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878 CHAPTER 34 Transport Phenomena

In order for a system property to
erty must be different from the distril
particles in which the equilibrium sp:
same particle number density throt

Property Transport particle number density were greate
Transported Process would expect the gas particles to mc
Matter Diffusion Qensity throughout the containe.r. Th
tion of the system property that is co

Energy Thermal - A central concept in transport pk
conductivity through a given area in a given amout

Linear Viscosity or gradient exists for a system proper
momentum ent. In the example just discussed, ir
Charge Ionic conductivity partition and counting the number of

to the other side, as illustrated in Figu
of particles that move through the p:
of all of the transport processes listex
tial gradient in a system property wi
relationship between flux and the spz

Jx

‘In Equation (34.1), J, is the flux ¢
derivative in Equation (34.1) repres
(mass, energy, etc.). The linear relati
ent is reasonable when the displacer
modest displacement of the system
remainder of this chapter.

The negative sign in Equation (
direction of the gradient; therefore
external action is not taken to maini
tained at a constant value, the f
Figure 34.1, which presents a grapl
and flux. The gas density is greatest
particle density increases as one g«
According to Equation (34.1), parti
gradient in an attempt to make the
quantity of interest in Equation (3
serves as the proportionality constai
the transport coefficient. In the £
coefficients for the processes listec
wnvolving these various transport phe
vroperty will look different, it is imy




FIGURE 34.%

[Nustration of flux. The flux J, of gas
particles 1s in opposition to the gradient in
particle number density N.

(

airection ot the gradient; thererore, tlux will result 1 a reduction of the gradient
external action is not taken to maintain the gradient. If the gradient 1s externally mai
tained at a constant value, the flux will also remain constant. Again, consid
Figure 34.1, which presents a graphical example of the relationship between gradie
and flux. The gas density is greatest on the left-hand side of the container such that t
particle density increases as one goes from the right side of the container to the le
According to Equation (34.1), particle flux occurs in opposition to the number densi
gradient in an attempt to make the particle density spatially homogeneous. The fin
quantity of interest in Equation (34.1) is the factor «. Mathematically, this quanti
serves as the proportionality constant between the gradient and flux and is referred to
the transport coefficient. In the following sections, we will determine the transpc
coefficients for the processes listed in Table 34.1 and derive the expressions for fh
involving these various transport phenomena. Although the derivations for each transpc
property will look different, it is important to note that all originate from Equation (34.]
That is, the underlying principle behind all fransport phenomena is the relationsh
between flux and gradient.

Jx
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ynality constant «. This quantity is referred to as the diffusion coefficient for mass
ansport. To determine this constant, consider the particle number density at £A:

~ ~ dN

N(=A) = NO) — Al — (34.2)
dx x=0

~ ~ dN

NA) = NO) + Al — (34.3)
QH x=0

=

FIGURE 34.2

Model used to describe gas diffusion. The
gradient in number density N results in
particles diffusing from —x to +x. The
plane located at x = O is where the flux
of particles in response to the gradient is
calculated (the flux plane). Two planes,
located one mean free path distance away
(£ A) are considered with particles travel-
ing from either of these planes to the flux
plane. The total flux through the flux
plane is equal to the difference in flux
from the planes located at £A.
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FIGURE 34.3

Particle trajectories aligned with the x axis
(dashed line) result in the particle travel-
ing between planes without collision.
However, trajectories not aligned with the
x axis (solid line) result in the particie not
reaching the flux plane before a collision
with another particle occurs. This colli-
sion may result in the particle being
directed away from the flux plane.

—

where the number of particles traveling towar:
number density and the average velocity 1n t
approach, the flux in the +x direction is given

o

Je=N / Vo f(vy) dvy
0
[s. 9]

SIREs
/ N\ 2mkT

0

N
2arm

ot

N

— VYave
4

In this equation, we have employed the definitic
Substituting Equation (34.2) and (34.3) into the
flux from the planes located at —A and A is give

J")l,O = ZvaveN(_/\) = Zvaw

1 ~ 1
J/\,O = ZvaveN(A) = Zvave

The total flux through the flux plane is s
planes at £A:

]

Jrotat = J-r0 — Japo = 1
1 dN

- e ),

One correction remains before the derivatior
particles move from the planes located at A
However, Figure 34.3 illustrates that if the p:
ax1s, the particle will not reach the flux plane
point, collisions with other particles can occu
tories away from the flux plane; therefore, the
Inclusion of these trajectories requires one to
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FIGURE 34.4

Depiction of flux through two separate
planes. If J, = J,; 4, then the concentra-
tion between the planes will not change.
However, if the fluxes are unequal, then
the concentration will change with time.
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Recall from Section 33.6 that the collisic
7wd* where d is the diameter of a gas partic
determined using the diffusion coefficients, i
smaller than that of Ar. However, the diame
radit is roughly 2.5 times greater than that of
traced to the hard-sphere approximation for i

As illustrated in the previous section, the exis
particle diffusion. What is the timescale for dif
a given amount of time? These questions are ¢
can be denived as follows. Beginning with Fick

I, = *D(:

The quantity J, in Equation (34.12) is the flux
in Figure 34.4. The flux at location x + dx c:

The Time Evolut
a Concentration

di
Jx-i—dx = —D| —

The particle density at (x + dx)isrelatedtot
R}(x + dx) = ﬁ(x) -

This equation is derived by keeping the first tw
number density with distance equivalent to the
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(52)+ (7))

(34.16)

on, and is also known as Fick’s second
1 position x and time ¢. Equation (34.16)
sentration gradient is proportional to the
oncentration. That is, the greater the
1e faster the relaxation will proceed.
>an be solved using standard techniques
n the Further Reading section at the end
sion for N(x, t):

= x2/aD:

iz (34.17)

\ber of molecules confined to a plane at
ray from the plane, and D is the diffusion
1 distribution function that describes the
1e located a distance x away from the ini-
ariation in N versus time is provided in
roughly equivalent to the diffusion coef-
onstrates that with an increase in time, N
1l plane (located at 0 m in Figure 34.5).

mtered thus far, it ﬁis more convenient to
:s a measure of N(x,t) as opposed to
n*=ic employed to describe N (x, 1) 18
rmined using what should by now be a

1/2

xzﬁ(x, tdx

1/2

2
— e x*/4 Dt dx

)1/2

1/2

-x2/4 Dt dx

(34.18)

1| Key
5 = {| — 333s
—— 1000 s
— 3333 s
— 10000 s
<
<
=
0 T 1
0 0.5 1
Distance/m

FGURE 34.5

The spatial variation in particle number
density N{x, t) as a function of time. The
number density 1s defined with respect to
Ng/A, the number of particles confined to
a plane located at x = (0 of area A. In this
example, D = 10 °m?s™!, a typical value
for a gas at 1 atm and 298 K (see Example
Problem 34.1). The corresponding diffu-
sion time for a given concentration profile
18 indicated.
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statistical and kinetic theory viewpuiiie ve weoo .
gas diffusion.

Thermal Conductio

Thermal conduction is the transport process in w
gradient in temperature. Figure 34.7 depicts a c«
which a gradient in temperature exists. Note that t
ture only, and that the particle number densi
Equilibrium 1s reached when the system has an id
box. Because temperature and Kinetic energy are
will involve the transport of kinetic energy from
> the lower temperature side.
| Thermal conduction occurs through a vari
phase of matter. In this derivation we assume the
collisions and that equilibrium with the energy
sion, thereby ensuring that the particles are at ¢
collision. This collisional picture of energy trar
ever, it can also be applied to liquids and sol
translate freely, yet the molecular energy can
nearby molecules, resulting in energy transfer.

Temperature energy can also be transferred through convec

_ ) differences in density resulting from the temp
FIGURE 34.7 T

currents. Although energy is still transferred tl

Tem.p crature grachem m.a.colle.c Uon.Of 895 (les in the currents collide with other particle
particles. Regions containing high kinetic that transfer through fion is physicall

-~  energy particles are red and low kinetic at transier i oug Clon' vechon 15 physic ,y

energy regions are biue. The gradient in have defined it. In radiative transfer, matter is

emitting and absorbing electromagnetic radiz

kinetic energy, and therefore temperature, ;
1s indicated, and the flux in energy in matter is absorbed by lower temperature matt

response to this gradient, J,, is also shown.  vection and radiative transfer are assumed to
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other terms needed to calculate A are
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1on 33.7), the collisional cross section is

I
0Pm™)(2.63 X 107 'm)

2sponds to a particle diameter of
close to the 194 pm value provided by '

lependent on v,,,, N, and A, quantities
re. Therefore, k will also demonstrate
ns regarding the dependence of k on T

; approach used to describe the gas par-
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1 10 100
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FIGURE %4.9

Thermal conductivity as a function of
pressure for N, and Ar at 300 K. Note
that the pressure scale is logarithmic.
The figure demonstrates that « is roughly
independent of pressure up to 50 atm.




Section 33.7), the collisional cross section is

1
X 10¥m™)(2.63 X 107 'm)

corresponds to a particle diameter of
1bly close to the 194 pm value provided by ‘

| is dependent on v,,,, N, and A, quantities
ressure. Therefore, « will also demonstrate
dictions regarding the dependence of « on T’
heory approach used to describe the gas par-
slysscoportional to N such that the mean free

(V) 1 1

N/Va2e N V2o

results in the absence of N dependence in
result that x is predicted to be independent of
dependence of « for N, and Ar at 300 K. The
illy independent of pressure up to 50 atm! At
s between gas molecules become appreciable,
del, and the expressions dertved using gas
n is indicated by the dramatic rise in « at high
alga observed at very low pressure, when the
ns f the container. In this case, the energy is
to the other by wall—particle collisions such
2ssure regume. N

idence of «, the cancellation of N with the
; m carrying temperature dependence. For a
wonstrate mintmal temperature dependence.
36) predicts that « 1s proportional to T2,
ic and polyatomic molecules in which the
al. Figure 34.10 presents the variation in «
\lso presented is the predicted T'/? depend-
> experimental and predicted temperature
s more rapidly with temperature than the
ence of intermolecular interactions that are
| employed in gas kinetic theory. Notice that
erimental k are evident at low temperature

FIGURE 34.9

Thermal conductivity as a function of
pressure for N, and Ar at 300 K. Note
that the pressure scale is logarithmic.
The figure demonstrates that « is roughly
independent of pressure up to 50 atm.
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FIGURE 34.10

Variation of x with temperature for N, and
Ar at 1 atm. Experimental data are indi-
cated by the squares and circles, and the
predicted T'/2 dependence as the solid
lines. The calculated « was set equal to the
experimental value at 300 K, and then T!/2
dependence was applied to generate the
predicted variation in x with temperature.
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890 CHAPTER 34 Transport Phenomena

FIGURE 34.11

Cross section of a fluid flowing between
two plates. The fluid is indicated by the
green area between the plates, with arrow
lengths representing the speed of the fluid.

as well, as opposed to the good agreemei
behavior of k with pressure evident in Figu

Viscosity of Ga:

The third transport phenomenon considered
rience provides an intuitive guide with res
flow of a gas through a pipe under pressure.
ers, and the property that characterizes res
the symbol n (lowercase Greek eta). Wi
momentum? Figure 34.11 provides a cut.
plates. It can be shown experimentally that
way between the plates and decreases as th
the fluid—plate boundary. Therefore, a grad
onal to the direction of flow (z in Figure 34
direction is mv,, a gradient in linear mome)

We assume that the gas flow is laminar {
into layers of constant speed as illustrated in
gases and some liquids provided the flow rate
of the chapter). At high flow rates, the turbn
are intermixed such that a clear dissection o
cannot be performed. The discussion presente

The analysis of linear momentum trans
and thermal conductivity. As illustrated in ]
exists in the z direction; therefore, planes of
lel to the direction of fluid flow as illustr
momentum occurs by a particle from on
plane and thereby transferring its momentu

To derive the relationship between flu
proceed in a fashion analogous to that usec
mal conductivity (Section 34.5). First, the ]

p(—A) = p(O,

p(A) = p(O




ffmor-u/‘:ac"f 0?[ ot Z“”’? 9}/ Pper Aieler C/ras_(/'y

-2
‘([‘7‘(?;?? ol Costd 7‘6%17{ Pt Cypr ?Acdm [&7&1/ #o ate Pec,
coolle'se on W{w“fé Zféfﬂ /D/MC - ‘7?7‘“"*’”74’1/ Q%Wﬁ/fﬂ-ﬁﬁc’m
> fé( %&u‘ /D@oc a;/f‘ > =0
/D(/U /D/&/ * A (J%
/p(/()ﬂ /’9/0/ - J
— 7[\(01)( CV/ Pt 7@1:,1 iﬂ,}'e:?fﬁ /) Mé',' __Z// o s
fmw L efmre /gf e,mw;)f )
- Loy A plA
;E/(,o 7 Yave / "
- "'L 1/ v /Vﬂ /
}MO . 4 n, 0/(7%4»4—/17"
N2 tonsd agect only p
lec® 7I cpgecin TAC O/’?;/("CMC(’{
{'/za ‘(Lo'éa,/{ x ) vy 3 /fa?‘:z,é))
3_‘_( o - 3-;-/(,0 '&
o pecls !
- 7 Y /"/va()*ﬁf“)] plo) cancels
= "\/M,/v/ 2 (7 ),07
_ o [Amy
=Tz Vave M P A Az )a— 205
- o
C“% Va,w:/f//l-n’l '__U)i) —
ax{amﬁa/ 07[:22 & CE A WEEEA S fé;’f/ “te m;tﬁfq.;é;.»,cﬁ

Quf//orj,g cy/ /Dﬁy‘/;(é ‘//’('-e"/({fé r’ecg .'
; = '_.\ AV«: A//{m(

’)YOf)c’r 7(.(0/)‘ f/r’?// Fend 7/""”‘77/ é 7(5‘/5" 7 /é,()‘ er
7;/516//5/7/ StV Isces Ay 7

Z: 3{' ‘l'éti/c’ /;;Y/Z??’i

77 7] XSG a/ﬂ__/__ /jr&yfgé' le

7= Yy



FIGURE 34.12

Parameterization of the box model used to
derive viscosity. Planes of identical parti-
cle velocity (v,) are given by the blue
planes, with the magnitude of velocity
given by the arrows. The gradient in linear
momentum will result in momentum
transfer from regions of high momentum
(darker blue plane) to regions of lower
momentum (indicated by the light blue
plane). The plane located at z = (0 is the
location at which the flux of linear
momentum in response to the gradient is
determined.
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To derive the relationship between flux and the gradient in linear momentum, we
proceed in a fashion analogous to that used to derive diffusion (Section 34.2) and ther
mal conductivity (Section 34.5). First, the linear momentum p at +A is given by

d
p(=A) = p©O) — A{ £ (34.37
dz z=0
d
pA) = p(0) + A == (34.38
&N =0
P
o
[V
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892 CHAPTER 34 Transport Phenomena
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FIGURE 24.13
Pressure dependence of n for gaseous N,
and Ar at 300 K.
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FIGURE 34,14
Temperature dependence of 7 for N; and
Ar at I atm. Experimental values are

given by the squares and circles, and the
nredicted T‘l/z Adenandenca 1o aivian ac tha

n 3(2°
v,oN,, (398 msT')(2.45 X

3(227 X 107 kg m”
(398 m s™1)(2.45 X 10%° m™>) («

Note the conversion of poise to SI units in
mean free path, the collisional cross section ¢

1 ]
O" = =

Va2NA V2(245 X 105 m73) (

In Example Problem 34.5, the thermal co
the collisional cross section that was roughly
collisional cross-section values determined usi
erties 1llustrates the approximate nature of the
have assumed that the intermolecular interacti
approximation. The difference in o suggests t
describing the interaction of particles during c«

Similar to thermal conductivity, viscosity i
that are both temperature and pressure depenc
dependence, but the product of N and A conta
predicted to be independent of pressure. Figur
of 1 for N, and Ar at 300 K. The behavior is ¢
mal conductivity (Figure 34.9), with n demo:
P ~ 50 atm. At elevated pressures, intermolex
the increased interaction between particles gi
P > 50 atm, similar to the case for thermal cc

With respect to the temperature dependenc
dictates that n should increase as T'72, identic:
mal conductivity (Figure 34.10). This result
demonstrate a decrease in n with an increase
increase in n with temperature for a gas is be
Figure 34.14 where the variation in 7 with
presented. Also shown is the predicted T'/2 ¢
viscosity with temperature 1s a remarkable con
comparison of the experimental and predictex
that n increases more rapidly than predicted du
actions that are neglected in the hard-sphere
temperature dependence of « provided earlier.
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FIGURE 34.14

Temperature dependence of n for N, and
Ar at 1 atm. Experimental values are
given by the squares and circles, and the
predicted T!/? dependence is given as the
solid line.

e T

Similar to thermal conductivity, vi:
that are both temperature and pressure
dependence, but the product of N and
predicted to be independent of pressur
of m for N, and Ar at 300 K. The beha
mal conductivity (Figure 34.9), with 1
P ~ 50 atm. At elevated pressures, int
the increased interaction between parti
P > 50 atm, similar to the case for the

With respect to the temperature deg
dictates that n should increase as T'/?,
mal conductivity (Figure 34.10). This
demonstrate a decrease in 1 with an
increase in 7 with temperature for a g
Figure 34.14 where the variation in 7,
presented. Also shown is the predicted
viscosity with temperature is a remarkal
comparison of the experimental and p1
that i3 increases more rapidly than predu
actions that are neglected in the hard-s
temperature dependence of « provided ¢
gas 1s consistent with the increase in ve
corresponding increase in momentum fI:

. / Measuring Vi
Viscosity is a measure of a fluid’s resist:
the viscosity of gases and liquids 1s mea
ured by monitoring the flow of a fluid th
greater the viscosity, the smaller the flow

derived by Poiseuille to describe flow of :
of laminar flow:
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‘weight of CO,. A cylinder contains 50 |b

1der be used in an experiment that requires

ugh a 1.00-m-long tube (diameter = 0.75 mm)
tput pressure of 1.00 atm? The flow is meas-

e AV/Atis

.375 X 107> m)*
ym~!s7!)(1.00 m)(101,325 Pa)

——

— (101,325 Pa)?)

ylinder to the volume occupied at 298 K and

RN
kg mol™!

10'—3 3
10° L(——Lﬂ) — 124 m’

ta=~=d in the cylinder, the duration over which

) = 516 mol

=449 X 10°%s

27!

)

viscosity of liquids is an Ostwald viscometer
ty, one measures the time it takes for the liquid
. to the “low” level mark, and the fluid flows
aminar flow. The pressure driving the liquid
; the fluid density, g is the acceleration due to
levels in the two sections of the viscometer, as
1ght difference will evolve as the fluid flows,

Capillary

FIGURE 34 .15

An Ostwald viscometer. The time for a
volume of fluid (AV) to flow from the
“High” level mark to the “Low” level
mark 1s measured and then used to deter-
mine the viscosity of the fluid by means
of Equation (34.47).
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FIGURE 24.17

Ilustration of the forces involved in sedi-
mentation of a particle; . is the frictional
force, I or 1s the gravitational force, and F,
is the buoyant force.

is reduced, the kinetic energy of the particles is
kinetic energy to overcome the potential energy
resulting in the fluid being more resistant to flow.

SUPPLEMENTAI

Sedimentation ai

An important application of transport phe
Sedimentation can be used with diffusion to de
molecules. Figure 34.17 depicts a molecule wif
liquid of density p under the influence of E:
forces are acting on the particle:

1. The frictional force: Fy. = —fv,
2. The gravitational force: Fg, = mg
3. The buoyant force: F), = —mVpg

In the expression for the buoyant force, V is the
the change in solution volume per mass of solu

Imagine placing the particle at the top ¢
Initially, the downward velocity (v,) is zero,
velocity will increase. Eventually, a particle v
tional and buoyant forces are balanced by tl
known as the terminal velocity, and when this -
tion 1s zero. Using Newton’s second law,

Eroiar = ma = Fyy

0= —fvx,zer +

mg(l - V;
Vter = —F—_]_C—
_ Vi ter my
§ = = —
g

The sedimentation coefficient s is defined a
acceleration due to gravity. Sedimentation co
units of Svedbergs (S) with 1 S = 10713 s; ho
avoid confusion with other units in upcoming s«

Sedimentation is generally not performed u
Instead, acceleration of the particle is accompli
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cular radius. Solving Equation (34.56)

1 — (0.703 mL g7')(0.998 g mL™"))

1.91 X 1073 s

or a spherical particle by Equation (34.51)

=194 X 107%m = 1.94nm l

lecular sedimentation coefficients is by
1 th* process, an initially homogeneous
rifuge and spun. Sedimentation occurs,
Tom the axis of rotation experiencing an
a corresponding reduction in concentra-
of rotation. A boundary between these
nd this boundary will move away from
f we define the x;, as the midpoint of the
relationship exists between the location

dxy

r dt

’E)'sz

-

dxp

Xb

Xpt )
br=0
Xp, r=0) versus time will yield a straight

-ation coefficient. The determination of
tnfugation is illustrated in Example

(34.57)

ermined by centrifugation at 55,000 rpm
ed regarding the location of the bound-
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FIGURE 34.18

Cell bottom

Determination of sedimentation coeffi-
cient by centrifugation. (a) Schematic
drawing of the centrifuge cell, which is
rotating with angular velocity w. The
blue plane at x5, —n is the location of




10lecular sedimentation coefficients is by
In this process, an initially homogeneous
ntrifuge and spun. Sedimentation occurs,
¢ from the axis of rotation experiencing an
d a corresponding reduction in concentra-
is of rotation. A boundary between these
and this boundary will move away from
. If we define the x;, as the midpoint of the
g relationship exists between the location

dxb
ter dt

X ’Gszb

(34.57)

'»/ Xp, 1=0) versus time will yield a straight
>ntation coefficient. The determination of
entrifugation is illustrated in Example

-

letermined by centrifugation at 55,000 rpm
itned regarding the location of the bound-

xp (cm)
6.00
6.07
6.14
6.21
6.28
6.35

coefficient of lysozyme in water at 20°C.
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FIGURE 34.18

Determination of sedimentation coeffi-
cient by centrnifugation. (a) Schematic
drawing of the centrifuge cell, which is
rotating with angular velocity . The
blue plane at xp, - ¢ 1s the location of
the solution meniscus before centrifuga-
tion. As the sample is centrifuged, a
boundary between the solution with
increased molecular concentration ver-
sus the solvent is produced. This bound-
ary is represented by the yellow plane at
xp ;- (b) As centrifugation proceeds, the
boundary layer will move toward the
cell bottom. A plot of In(x,,/xp =0} ver-
sus time will yield a straight line with
slope equal to w? times the sedimenta-
tion coefficient.
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198 CHAPTER 8 Phase Diagrams and the Relative Stability of Solids, Liquids, and Gases

area while keeping the volume constant. The we
additional surface area at constant V and T is

dA = ydo

where A is the Helmholtz energy, y 1s the surface t
area. The surface tension has the units of energy/e
N m™! (Newtons per meter). Equation (8.26) predic
film suspended in a wire frame will tend to minimi
for a spontaneous process at constant V and 7.
Consider the spherical droplet depicted in Figur
on the droplet in the radially inward direction fc
shape. An expression for the force can be genera
droplet is increased from r to r + dr, the area incre

FIGURE 8.%7 o =4mr? so do =
The forces acting on a spherical droplet

that arise from surface tension. From Equation (8.26), the work done 1n the expansio:

which is normal to the surface of the droplet, is the w
F = 8myr

The net effect of this force is to generate a pressur
face. At equilibrium, there is a balance between th:
The inward acting force is the sum of the force exe
force arising from the surface tension, whereas the
from the pressure in the liquid:

4’7‘4"!‘2Pm”er + 8mwyr = 47
\\. P inner P ou
only for a curved surface. From the geometry in

higher pressure is always on the concave side of t
; l tension for a number of liquids are listed in Table 8

f \/ R}/
| 7 I | Note that P;,,.r — Poyer — 0 as r — 00. There.
\ 1 \

Equation (8.29) has interesting implications fc
with different curvatures 1/r. Consider two air-

‘ . same surface tension vy, one with a large radius R,
N\ Assume there is a uniform pressure outside both
{ Aifflow | ™ obtain the difference between the pressures P anc

\ y 2y 2y
]
\ / S T S
\ I 2

Now suppose the two bubbles come into contac
1 Because R| > R,, from Equation (8.30) the presst
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~ FIGURE 8.18

Two bubbles with unequal radii R, and R,
make contact {top). Because the pressure
within a bubble varies inversely with the
bubble radius, air flows from the smaller
into the larger bubble unti} a single large
bubble remains (bottom).

R R .

The inward acting force is the sum of the force exerted b
force arising from the surface tension, whereas the outs
from the pressure in the liquid:

477r2p0u!er + 877"}0” = 4’7T!‘2P,'m
‘Dinner = Pourer +

Note that P;,.er — Power —> 0 as r — 00, Therefore,
only for a curved surface. From the geometry in Figu
higher pressure is always on the concave side of the ir
tension for a number of liquids are listed in Table &.5.
Equation (8.29) has interesting implications for the
with different curvatures 1/r. Consider two air-filled
same surface tension vy, one with a large radius R, anc
Assume there is a uniform pressure outside both bubt
obtain the difference between the pressures P; and Py~

2y 2y |
Pl'_P2="___'""=2'Y<E
1

Now suppose the two bubbles come into contact as
Because R, > R,, from Equation (8.30) the pressure F

Formula Name Y (mNm") K
Br, Bromine 40.95 C
H,0 Water 71.99 C
Hg Mercury 485.5 C
CCly Carbon tetrachloride  26.43 C
CH,OH Methanol 22.07 C

Source: Data from Lide, D. R., ed. Handbook of Chemistry a
FL: CRC Press, 2002.
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1) 1s greater than the pressure #; 1n bubbdIie 1, SO dir
e | until the smaller bubble disappears entirely as
. In foams this process is called “coarsening” and in
ing.”

hat follows from Equations (8.29) and (8.30) is the
e 13 composed of small water-lined, air-filled cham-
Equation (8.29), the pressure difference across the
cavity 1s proportional to the surface tension and
1s of the cavity. Therefore, if two air-filled alveoli,
i1 ¥ and R and for which r < R are interconnected,
and the larger alveolus will expand because the pres-
» greater than the pressure within the larger alveolus.
on of water that lines the alveoli, these cavities will
yse, leaving an ever diminishing number of alveoli of
e alveoll according to Equations (8.29) will result
Ings.

1t called phosphatidylcholine lowers the surface ten-
li,” us stabilizing the lungs. But in persons lacking
of their lungs, such as prematurely born infants and
n of the water in the alveoli is not Jowered, and as a
lized by coarsening.

pressure differential across a curved surface is that
depends on its radius. By substituting numbers in
tion (8.25) to calculate the vapor pressure, we find
"'m water droplet is increased by 1%, that of a 1078
and that of a 107 m droplet is increased by 270%.
e application of Equation (8.29) is questionable
| water molecule is comparable to the droplet diam-
theory is needed to describe the forces within the
: in the formation of liquid droplets in a condensing
evmorate more rapidly than large droplets, and the
droplets, allowing them to grow at the expense of

/ depression are other consequences of the pressure
ace. Assume that a capillary of radius r is partially
liquid comes in contact with a solid surface, there is a
e energy of the system. If the surface tension of the

solid, the liquid will wet the surface, as shown in
irface tension of the liquid is higher than that of the
rface, as shown in Figure 8.19b. In either case, there is
Hary across the gas-liquid interface because the inter-
the liquid—gas interface is tangent to the interior wall
1d interface, the radius of curvature of the interface is

‘e across the curved interface 2y/r is balanced by the
witational field pgh. Therefore, 2y/r = pgh and the
ren by

L B

—
Q
"’

(b)

-
"

E

FIGURE 8.19
(a) If the liquid wets the interior wall of
the capillary, a capillary rise is observed.

The combination Pyrex—water exhibits

i

Pioner + PG

this behavior. (b) If the liquid does not
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1 r and R and for which r < R are interconnected,
ind the larger alveolus will expand because the pres-
greater than the pressure within the larger alveolus.
yn of water that lines the alveoli, these cavities will
se, leaving an ever diminishing number of alveoli of
e alveoli according to Equations (8.29) will result
ngs.
t called phosphatidylcholine lowers the surface ten-
i, thus stabiljizing the lungs. But in persons lacking
of their lungs, such as prematurely born infants and
1 of the water in the alveoli 1s not Jowered, and as a
ized by coarsening.
ressure differential across a curved surface is that
lepends on 1ts radius. By substituting numbers in
on (8.25) to calculate the vapor pressure, we find
m water droplet is increased by 1%, that of a 1078
nd that of a 107 m droplet is increased by 270%.
a'l,r;]ication of Equation (8.29) is questionable
water molecule is comparable to the droplet diam-
eory is needed to describe the forces within the
n the formation of liquid droplets in a condensing
vaporate more rapidly than large droplets, and the
oplets, allowing them to grow at the expense of

lepression are other consequences of the pressure
e. Assume that a capillary of radius r is partially
uid comes in contact with a solid surface, there is a
energy of the system. If the surface tension of the
olid, the liquid will wet the surface, as shown in
ace tension of the liquid is higher than that of the
e s shown in Figure 8.19b. In either case, there is
ry across the gas—liquid interface because the inter-
¢ liquid—gas interface is tangent to the interior wall
interface, the radius of curvature of the interface is

across the curved interface 2y/r is balanced by the
:ational field pgh. Therefore, 2y/r = pgh and the
by

2y
pEY

h = (8.31)

as assumed that either (1) the liquid completely
rillary, in which case the liquid coats the capillary
or (2) the liquid is completely nonwetting, in
at the capillary walls but fills the core. In a more
s intermediate between these two extremes. In
haracterized by the contact angle 6, as shown

Pinner + 0Gh

(a)

(b)

FIGURE 8.149

(a) If the liquid wets the interior wall of
the capillary, a capillary rise is observed.
The combination Pyrex—water exhibits
this behavior. (b) If the liquid does not
wet the capillary surface, a capillary
depression is observed. The combination
Pyrex—mercury exhibits this behavior.
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FIGURE 8.20

For cases intermediate between wetting
and nonwetting, the contact angle 8 lies in
the range 0° << ¢ < = 180°.

Complete wetting corresponds to 8 = 0°, and
to @ = 180°. For intermediate cases,

2y cos B
Pérmer = Pomer + - and

The measurement of the contact angle i1s one of the 1
measure the difference in surface tension at the solic

' EXAMPLE PROBLEM 8.3

The six-legged water strider supports itself on the si
legs. Each of these legs causes a depression to be fc
that each depression can be approximated as a hemi
and that 6 (as in Figure 8.20) is 0°. Calculate the fo
exerts on the pond.

Solution

2y cos § 2 X 71.99 X 10 Nm™
r 12 X 107%m

F=PA=PXart=120X 10°Pa X #(l.

' EXAMPLE PROBLEM 8.4

Water is transported upward in trees through channe
Although the diameter of the xylem channels varies
value is 2.0 X 107° m. Is capillary rise sufficient to
redwood tree that is 100 m high? Assume complete

AP

=]

Solution
From Equation (8.31),

P 2 %X 71.99 X 10
pgrcos & 997kgm > X 9.8l ms X

No, capillary rise is not suflicient to account for water

As Example Problem 8.4 shows, capillary rise
transport to the leaves in all but the smallest plants. -
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