig. 17.24a) has total wall area (including the
lid) of and wall thickness 2.0 cm. It is filled with ice,
water, and cans of Omni-Cola, all at What is the rate of heat
flow into the cooler if the temperature of the outside wall is 
How much ice melts in 3 hours?

SOLUTION

IDENTIFY and SET UP: The target variables are the heat current H
and the mass m of ice melted. We use Eq. (17.21) to determine H
and Eq. (17.20) to determine m.

30°C?
0°C.

0.80 m2
EXECUTE: We assume that the total heat flow is the same as it
would be through a flat Styrofoam slab of area and thick-
ness (Fig. 17.24b). We find k from Table 17.5.
From Eq. (17.21),

= 32.4 W = 32.4 J>sH = kA
TH - TC

L
= 10.027 W>m # K210.80 m22 30°C - 0°C

0.020 m

2.0 cm = 0.020 m
0.80 m2

17.7 Mechanisms of Heat Transfer 571

On the atomic level, the atoms in the hotter regions have more kinetic energy, on
the average, than their cooler neighbors. They jostle their neighbors, giving them
some of their energy. The neighbors jostle their neighbors, and so on through the
material. The atoms themselves do not move from one region of material to
another, but their energy does.

Most metals also use another, more effective mechanism to conduct heat.
Within the metal, some electrons can leave their parent atoms and wander
through the crystal lattice. These “free” electrons can rapidly carry energy
from the hotter to the cooler regions of the metal, so metals are generally good
conductors of heat. A metal rod at feels colder than a piece of wood at

because heat can flow more easily from your hand into the metal. The
presence of “free” electrons also causes most metals to be good electrical con-
ductors.

Heat transfer occurs only between regions that are at different tempera-
tures, and the direction of heat flow is always from higher to lower tempera-
ture. Figure 17.23a shows a rod of conducting material with cross-sectional
area A and length L. The left end of the rod is kept at a temperature and the
right end at a lower temperature so heat flows from left to right. The sides
of the rod are covered by an ideal insulator, so no heat transfer occurs at the
sides.

When a quantity of heat dQ is transferred through the rod in a time dt, the rate
of heat flow is We call this rate the heat current, denoted by H. That is,

Experiments show that the heat current is proportional to the cross-
sectional area A of the rod (Fig. 17.23b) and to the temperature difference

and is inversely proportional to the rod length L (Fig. 17.23c). Intro-
ducing a proportionality constant k called the thermal conductivity of the mate-
rial, we have

(17.21)

The quantity is the temperature difference per unit length; it is
called the magnitude of the temperature gradient. The numerical value of k
depends on the material of the rod. Materials with large k are good conductors of
heat; materials with small k are poor conductors, or insulators. Equation (17.21)
also gives the heat current through a slab or through any homogeneous body with
uniform cross section A perpendicular to the direction of flow; L is the length of
the heat-flow path.

The units of heat current H are units of energy per time, or power; the SI unit
of heat current is the watt We can find the units of k by solving
Eq. (17.21) for k; you can show that the SI units are Some numerical
values of k are given in Table 17.5.

The thermal conductivity of “dead” (that is, nonmoving) air is very small.
A wool sweater keeps you warm because it traps air between the fibers. In
fact, many insulating materials such as Styrofoam and fiberglass are mostly
dead air.

If the temperature varies in a nonuniform way along the length of the conduct-
ing rod, we introduce a coordinate x along the length and generalize the tempera-
ture gradient to be The corresponding generalization of Eq. (17.21) is

(17.22)

The negative sign shows that heat always flows in the direction of decreasing
temperature.

H =
dQ
dt

= -kA
dT
dx

dT>dx.

W>m # K.
11 W = 1 J>s2.

1TH - TC2>L
H =

dQ
dt

= kA
TH - TC

L
  1heat current in conduction)

1TH - TC2H = dQ>dt.
dQ>dt.

TC,
TH

20°C
20°C

TH A

L

(a) Heat current H

(b) Doubling the cross-sectional area of
the conductor doubles the heat current
(H is proportional to A).

(c) Doubling the length of the conductor
halves the heat current (H is inversely
proportional to L).

TC

TH A

2L

TC

TH

A

A
L
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17.23 Steady-state heat flow due to
conduction in a uniform rod.

Table 17.5 Thermal Conductivities

Substance

Metals

Aluminum 205.0

Brass 109.0

Copper 385.0

Lead 34.7

Mercury 8.3

Silver 406.0

Steel 50.2

Solids (representative values)

Brick, insulating 0.15

Brick, red 0.6

Concrete 0.8

Cork 0.04

Felt 0.04

Fiberglass 0.04

Glass 0.8

Ice 1.6

Rock wool 0.04

Styrofoam 0.027

Wood 0.12–0.04

Gases

Air 0.024

Argon 0.016

Helium 0.14

Hydrogen 0.14

Oxygen 0.023

k (W/m # K)
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气体分子的碰撞频率和平均自由程

vrms(N2) = 493 m/s

vrms(O2) = 461 m/s

vrms(H2) = 1845 m/s

空气中声速：332 m/s

砸碎一瓶香水，是先听见声

音还是先问到气味？
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气体分子的碰撞频率和平均自由程

18.3 Kinetic-Molecular Model of an Ideal Gas 603

Example 18.6 Molecular kinetic energy and vrms

(a) What is the average translational kinetic energy of an ideal-gas
molecule at (b) What is the total random translational
kinetic energy of the molecules in 1 mole of this gas? (c) What is
the root-mean-square speed of oxygen molecules at this tempera-
ture?

SOLUTION

IDENTIFY and SET UP: This problem involves the translational
kinetic energy of an ideal gas on a per-molecule and per-mole basis,
as well as the root-mean-square molecular speed . We are given

= 300 K and we use the molecular mass m
for oxygen. We use Eq. (18.16) to determine the average kinetic
energy of a molecule, Eq. (18.14) to find the total molecular kinetic
energy of 1 mole, and Eq. (18.19) to find .

EXECUTE: (a) From Eq. (18.16),

= 6.21 * 10-21 J

1
2 m1v22av = 3

2 kT = 3
2 11.38 * 10-23 J>K21300 K2

vrmsKtr

n = 1 mol;T = 27°C
vrms

27°C?
(b) From Eq. (18.14), the kinetic energy of one mole is

(c) We found the mass per molecule m and molar mass M of
molecular oxygen in Example 18.5. Using Eq. (18.19), we can cal-
culate in two ways:

EVALUATE: The answer in part (a) does not depend on the mass of
the molecule. We can check our result in part (b) by noting that the
translational kinetic energy per mole must be equal to the product of
the average translational kinetic energy per molecule from part
(a) and Avogadro’s number 16.21 * 10-21 J>molecule2 = 3740 J.

1023 molecules2NA: Ktr = 16.022 *

vrms = B3RT
M

= B318.314 J>mol # K21300 K2
32.0 * 10-3 kg>mol

= 484 m>s= 484 m>s = 1740 km>h = 1080 mi>hvrms = B3kT
m

= B311.38 * 10-23 J>K21300 K2
5.31 * 10-26 kg

vrms

Ktr = 3
2 nRT = 3

2 11 mol218.314 J>mol # K21300 K2 = 3740 J

Example 18.7 Calculating rms and average speeds

Five gas molecules chosen at random are found to have speeds of
500, 600, 700, 800, and What is the rms speed? What is
the average speed?

SOLUTION

IDENTIFY and SET UP: We use the definitions of the root mean
square and the average of a collection of numbers. To find , we
square each speed, find the average (mean) of the squares, and take
the square root of the result. We find as usual.

EXECUTE: The average value of and the resulting for the
five molecules are

= 5.10 * 105 m2>s2

1v22av = 5002 + 6002 + 7002 + 8002 + 9002

5
 m2>s2

vrmsv2

vav

vrms

900 m>s.
The average speed is

EVALUATE: In general and are not the same. Roughly
speaking, gives greater weight to the higher speeds than
does vav.

vrms

vavvrms

vav = 500 + 600 + 700 + 800 + 900
5

 m>s = 700 m>svav

vrms = 21v22av = 714 m>s

Collisions Between Molecules
We have ignored the possibility that two gas molecules might collide. If they are
really points, they never collide. But consider a more realistic model in which the
molecules are rigid spheres with radius r. How often do they collide with other
molecules? How far do they travel, on average, between collisions? We can get
approximate answers from the following rather primitive model.

Consider N spherical molecules with radius r in a volume V. Suppose only one
molecule is moving. When it collides with another molecule, the distance
between centers is 2r. Suppose we draw a cylinder with radius 2r, with its axis
parallel to the velocity of the molecule (Fig. 18.15). The moving molecule col-
lides with any other molecule whose center is inside this cylinder. In a short time
dt a molecule with speed travels a distance during this time it collides with
any molecule that is in the cylindrical volume of radius 2r and length The
volume of the cylinder is There are molecules per unit volume, so
the number dN with centers in this cylinder is

dN = 4pr 2v dt N>V
N>V4pr 2v dt.

v dt.
v dt;v

r

r
r

r
v dt

v
r

2r

18.15 In a time dt a molecule with
radius r will collide with any other mole-
cule within a cylindrical volume of radius
2r and length v dt.

平均自由程

假设其他分子不动：

n⇡r2�̄ = 1 ) �̄ =
1

n⇡r2

考虑其他分子运动：

�̄ =
1p

2n⇡r2
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气体分子的碰撞频率和平均自由程

气体       (nm)      (nm)
H2 1123 0.27
N2 599 0.37
O2 547 0.36
He 179.8 0.22
Ar 666 0.32

�̄

考虑其他分子运动：

平均自由程

假设其他分子不动：

n⇡r2�̄ = 1 ) �̄ =
1

n⇡r2 �̄ =
1p

2n⇡r2

r
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气体分子的碰撞频率和平均自由程

ve↵ective =

p
N �̄

N �̄/v̄
=

v̄p
N

�̄ ⇠ 600 nm

v̄ ⇠ 400 m/s

p
N �̄ ⇠ 1 m )

p
N ⇠ 105

ve↵ective ⇠ 0.04 m/s

p
N
�̄

l =
p
N �̄N次碰撞之后：
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气体分子的碰撞频率和平均自由程

p
N
�̄

�̄ = 1 cm

太阳内的光子的平均自由程：

太阳半径：R = 0.7 x 106 km

p
N �̄ = R ) N =

R2

�̄2

t =
N �̄

c
=

R2

�̄c
⇠ 104 year
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气体的输运 - 扩散

扩散：http://v.youku.com/v_show/id_XMzkyMDQ0ODYw.html
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气体的输运 - 扩散

扩散系数粒子流

jn =
dn

dt

= �D

dn

dx

jQ =
dQ

dt

= �

dT

dx

热传导系数能量流
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气体的输运 - 扩散

D =
1

3
v̄�̄

扩散系数粒子流

jn =
dn

dt

= �D

dn

dx

jQ =
dQ

dt

= �

dT

dx

热传导系数能量流

 =
1

3
⇢cv v̄�̄

v̄

�̄ �̄

n� n+

v̄

js =
n�s�
6

v̄ � n+s+

6
v̄

= �1

6
v̄

d(ns)

dx

2�̄

= �1

3
v̄�̄

d(ns)

dx

js
s = 1

s = mcvT
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渗透与渗透压

半
透
膜 p = nkT

溶质数密度
渗透压：
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渗透与渗透压
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透
膜
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