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There are two main techniques for measuring viscosities Ol & ne techniqye

depends on the rate of damping of the torsional oscillations of a di:ﬂc hanging in the
gas. The half-life of the decay of the oscillation depends on the viscosity and the desigp,
of the apparatus, and the apparatus needs to be calibrated. The other method is bageq
on Poiseuille’s formula for the rate of flow of a fluid through a tube of radius r:

7 2 2 4
dV  (pi—pa)Tr (21.25)

dr 161np,

where V is the volume flowing, p; and p, are the pressures at each end of the tube of

length [, and p,, is the pressure at which the volume is measured.

Such measurements confirm that the viscosities of gases are independent of pres-
he results for argon from 107> atm to 10% atm are
ant from about 0.01 atm to 20 atm. The
) the T'/> dependence. The blue line

sure over a wide range. For instance, t
shown in Fig. 21.12, and we see that 7] is const
measurements also confirm (to a lesser extent
in the illustration shows the calculated values using 0= 22 X 1025 implying a
collision diameter of 260 pm, in contrast to the van der Waals diameter of 335 pm
obtained from the density of the solid. The agreement is not too bad, considering the
simplicity of the model, especially the neglect of intermolecular forces.

lllustration 21.1 Using the Poiseuille formula

In a Poiseuille flow experiment to measure the viscosity of air at 298 K, the sample
was allowed to flow through a tube of length 100 cm and internal diameter
1.00 mm. The high-pressure end was at 765 Torr and the low-pressure end was at
760 Torr. The volume was measured at the latter pressure. In 100 s, 90.2 cm® of
air passed through the tube. The viscosity of air at 298 K is found by reorganizing
the Poiseuille formula, eqn 21.25, into ot e

,,; (p} -ppmr*
" 16lpy(dV/d)

and substituting th data (after converting the pressures & sy i Tor
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21.2 Collisions with walls and surfaces

The key result for accounting for transport in the gas phase is the rate at which molecules

strike an area (which may be an imaginary area embedded in the gas, or part of a real

wall). The collision flux, Z,, is the number of collisions with the area in a given time
interval divided by the area and the duration of the interval. The collision frequency,
the number of hits per second, is obtained by multiplication of the collision flux by the
area of interest. We show in the Justification below that the collision flux is

P (21.14)°
ZW = (znka)l/Z :

iltn o
When p= 100 kPa (1.00 bar) and T= 300K, Z, =3 x 10 cm™s

Justification 21.4 The collision flux
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where we have used eqn 21.7 in the form ¢ = (8kT/mm)""%, which implies that te=
(kT/2mm)"2, Substitution of A(= nN,/V = p/kT gives eqn 21.14. !

21.3 The rate of effusion

The essential empirical observations on effusion are summarized by Graham’s law of
effusion, which states that the rate of effusion is inversely proportional to the square
root of the molar mass. The basis of this result is that, as remarked above, the mean
speed of molecules is inversely proportional to M'%, so the rate at which they strike
the area of the hole is also inversely proportional to M"2. However, by using the
expression for the rate of collisions, we can obtain a more detailed expression for the
rate of effusion and hence use effusion data more effectively.
When a gas at a pressure p and temperature T is separated from a vacuum by a small
hole, the rate of escape of its molecules is equal to the rate at which they strike the area
of the hole (which is given by eqn 21.14). Therefore, for a hole of area A,

PA, e PAN,
(2rnmkT)'  (2rMRT)'?

Rate of effusion = Z,, A = (21.16)°

where, in the last step, we have used R = N,k and M = mN,. This rate is inversely pro-
portional to M'/2, in accord with Graham’s law.

Equation 21.16 is the basis of the Knudsen method for the determination of the
vapour pressures of liquids and solids, particularly of substances with very low vapour
pressures. Thus, if the vapour pressure of a sample is p, and it is enclosed in a cavity
with a small hole, then the rate of loss of mass from the container is proportional to p.
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~ (a) The Phenomenological equations

erty passing through a given area in a given time interval divided by the area and the
 duration of the interval. If matter is flowing (as in diffusion), we speak of a matter flux
_ of so many molecules per square metre per second; if the property is energy (as in
thermal conduction), then we speak of the energy flux and express it in joules per
Juare metre per second, and so on.

Experimental observations on transport properties show that the flux of a property
is usually proportional to the first derivative of some other related property. For
the flux of matter diffusing parallel to the z-axis of a container is found to
nal to the first derivative of the concentration:

The rate of migration of a property is measured by its flux, J, the quantity of that prop-

(21.17)

the number density of particles with units number per metre cubed (m™).
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where K is the coefficient of thermal conductivity. The SI units of K are jou]e per
kelvin per metre per second (J K™! m™ s7'). Some experimental values are giye, i
Table 21.2. :
To see the connection between the flux of momentum and the viscosity, consider ,
fluid in a state of Newtonian flow, which can be imagined as occurring by 5 SeTies
of layers moving past one another (Fig. 21.11). The layer next to the wall of the vegg|
is stationary, and the velocity of successive layers varies linearly with distance z
from the wall. Molecules ceaselessly move between the layers and bring with ther, the
x-component of linear momentum they possessed in their original layer. A layer j;
retarded by molecules arriving from a more slowly moving layer because they haye ,
low momentum in the x-direction. A layer is accelerated by molecules arriving from ,
more rapidly moving layer. We interpret the net retarding effect as the fluid’s viscosi
Because the retarding effect depends on the transfer of the x-component of lines,
momentum into the layer of interest, the viscosity depends on the flux of this .
component in the z-direction. The flux of the x-component of momentum is propor-
tional to dv,/dz because there is no net flux when all the layers move at the same
velocity. We can therefore write

dv

x

dz

The constant of proportionality, 7, is the coefficient of viscosity (or simply ‘the
viscosity’). Its units are kilograms per metre per second (kg m™ s71). Viscosities are
often reported in poise (P), where 1 P=10""! kgm™s7!. Some experimental values are
given in Table 21.2.

J(x-component of momentum) =-7

12121)

(b) The transport parameters

As shown in Further information 21.1 and summarized in Table 21 .3, the kinetic model
leads to expressions for the diffusional parameters of a perfect gas.

m!‘!ﬂ Transport properties of perfect gases

Transported quantity  Simple kinetictheory  Units
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perfect gas A having molar concentration [A] is given by the expression
K=1AeCy,  [A]

(2125

where Cy, is the molar heat ca

y pacity at constant volume. To inte ret this expres-
sion, we note that: " o

3 1 Because Ais inversely proportional to the pressure, and hence inversely propor-
tional to the molar concentration of the gas, the thermal conductivity is independent
of the pressure.

D g o

; 2 The thermal conductivity is greater for gases with a high heat capacity because a
given temperature gradient then corresponds to a greater energy gradient.

The physical reason for the pressure independence of  is that the thermal conduc-
tivity can be expected to be large when many molecules are available to transport the
energy, but the presence of so many molecules limits their mean free path and they
cannot carry the energy over a great distance. These two effects balance. The thermal
conductivity is indeed found experimentally to be independent of the pressure, except
when the pressure is very low, when K< p. At low pressures A exceeds the dimensions
of the apparatus, and the distance over which the energy is transported is determined
by the size of the container and not by the other molecules present. The flux is still
proportional to the number of carriers, but the length of the journey no longer
w on A, so ko< [A], which implies that K‘°<. p. : i

5 Fiﬁﬂly, the kinetic model leads to the following expression for the viscosity (see

i | Wﬂt?a‘wmaﬁon 21.1):
- n=1MAdA]
i A. | is the molar concentration of the gas molecules and M is their molar mass.
-« imrpm this expression as follows: .

. Ao 1/p (eqn 21.13) and [A] < p, it follows that < ¢, independent of p.
ity is independent of the pmsnf:e
TV (eqn 21.7), 7o T2 Thatis,

(21.24)°

the viscosity of a gas increases with

?uwxre-' indepe! dence of the viscosity is the same as for
‘ Ma::avﬂablewmwon the momentum,
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