KINETIC

13.1 BOYLE'S LAW
1. State and explain Boyle's law.

/
\R’e@)ﬂe”s law. It in a fundamental gas law, dis-

ered by Robert Boyle is 1662. It states that the volume
of a given mass of a gas is inversely proportional to its
pressure, provided the temperature remains constant.
Mathematically

Va 1 or V= =

P P
where K is a constant. Its value depends on (i) mass of
the gas, (ii) its temperature and (i) the units in which
P and V are measured.

or PV=K

If P, and V, are the initial values of pressure and
volume and P, and V, are their final values, then
according to Boyle’s law, RV, =RV,

Fig. 13.1 shows graph between P and V and
Fig. 13.2 shows the graph between P and 1/V for a
given mass of a gas at a constant temperature T.

T = constant
T T
o, T = constant o,
Vo 1V _
Fig. 13.1 P versus V Fig. 13.2 P versus
graph 1/V graph.
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13.2 © CHARLES' LAW
2. State-and explain Charles” law.

“\—Charles’ law. This law gives relationship between
volume and temperature of a gas at constant pressure.
It was discovered by Alexander Charles in 1787. It states
that if the pressure remains constant, then the volume of a

given mass of a gas increases or decreases by of its

273.15
volume at 0°C for each 1°C rise or fall of temperature.

Let V, be the volume of the given mass of a gas at
0°C. According to Charles’ law, its volume at 1°Cis

Vi 1
V=V, + =Vo(1+——)
273.15 273.15
Volume of the gas at2°C,

2
V.=V /|[1+——
2 0[ 273.15)

-. Volume of the gas at t°G
t
V=V, [14 ——
' 0( 273.15)

(273.15 + t)
=V | o
273.15

If T, and T are temperatures on Kelvin scale
corresponding to 0°C and #°C, then
T, =273.15+0=273.15

and T =27315+1t
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%4
T, T

2~ |,_.;'<

or K =constant Je¢., VT
T

So Charles’ law can be
stated in another way. Pressure
remaining constant, the volume
of a given mass of a gas is directly
proportional to its absolute
temperature.

P = constant

V-

Fig. 13.3 shows the straight
line graph between V and T
for a given mass of a gas at
constant p,reg._c.ufe.

3.3 _GAY LUSSAC'S LAW
37 State and explain Gay Lussac’s law.
Gay Lussac’s law. This law gives relationship
between pressure and temperature of a gas. It was

discovered by Joseph Gay Lussac. It states that if the
volume remains constant, ‘the ppressure of a given mass

T(K) —»

R s o

Fig. 13.3 V versus
T graph

of a gas increases or decreases by 2731 P of its pressure

at 0°C for each 1°C rise or fall of temperature.

If B, and F, are the pressures of a given mass of gas
at 0°C and t°C respectively, then according to Gay
Lussac’s law,

! 27315 + ¢
P=P|1+—_|=p 22271
! "( 273.15) “( 273.15 ]

T

B=PB —
or 1 =P, TI)
where 'I;, (K)=27315 and T(K)=27315+t

R_T

R %

P
or —=constant or PoT.

So Gay Lussac’s law can be stated in another way.
Volume remaining constant, the pressure of a given mass of
a gas is dirgctly proportional to its absolute temperature.

ate and derfvetﬂlemwﬁedlgas-equation.

Ideal/perfect gas equation. This equation gives the
relation between pressure P, volume V and absolute
temperature T of a gas. The equation is

PV =nRT

where n is the number of moles of the gas and R is the
universal gas constant.

' Derivation. According to Boyle’s law, for a given
mass of a gas at constant temperature,

Vc:ccl
P

According to Charles’ law, for a given mass of a gas
at constant pressure,

VT
Combining the above two laws,

Vx I or V =constant x Z or ﬂ = constant
P P T

For one mole of a gas, the constant has same value
for all gases and is called universal gas constant, denoted
by R. So the above equation becomes

PV =RT
For n moles of a gas,
PV =nRT
This is perfect or ideal gas equation.

If v is the volume of 1 gram mass of the gas and
is the molecular mass, then the number of moles is

e Mass of thegas (ing) 1
Molecular mass

M,

Py =rT

Py = 1 RT or
M,
This is perfect gas equation for 1 gram of the gas.
Here 7 = R/ M, is the gas constant for one gram of the
gas.

We define another fundamental constant of nature,
called Boltzmann'’s constant ( kg). It is the gas constant per

molecule.

R
kB:N—A or R=kgN,

As number of moles,

_ No. of molecules _N
- Avogadro’s number N,
N
PV =nRT=— k,N,.T
NA B A
or PV = kyNT
135 UNIVERSAL GAS CONSTANT

5. Define universal gas constant. Give its SI and CGS
units.

Universal gas constant. From ideal gas equation,
Y .
nT  number of molesx temperature

pressurex volume

_ work done i
number of molesx temperature
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Clearly, the universal gas constant represents the work
done by (or on) a gas per mole per kelvin.

J

molex K
CGS unit of R = cal mole™' °C™".
6. Determine the numerical values of R and k .

SI unit of R = =Jmole ' K.

Numerical value of R. Consider one mole of a gas

PV
atST.P. Then R=-020

0
Standard pressure,

Fy=0.76 m of Hg column
=0.76x 13.6 x 107 x 9.8 Nm™~?
Standard temperature, T, =273.15K

Volume of one mole of gas at S.T.P. is
V, =224 litre =22.4x 10”* m?

0.76x 13.6x 10°x 9.8x 22.4x 10~ 2
273.15
R=831)mole ' K.
In the CGS system,

R= % cal mole™'°C™" =1.98 cal mole '°CL,

R =

or

Numerical value of & g~ We know that

_ R _ 831Jmole” K
BN, 6.02x10% mole™!

Ty o02x
IDEAL GASES

pers

=138x 1072 JK 1.

-

t is an ideal gas ? Why do the real gases show
deviations from ideal behaviour ? Show these deviations
graphically.

Ideal gas. A gas which obeys the ideal gas equation :
PV =nRT, at all temperatures and pressures is called an
ideal g..s or perfect gas.

While deriving the ideal gas equation,
following two assumptions are used :

the

(1) The size of the gas molecules is negligibly small.

(if) There is no force of attraction amongst the
molecules of the gas.

However, no real or actual gas fulfills the above
conditions. Hence the behaviour of a real gas differs
from that of an ideal gas. At low pressures and high
temperatures, the above assumptions are valid and
some real gases like hydrogen, oxygen, nitrogen,
helium, etc., almost behave like an ideal gas.

Deviations from ideal behaviour. (/) Fig. 13.4
shows the graph of PV /nT against pressure P for
three different temperatures. For an ideal gas

PV /nT =R =8314 Jmol™' K. Clearly, departures
from ideal gas behaviour become less at low pressures
and high temperatures.

Ideal gas /
8.314
t T,
'
g - T, > Tyl
25
L ] ! 1 1 1 1 1
0 200 400 600 800
P(atm) —>

Fig. 13.4 Departures from ideal gas behaviour at
three different temperatures

(i) Fig. 13.5 shows the comparison between the

experimental P-V curves and the theoretical curves
predicted by Boyle's law.

P—

Vo

DLty INT R AR e

Fig. 13.5 Experimental P-V curves (solid lines)
compared with Boyle's law (dotted ‘lines)
(i) Fig. 13.6 shows the comparison between
experimental T-V curves and the theoretical curves
predicted by Charles’ law.

0

Fig. 13.6 Experimental T-V curves (solid lines)
compared with Charles’ law (dotted lines)
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In the above cases, we note the behaviour of a real
gas approaches the ideal gas behaviour for low
pressures and high temperatures.

S Examples based on
R A e Lhafitbadedelod Car b =t L LA

FormuLat Usep

L. Boyle's luze : At constant temperature,
PV =constant or Rv, = szz ’
2. Charles’ law : At constant pressure,

V.
VT or %= L
vV T
3. Gay Lussac’s law : At constant volume,
B T
PxT or -2=21
BT

4. Perfect gas equation is PV = uRT
RV, BV,
LI

or

R
5. Boltzmann's constant, kg=—
Unirs Usep

Pressure P is in Nm~ 2 or Pa, Volume Vin m*® and
temperature T in Kelvin (K).

ConsTaNTS UseD
R=831] mole! K™!
kg =138x10" B | molecule ! K.

. EXAMPLE 1. A narrow uniform glass tube 80 cm long and
open at both ends is half immersed in mercury. Then, the top
of the tube is closed and it is taken out of mercury. A column
of mercury 22 cmlong then remains in the tube. What is the
atmospheric pressure ?

Solution. Let A cm? be the area of cross-section of
the tube and P be the atmospheric pressure. When half
of the tube is immersed in mercury [Fig. 13.7(a)],

.—/"-/

-5
40 cm
_L 58 cm
80 cm
—+
22 cm
= == - L

S T S TG e I

Fig. 13.7

Pressure of enclosed air, P=P
Volume, V, = Ax 40 cm?®
When the tube is taken out of mercury,
P, =(P -22) cm of Hg,
V,= Ax 58 cm?

If temperature remains constant, then from Boyle’s
law, we have

BVi=RY,
Px Ax40=(P-22)x Ax 58
or 18 P=22x58 or P=709 cm.

Lxanieny 2. A gas at 27°C in a cylinder has a volume of
4 litre and pressure 100 Nm™ 2. (i) Gas is first compressed at
constant temperature so that the pressure is 150 Nni~ 2.
Calculate the change in volume (i) It is then heated at
constant volume so that temperature becomes 127°C.
Calculate the new pressure.

Solution. (i) Here V, =4 litre, P, =100 Nm™?,
P,=150Nm™?, V, =?
Using Boyle’s law for constant temperature,

PV, = BY,
PV 4
v, =1 100X4 ) o titre
P, 150

. Change in Volume
=V, -V, =4 -2.667 =1.333 litres.
(1) Here T, =27°C =127+273 =400 K,
P, =150 Nm™?, T,=127°C=127+273=400K, B,=?
Using Gay Lussac’s law for constant volume,

5.5
R T
T;
o p=Dip 200X150 )00t
T, 300

Examrri: 3. As an air bubble rises from the bottom of a lake
to the surface, its volume is doubled. Find the depth of the
lake. Take atmospheric pressure as to be 76 cm of Hg.

Solution. On reaching the surface of lake, volume
of the air bubble becomes double. By Boyle’s law
(assuming T = constant), its pressure becomes half. As
pressure on the lake is 1 atm, so pressure inside the
bubble ,at the depth of the lake =2 atm. Here
2 atm =1 atm + Pressure due to water column of height /

- Pressure due to water column of height h

] =1atm =76 cm of Hg
or hx1lxg=76x13.6xg

h=76x13.6 =1033.6 cm = 10.34 m.
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Examprr . Using the ideal gas equation, determine the
value of R. Given that one gram molecule of a gas at S.T.P.
occupies 22.4 litres.

Solution. Here P =1atm =1.013 x 10° Pa,
T=273K V =224 litre=22.4x 10"’ m’
For 1 mole of a gas, PV = RT
g PV _1013x 10° x22.4x107°
ST 273
= 831 Jmol ' K.
Exaverr: 5. A balloon partially filled with Helium has a
volume of 30 ne’, at the earth's surface, where pressure is 76 cm
of Hg and temperature is 27°C, what will be the increase in
volume of gas if balloon rises to a height, where pressure is
7.6 cm of Hg and temperature is (-54°C) ? [Chandigarh 08]

Solution. Here V; =30 m?,
P, =76cm of Hg, T, =273+27 =300K
P,=7.6cmof Hg, T, =273-54 =219K

or
As Plvl — PZVZ
T] TZ or
v, = PVT, _76%30x 219 _ 219m3
T,B,  300x76

- Increase in volume of gas

Number of moles of neon, n,

Number of moles of argon, n, =

~1x10° x 0.02 =(— +

ExanpLi 7. A closed container of volume 0.02 m? contains
a mixture of neon and argon gases at 27°C temperature and
1.0 x 10° Nuni™ % pressure. If the gram-molecular weights of
neon and argon are 20 and 40 respectively, find the masses of
the individual gases in the container, assuming them to be
ideal. (R =8.314 ] mole™ ' K~ '). Total mass of the mixture
=28g.

Solution. Let mass of neon gas =m g

[1IT 94]

Then mass of argon gas =(28 - m) g

2.

720

(28 —m)
40

Now (P, + B)V =(n +mn)RT

n. g 28= '“) « 8.314 x (27 +273)

20

2 x 10% =2494.2 (gﬂ%ﬂl) = 62.355 (m + 28)

m+28=32.07or m=4.07 g
Mass of neon =4.07 g
Mass of argon =28 —4.07 =23.93 g.

=V, -V, =219-30 =189 m>

EXAMPLE 6. A vessel contains two non-reacting gases : 1.

neon (monoatomic) and oxygen (diatomic). The ratio of their
partial pressures is 3:2. Estimate the ratio of (i) number of
molecules and (ii) mass density of neon and oxygen in the
vessel. Atomic number of Ne=20.2, molecular mass of 2
OZ =32.0. [NCERT]

Solution. As V and T are same for the two gases,
we can write

P, V=n RT and BV =n, RT

oF h_m %
I""2 n,
But ﬂ =E P %
.'3’2 2 1, 2
If N, and N, are the number of molecules of the
two gases and N is the Avogadro’s number, then
fl_NllN_E ) ﬂ—ls 4,
n, N,JN 2~ N,
1 )
M, M,
p_1=m1/V=ﬁ=n, M,
P, m/V m n, M, 5
3 202
=—x — =0.947.
2 32

¥ PROBLEMS FOR PRACTICE

Air is filled in a bottle and it is corked at 35°C. If the
cork can come out at 3 atmospheric pressure, then
upto what temperature should the bottle be heated
in order to remove the cork ? (Ans. 651°C)

. A narrow uniform glass tube contains air enclosed by

15 cm long thread of mercury. When the tube is ver-
tical with the open end upper most, the air column
is 30 cm long. When the tube is inverted, the length
of the air column becomes 45 cm. Calculate the
atmospheric pressure. (Ans. 75 cm of Hg)

An open glass tube is immersed in mercury so that
a length of 8 cm of the tube projects above the
mercury. The tube is then closed and raised
through 44 cm. What length of the tube will be
occupied by the air after it has been raised ? Given
1 atm =76 cm of Hg. (Ans. 15.4 cm)
An empty barometer tube 1 m long is lowered
vertically (mouth downwards) into a tank of water.
What will be the depth above the water level in the
tube, when the water has risen 20 cm inside the
tube ? Take 1atm = 10.4 m column of water.

(Ans. 2.6 m)

. When a gas filled in a closed vessel is heated

through 1°C, its pressure increases by 0.4%. What is
the initial temperature of the gas ?  (Ans. 250 K)
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6. Molecular weight of oxygen is 32. At S.T.P., volume

10.

of 11 g of oxygen is 700 cm?, Find the value of gas

constant R. (Ans. 8.31) mol kY

A 3000 em® tank contains O, gas at 20°C and a
gauge pressure of 2.5 x 10° Pa. Find the mass of
oxygen in the tank. (Ans. 102.56 g)
A vessel of volume 8.0 x 10" ¥ m” contains an ideal
gas at 300 K and 200 kPa. The gas is allowed to leak
till the pressure falls to 125 kPa. Calculate the
amount of gas leaked assuming that the
temperature remains constant.  (Ans. 0.24 mole)

A vessel of volume of 2000 cm? contains 0.1 mole of

O, and 0.2 mole of CO,. If temperature of the

mixture is 300 K, find the pressure exerted by it.
(Ans. 3.74 x 10° Pa)

A vessel of volume, V = 5.0 litres contains 1.4 g of
nitrogen at temperature, T=1800K Find the
pressure of the gas if 30% of its molecules are
dissociated into atoms at this temperature.

(Ans. 1.94 x 10° Nm™ %)

HINTS
2. Let P be the atmospheric pressure. When the open

end of the tube is up, [Fig. 13.8(a)],

E=P+15
‘When the tube inverted [Fig. 13.8(b)],
B=P-15
P
1 45 cm
15cm
P

(a) (b)

DO R TS S S R,

Using Boyle’s law for constant temperature,
Rvi=hV,
(P+15)x Ax30=(P-15)x A x45
or P = 75cm-of Hg.

3. When 8 cm of the tube projects out of mercury

[Fig. 13.9(a)], for the air in the tube, we have
B =P=76cmofHg V,=A x 8em®.

T -5
8 v;'m T

h

52cm

52-h

(@) (b)

e i s ]

Fig. 13.9

When the tube is raised through 44 cm, total length
of the tube outside the mercury becomes 52 cm. If h
be the length of air column in the tube, then

Py =[P~(52-h)] =(24 + h)cm of Hg
V,=Ax hem?
where A = area of cross-section of the tube.
Using Boyle's law for constant temperature,

v = BY,
76 x Ax8=(24+ h)x Axh
On solving, h=15.4 cm.

. Let A ¢cm? be the area of cross-section of the

barometer tube. Then
R =104 m of water, V; =100x A cm?
B=? V,=(100-20) A=80 Acm’

At constant temperature,

EYi =8V,
BV, 104x100x A
B v, 30 A 13 m of water
Depth of water level = B, - E =13-10.4=2.6 m.

B=P, B=P+ 4 p, T-T, T=T+1
100

At constant volume,

b
o

|5

P(1+ 0.004) T+1
P T
On solving, T =250K.

. P=1latm =1.013x10° Pa, T=273K, M =32

Volume of 1 g of oxygen = 700 cm>
Volume of 1 mole:(32 g) of oxygen
=700x32cm” =700 x32x 10" * m*
For 1 mole of a gas, PV = RT
p_ PV _1013x10° x700x32x 10" ¢
T 273

= 831 mol ! K.
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7. Here P= 3000 x 10" ® m?, T=20+ 273 =293 K,
R=831) mol 'K
P=25x10° Pa + 1atm =25 x 10" + 1.013 x 10°
=26.013 x 10° Pa.
PV = nRT
PV 26.013x10° x3 x 10"
"TRT T 8312293

Mass of oxygen = 3.205 x 32 =102.5 g.
rvV BV (BE-RB)V
8- — :--]___*2_=¥_;
T RT RT RT
(200 - 125) x 10* x80 x 10 *
B 8.31 x 300
. I?Z="1 RT+ r:zR'T:(M1 +m,) RT
14 1% 1%
_(0.1+ 0.2) x8.31 x 300

2000 x 10°°

As
=3.205

=0.24 mole.

9. P=R

=3.74 <10° Pa.

10. Mass of molecular nitrogen = 1.4 x % =098g

=1.4 ><ﬂ =042g
100

No. of moles of molecular nitrogen,

0.98
=998 _ 035
T g

Mass of atomic nitrogen

No. of moles of atomic nitrogen,
0.02
= ——=0.03
2=

n RT A n,RT
1% Vv
_ (m +m) RT
Vv
_ (0.035 + 0.03) x 8.31 x 1800
- 5x1073

=1.94 x10° Nm 2,

P=I{+Pz=

ETIC THEORY OF AN IDEAL GAS

gas is based.

Kinetic theory of gases. All matter is made of
molecules. The molecules of a gas are in state of rapid
and continuous motion. Their velocity depends on tem-
perature. Using this molecular motion, various pro-
perties of a gas like pressure, temperature, energy, etc.
can be explained. Hence this theory is called kinetic
theory of gases which was developed by Claussius and
Maxwell.

Assumptions. 1. All gases consist of molecules. The
molecules are rigid, elastic spheres identical in all respects
for a given gas and different for different gases.

te the assumptions on which kinetic theory of

2. The size of a molecule is negligible compared with the
average distance between the molecules.

3. The molecules are in a state of continuous random
motion, moving in all directions with all possible
velocities.

4. During the random motion, the molecules collide with
one another and with the walls of the vessel. During
collision, their velocities are changed in magnitude
and direction.

5. The collisions are perfectly elastic and there are no
forces of attraction or repulsion between the molecules. Thus
all internal energy of the gas is kinetic.

6. Between two collisions a molecule moves in a straight
path with a uniform velocity. The average distance
covered by a molecule between two successive
collisions is called mean free path.

7. The collisions are almost instantaneous i.e., the time
during which a collision lasts is negligible compared to
the time of the free path between the molecules.

8. Inspite of the molecular collisions, the density
remains uniform throughout the gas.

13.8  HOW DOES A GAS EXERT
PRESSURE ?

9. On the basis of kinetic theory of gases, explain
how does a gas exert pressure.

Pressure exerted by a gas. According to kinetic
theory, the molecules of a gas are in a state of
continuous random motion. They collide with one
another and also with the walls of the vessel.
Whenever a molecule collides with the wall, it returns
with a changed momentum and an equal momentum
is transterred to the wall (conservation of momentum).
According to Newton's second law of motion, the rate
of transfer of momentum to the wall is equal to the
force exerted on the wall. Since a large number of
molecules collide with the wall, a steady force is
exerted on the wall. The force exerted per unit area of
the wall is the pressure of the gas. Hence a gas exerts
pressure due to the continuous collisions of its molecules
with the walls of the vessel.

n the basis of kinetic theory, derive an
expression for the pressure exerted by an ideal gas.
Expression for pressure exerted by a.gas. Consider
an ideal gas enclosed in a cubical vessel. Suppose the
sides of the cube are parallel to the co-ordinate axes, as
shown in Fig. 13.10. Let n be the number of gas
molecules per unit volume and m be the mass of each
molecule. A molecule moving with velocity (v, , vy, 7,)
hits the planar wall (perpendicular to x-axis) of area"A.
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As the collision is elastic, the molecule rebounds with
the same velocity. The y-and z-components of velocity
do not change while the x-component reverses sign. So
the velocity after the collision is (-v , v, ,v,).

|- Area=A

I A L S AT

Fig. 13 10 Elastic collision of a gas molecule with
the wall of the vessel.
The change in momentum of the molecule

=—nmp, —-mu, = -2 mu, .

By the conservation of momentum, the momentum
imparted to the wall in each collision =2 mv_ .

In small time interval At, all those molecules which
lie within distance v_ At from the wall of area A will hit
this wall. That is, the molecules which lie in the volume
Av_ Atonly will hit the wall in time Af. On the average,
half of such molecules are moving towards the wall
and other half away from the wall.

Number of molecules hitting wall of area A in
time At

=%_— Av, Atx number of molecules per unit volume
_1
= Av, Atn
Total momentum transferred to the wall in time At is
Ap=2 my_x % Av_ At n=nmv? A At
Force exerted on the wall of area A

A
= —E=nmv3 A
At

Force _ nmvf A
Area A

Pressure on the wall =

2

or P = nmv;

As the molecules move with different velodities, so we
replace vf by its average value vf in the above equation.

P=nm vf
Again, the gas is isotropic. So the molecular
velocities are almost equally distributed in different
directions. By symmetry
2 2

2 | 2
=0, =T, (v + oy

= 1
+v))==
)= 3°

where 7 is the mean square velocity of the molecules.

1 2

Hence P= 3 v (1)
. Mass nm
Density of gas, p = =—=nm
yOoue P Volume 1
P=%pv2 (2)

According to Pascal’s law, a gas transmits pressure
equally in all directions. So equations (1) and (2) give
the pressure exerted by the gas in any direction.

11. Show that the pressure exerted by a gas is

two-thirds of the average kinetic energy per unit volume
of the gas molecules.

Relation between pressure and K.E. per unit
volume. According to the kinetic theory of gases, the
pressure exerted by a gas of density p and r.m.s
velocity v is given by

P =% p %
Mass per unit volume of the gas = Volume x density
=1x p=p

Average K.E. of translation per unit volume of the
gas,

1 2
E=1lpo® . P_3P? 2
2 E %pvz 3
or P= 2 E'= x Average K.E. per unit volume

Hence the pressure exerted by a gas is equal to
two-thirds of average kinetic energy of translation per unit
volume of the gas.

13.10 KINETIC INTERPRETATION
OF TEMPERATURE

12. Show that the average K.E. of a gas molecule is
directly proportional to the temperature of the gas.
Hence give the kinetic interpretation of temperature.

Average K.E. per molecule of a gas : Kinetic
interpretation of temperature. Consider one mole of a
gas. Let P, V, T and Mbe the pressure, volume, tempe-
rature and molecular mass of the gas respectively.

M

Density, p=—

ensity, p v

According to kinetic theory, the pressure exerted

by the gas is

mole of the gas.

PV=2E
The ideal gas equation for one mole of a gas is
PV =RT



KINETIC THEORY OF GASES 13.9

E RT or E—3RT

The above equation gives the mean kinetic enc rey of
one mole of the gas. If N is the Avogadro’s number, then
the mean kinetic energy per molecule is given by

E=—==—-T or ﬁ=%kBT

where k; = R/ N is the gas constant per molecule and
is called Boltzmann’s constant. Thus the mean kinetic
energy per molecule is proportional to the absolute
temperature of the gas. It is independent of the pressure,
volume and the nature of the ideal gas. Clearly,

E:%M?:%RT or Py

The square root of v? is known as root mean square
velocity and is given by

’3 RT JT
rms = \/_ *e rrm T‘

Thus faster the motion of the molecules of a gas, higher
will be their kinetic energy and hence higher will be the tenpe-
rature of the gas. Hence the temperature of a gas is the measure
of the overage kinetic energy of its molecules. This is what
we mean by the kinetic interpretation of temperature.

Also, atT=0, wv__ =0.

rms
So we can define absolute zero as that temperature at
which all molecular motion stops.

Examples based on
 Theort¢ R,

Fomum Usep

1. Pressure exerted by a gas, P=

,BP
2. Ums= ?

3. Mean K.E. per molecule of a gas,
= —% mv* =% kg T

4. Mean K.E. per mole of a gas,
IME, =3 RT=3k; NT

"'I'IS

3. K.E.oflgofagas —lvz ==—-T

2"7!&

Molecular mass

5. Avogadro’s number =

N-M
m

Mass of 1 molecule

or

Mass of gas

6. No. of moles, n= .
Molecular mass

Units Useo
Kinetic energies Eand E are in goule, pressure Pin

Nm~ 2 and density p in kg m~

!anrerr 8. Caleulate the roans. velocity of air molecu!cs at
S.T.P. Given denstty of air at S.T.P. is1.296 kg m”

Solution. Here P=1atm =1.013 x 10° Nm™ 2,

p =1.296 kgm >

- Root mean square velocity of air molecules at
STP,

=482.24 ms™}

Vs =

3P Jé; 1.013 % 10°
o 1.296

Lxanrny 9. A vessel is filled with a gas at a pressure of
76 cmof mercury at a certain temperature. The mass of the
qas is increased by 50% by introducing more gas in the
vessel at the same temperature. Find out the resultant
pressure of the gas.

Solution. According to kinetic theory of gases,

PV = 1Mv

rms

2

e 15 constant. As Vis

At constant temperature, v
also constant, so P« M

When the mass of the gas increases by 50%,
pressure also increases by 50%,

.. Final pressure =76 + % x 76 =114 cm of Hg,

iixamerr io. Calculate the kinetic energy of one mole of
argon at 127°C. Given, Boltzmann's  constant,
kg =1.381x 10" = molecuie K. Avogadro’s number,
N =6.02 x 102 mol" .

Solution. Here T =127 +273 =400 K,

N =6.02 x 10® mol ™',
ky=1.381x10"2 Jmol ' K

Kinetic energy of one mole of gas,
E=3 RT=3k,NT
2 2

% x 1.381x 10”2 x 6.02 x 10= x 400

]

= 4988.2 J.

Exaniere 11. Calculate the kinetic energy per molecule and
also r.m.s. ve!ocrly of a gas at 127°C. Given
kg =138 x 10°2] molecule K~ ! and mass per molecule
of the gas =6.4 x 10~ kg

Solution. Here T =127 +273 =400 K,
m=6.4x10"% kg
(1) K.E. per molecule

1 > 3
=5 mu, =-2— kg T

=%x 1.38 x 10~ 2 x 400

= 828x107% J.
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2 _828x107 %

.. 1
(i) Now —mup,
-~

[2x828x10" 2
Urms = \’ T T

\[2 x 828 x 10 2!

6.4x10 %
Exavere 12, Calculate the number of molecules in

2x107%n of a perfect gas at 27°C and at a pressure of 0.01 m

of mercury. Mean kinetic-energy of a molecule at27°C
=4x107"" Jand g =98 ms™2, [Chandigarh 07]

Solution. Here V =2 x 10 ®m?
.

P =hpg =001x136x 10> x98 =136x 98 Nm
Total K.E. of the gas molecules,

a2 =3 pv=34136x98x2x107%)
2" ms ) 2

. No. of molecules in the given volume
_ Total K.E. of the gas molecules

m

=1.608 x 10° ms .

K.E. per molecule
-5
_3x136x98x10 —9996x10* =10°.
4x107"

(@) Calculate (i) the root mean square speed
and (i1) the mean kinetic energy of one gram molecule of
hydrogen at S.T.P. Given that the density of hydrogen at
S.T.P. is0.09 kg m % and R =8.31 [ mole™ " K.

(b) Given that the mass of a molecule of hydrogen is
334 x 10~ 7 kg, calculate Avogadro's number.

(c) Calculate Boltzmann's constant.
Solution. (a) (i) Here p =0.09 kgm 2,

P=1atm =1.013 x 10°> Nm 2

1
3 PVms

5
3P _ B x 1.013 x 10 ~1837.5 ms~L.
p 0.09

(i) At ST.P.,, volume of one gram molecule of
“ hydrogen =22.4 litre
' = 224x10" % m3

Mass of one gram molecule of hydrogen,

M = Volume x density =22.4x 10~ m?
Mass of one gram molecule of hydrogen,

M = Volume x density

=22.4x107> x 0.09 =2.016 x 10~ kg

Mean K.E. of one gram molecule of hydrogen at S.T.P.

1 2016x107x (1837.5)?

=—x
2

A P=

S
o vrms=

(b) Avogadro’s number,
Molecular mass of hydrogen

Mass of 1 molecule of hydrogen
M _2016x1073
m 334x10" %7

=6.03 x 102,

(¢) Boltzmann's constant,
R 8.31

= — = —— = = 1-38 X 10-23 IK_]'
BN 6.03x10%

Lxavrrr 14, At what temperature will the average velocity
of oxygen molecules be sufficient so as to escape from the
earth ? Escape velocity of earth i1s 11.0 kms™ ! and mass of
one molecule of oxygen is 5.34x10" = kg. Boltzmann

constant =1.38 x 10~ 2 | molecule™" K.
Solution. For the molecule to just escape from the
earth,

Average K.E. of the molecule at temperature T
~ =Escape energy of the molecule

oar ngTzlmz)?
2 9
7o MU _534x107% x 110 x 10%)
3k, 3x1.38x10" 2
= 1.56 x 10° K.

Ivavieie 15. A vessel A contains hydrogen and another
vessel B whose volume is twice of A contains same mass of
oxygen at the same temperature. Compare (i) average kinetic
energies of hydrogen and oxygen molecules (ii) root mean
square speeds of the molecules and (iit) pressures of gases in
A and B. Molecular weights of hydrogen and oxygen are 2
and 32 respectively.

Solution. (i) For all gases at the same temperature,
average K.E. per molecule is same and is

=_3
ks T

As the gases in both vessels are at the same
temperature, so the ratio of their average K.E. per
molecule =1: 1.

) 3RT

rms

M

Un _ fﬁ=\/g=4:1.
Yo MH 2

(11f) According to kinetic theory,

(i) As v

T3y me
where M is the mass and V is the volume of the gas.
Masses of both gases are equal. So the ratio of their
pressures is

2 .
if_z[zfi] x_‘.f.(_)_:Ex_:;;z 1
B v Vy 1
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Exanrir 16, A flask contains argon and chlorine in the
ratio of 2 : 1 by mass. The temperature of the mixture is
27°C. Obtain the ratio of
(1) average kinetic energy per molecule, and
(if) root mean square speed (v, ) of the molecules of the
two gases. Atomic mass of argon =39.9 u ; Molecular
mass of chlorine = 70.9 . [NCERT]

Solution. (i) The average kinetic energy per
molecule of any gas is 5 k T. It depends only on
temperature and not on the nature of the gas.

As both argon and chlorine have the same
temperature in the flask, the ratio of average K.E. per
molecule of the two gases is 1: 1.

(i) If m is mass of single molecule and M the
molecular mass, then

l mo2. =§ kB T
2 2

rins

=constant at a given temperature

rms)Ar = (m)Clz = AAC]Z = 703 =1.777
rms )Cl 2 ( "')Ar MAI‘ 39.9
or E’M = 1777 =1.333.
(vmas 14

Examrie 17. Two perfect gases at absolute temperatures Ty
and T, are mixed. There is no loss of energy. Find the
temperature of the mixture if the masses of the molecules are
m, and m, and the number of molecules in the gases are n;
and n, respectively. [Roorkee 89]

Solution. According to the kinetic theory, the
average kinetic energy of a gas molecule =%k T.
Before mixing the two gases, the average kinetic
energy of all the molecules of the gas

3 3
=-2-an1'1'] +§-kB n, T,
After mixing, the mean kinetic energy of both the
gases
2k
= ks (m +m)T

where T is the temperature of the mixture. If there is
no energy loss, then

3 3 3
Ekﬂ(ﬂi+112)T=Ek3n1T1+5an2T2.

r=mhtmh
n]+n2

% PROBLEMS FOR PRACTICE

2. The r.m.s. velocily of the molecules of a gas at S.T.P.
is 485.6 ms™ . Calculate the density of the gas.

- (Ans. 1.289 kg m™3)

3. Calculate the value of Boltzmann constant kg, given
R=83x10° J/kg-mol-K and Avogadro’s number,
N = 603 x10%/kg-mol.

(Ans. 1.376 x 10 2 ] molecule™' K™)
4, Kinetic energy of oxygen molecule at 0°C is

5.64 x10” %' . Calculate the value of Avogadro's
number. Given R =8.31] mole™ K.

(Ans. 6.06 x 10%)

5. Calculate the total K.E. of 1 g of nitrogen at 300 K.
Molecule weight of nitrogen =28.  (Ans. 133.4 ])

6. Calculate for hydrogen at 27°C (i) kinetic energy of
one gram-molecule of the gas (ii) kinetic energy of
one gram gas and (ifi) root mean square velocity of
the molecules. Molecular weight of hydrogen = 2

[Ans. (i) 3.74 x 10° ] (ii) 1.87 x 10° ]
(iii) 1.93 x 10° ms™ 1]
7. At what temperature the average value of the

kinetic energy of the molecule of a gas will be 1/3 of
the average value of kinetic energy at 27 ?

_ (Ans. —173°C)
8. If the temperature of air is increased from 27°C to

227°C, in what ratio will the average kinetic
energies of its molecules be increased ?

(Ans. It increases 5/3 times)

X HINTS
1. p=15glitre ' =1.5kg m™3, P=2x10®* Nm ™2

’ #3x2x106_2 10° ms
1.5

5 3x1.013%10°
B vfm 485.6 x 485.6

=1.289 kgm >
6. (i) % RT =3.74 x10° .

(i) 3RT _ 4 87x10° J.
2 M

(i) v, = ,PR =1.93 x10° ms™’
M
v D VW THE GAS LAWS

13.11

13:Derive Boylé’s law on the basis of kinetic theory
yle’s law. It states that the volume (V) of a given

1. Calculate the root mean square velocity of a gas of M4ass of a gas is inversely proportional to its pressure (P)

-2

density 1.5 g litre ™ at a pressure of 2 x 10° Nm

(Ans. 2 x10° ms™ 1)

provided the temperature (T) remains unchanged, i.e.,
Vel/P or PV =constant (At constantT)



13.12 PHYSICS-XI

Derivation. According to kinetic theory, pressure
exerted by a gas is

P==po-==—10v" s PV = 1 Mo?
3

But at constant temperature, total kinetic energy of
1 2 2 vk
0as 5 M v® or v° will be constant.

At a constant temperature, PV = constant

This proves the Boyle's law.

14. Derive Charles’ law on the basis of kinetic theory
of gases.

Charles’ law. [t states that at constant pressure, the
coltpne of a given mass of a gas is directly proportional to its
absolute temperature, ie.,

VoaT (At constant P)

Derivation. According to kinetic theory of gases,
5 1 M3

. 1
Pressure of agas, P=-pov°=—-—10
' 3 3v

or V = v

LS
< |
!\J|

For a given mass of a gas and at constant pressure P,
we have

t

(3]

Voo
According to kinetic theory, v T
VT
This proves the Charles’ law.

15. Derive Gay Lussac’s law on the basis of kinetic
theory of gases.

Gay Lussac’s law. It states that at constant volume,
the pressure exerted by a given mass of a gas is directly
proportional to its absolute temperature, i.c.,

PecT (At constant V)
Derivation. According to kinetic theory of gases,
p=lM=—>2
3V
For a given mass and at constant volume V, we have
P o’
But v T PocT

This proves Gay Lussac’s law, also called Regnault's
law.

16. Derive perfect gas equation on the basis of
kinetic theory of gases.
Derivation of perfect gas equation. The pressure
exerted by a gas is given by
p= 1M PV =+ Mp?
3V 3

[

But v°wT

PV T or PV =RT.

where R is called the gas constant for one mole of gas.
The above equation is called the perfect gas equation.

17. Derive Avogadro’s law on the basis of kinetic
theory of gases.

Avogadro’s law. It states that equal volumes of all
gases under similar conditions of temperature and pressure,
contain equal number of molecules.

Derivation. Consider equal volume (say V each) of
two gases A and B at the same temperature T and
pressure P.

According to kinetic theory, pressure exerted by a
gas is

_IM_‘?:Imn?

pP= —
3V 3V
As pressures exerted by two gases are equal
ie., P =P
1 rrgnlvf 1 mznzvg
3V 3V
or 2 2

(1)

Again, at a given temperature the kinetic energy
per molecule of each and every gas is constant and is
independent of the nature of gas or the mass of gas
molecule. Therefore, for the given gases, we have

nmn vy = mznz Uy

L o2 =d .02
2 ™% =2 %
~(2)

22—y 2
LR Rl

Dividing (1) by (2), we get: n, =n,

or

. Number of molecules in gas A
=Number of molecules in gas B.

This proves Avogadro’s law.

18. Deduce Graham's law of diffusion from kinetic
theory of gases using expression for pressure.

Graham's law of Diffusion. It states that rate of
diffusion of a gas is inversely proportional to the square root
of its density.

Derivation. Let us consider two gases A and Bdiffu-
sing into one another. Let p, and p, be their densities
and v, and v, be their respective r.m.s. velocities.

Pressure exerted by gas A, P, =—;;p1 vf
and Pressure exerted by gas B, P, = % Pa vg
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When steady state of diffusion is reached,

h=h
Y I 2
3P l’12 =3P vz
2
or ﬂ:&
v P
o o [ea
U Py

——

We know that diffusion is a direct consequence of
molecular motion and rate of diffusion of a gas is directly
proportional to its r.m.s. velocity. Thus if 7, and #, be the
rates of diffusion of gases A and Brespectively, then

h_ % _ P2
h Uy Py

19. Derive Dalton’s law of partial pressures on the
basis of kinetic theory of gases.

Dalton’s law of partial pressure. It states that the
total pressure exerted by a mixture of non-reacting gases
occupying a given volume is equal to the sum of the partial
pressures which each gas would exert if it alone occupied the
same volume at the given temperature.

Derivation. Consider a mixture of gases occupying
a volume V. Let m,, m,, m,, .....be the molecular masses
of the gases ; ny,n,n,, the number of their
molecules ; P, B, P, .... the pressures exerted by
individual gases and wv,,v,,v,, be the r.m.s.
velocities of the molecules of various gases. According
to kinetic theory

_1mny o mn, .2 1mn
ATy BTy BTy e
Adding, we get

2l mAra. 1mhes, 1mn
R+B+B+.=2— nlz+3 0 + 3= v+

As the temperature of all the gases in
the same, therefore

R 12
E"’lvl “2*"'2”2 = muy =.... =—mv* (say)
or mlvf=mzv§=m3::§— =mo®
P+PB+PB+... =3—1‘;(n1+n2+n3.+ ..... ) mv?
_1mn o
3V

where n=H; + M+ ny+ ...
molecules in the mixture.

1 mn

But SV v?= P, the total pressure exerted by the

mixture

This proves the Dalton’s law of partial pressures.

13.12 © MAXWELL'S SPEED DISTRIBUTION*

20. Discuss‘"ngwell'f’distributian of molecular
speeds-for a gas. Also define the most probable speed.
i 3 19 P 4

1 Maxwell's distribution of molecular speeds. In

an‘y/gas, the molecules randomly collide against each
other. So the velocity of any individual gas molecule
changes continuously. At any instant, the speeds of the
molecules vary over a wide range. However, the
velocities distribution remains fixed in a steady state.
James Clerk Maxwell was the first to derive a mathe-
matical relation for the most probable distribution of
speeds among the molecules of a gas.

Maxwell’s law of speed distribution in a gas at
temperature T is

dN, =4n Na’ e bo? v? do = n, dv

_ m
2k, T

m
2nky T

where a =

N = the total number of gas molecules

dN,, = the number of molecules having speeds
between v and v + dv

The graph of n, versus v is known as Maxwellian
speed distribution and is shown in Fig. 13.11.

A

Number of molecules
moving with speed v(n,) ~*

vrms

/

mp
Y

T —,
v dv

Speed (v) =

Fig. 13.11 Maxwell’s distribution of molecular speeds.

The important features of the speed distribution
curve are as follows :

(1) At any temperature, the speed of molecules
varies from zero to infinity.

(17) The area of the shaded region gives the number
of molecules whose velocities lie in between v
and v + dv.
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(i11) The speed possessed by the largest fraction of molecules
at a given temperature is called most probable speed
(Vi ). It corresponds to the maximum of the curve.

(iv) The distribution is not synumetric about the most
probable speed. Instead, it is skewed. The area
under the curve to the right of the maximum is
greater than that to the left. This is because the
lowest speed is zero whereas there is no limit to
the upper speed that a molecule can have.

(v) The total area under the speed distribution curve

gives the total number of molecules in the given
sample of the gas.

AVERAGE, ROOT MEAN SQUARE
AND MOST PROBABLE SPEEDS

227 Deﬁné average, root mean square and most
. robable speeds. Express these speeds in terms of tempe-
\\_ %Kie of the gas.

Average speed. It is defined as the arithmetic mean of
the speeds of the molecules of a gas at a given temperature. If
U1/ Uy Uy, e, U, are the speeds of the n gas molecules,
then the average speed v is given by

13.13

5=UI+U2+U3+ ..... + v

n
By using Maxwell speed distribution law, it can be

shown that
8k, T
T m

[ky =R/N, mN =M, RT = PV]

where mis the mass of a single molecule and M is the
molecular mass of the gas.

JB RT 8 PV

Root mean square speed. It is defined as the square
root of the mean of the squares of the speeds of the individual

molecules of a gas. If v, v,, vs,....., v, are the speeds of

the 17 gas molecules, then the root mean square speed

for the gas is given by

v+ 2+ 02 4ot 02
1 2 3 n
v
res n

From Maxwell's speed distribution law, it can be

seen that
_ kT _ [BRT _ 3PV
s m M Y M

Clearly, v, «T

Thus, the root mean square speed of the gas molecules is

directly proportional to the square root of the temperature of
the gas.

1
M

At a given temperature, v,

Hence for lighter gases, the r.m.s. speed is
comparatively high, as it depends inversely upon the
square root of its molecular mass. The r.m.s. speed of
hydrogen molecules is four times that of oxygen
molecules at the same temperature.

Most probable speed. It is defined as the speed
possessed by the maximum number of molecules in a gas
sample at a given temperature.

From Maxwell’s speed distribution law, it can be

seen that
2 k T 2 RT 2 PV
mp

np.* As the Maxwell’s

speed distribution curve is not symmetric, so 7, v
and v, are not same, Clearly,

"lp
_ ’8 k, T 8
= TIE:H = \/% Crms =0.92 Urms
,2 kp, T |2
'Ump = "Bl = J; Vs =0.816 Upns
k, T
Also, v, =3 1/ B_ =173 ‘/5—7—1
m m
v JE\/—kB L 160 8T
L m m
k, T T
Vyp = V2 ‘/—H— =141 ,/kB—
m m

Uy =173:1.60:1.41

Relations between v, v, and v,

rms

Ratio Vs v:

Clearly, v, >v >0, g

_ Examples based on

ECE e LT i)

Fomum Ussn

1. AVEragESPeed,5=t’l+vz+”3+ ..... + v,
n
2 5. (BT _ [BRT _ [8PV
i M M
2 2
3. RMS. speed, v =Jv1 YR AVt T
n i .

rms
2 ,3k3 T ’3RT ’SPV
. Urms = = =
1 m M M
5. Most probable speed,
il "2765 Tl {ZRT i ’ZPV
fe m M VM

Units Usep

All speeds v, v, and Upyp aTE in ms™ L.
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Examperr 18. Four molecules of a gas have speeds 2, 4, 6
and 8 kms™ ! respectively. Calculate their average speed and
root mean square speed. [Central Schools 12]
Solution. Average speed,
_ Ut U U+ 24+4+6+8
U= = ~ =
4

Root mean square speed,

: :
v+ 02+ 0l + o)
v =272 73" "
rms \ 4

=5 kms .

_J2—2+44+62+82
- 4

= %9 =30 =5.48 kms ™.

ExAMPLE 19. If three gas molecules have velocities of 0.5, 1

and 2 kms™ ! respectively, calculate the ratio of their root
mean square speed and the average speed.
Solution. Root mean square speed,

2 2 2
. \FO.S) +31 +2% 5,325 i

=1.3229 kms ™}

Average speed,
52 05+1+2 35 ;1666 kms™!
3 3
Ratio, e = 13229 _q 43
v 1.1666

Exampre 20. Calculate the r.m.s. velocity of oxygen
molecules at S.T.P. The molecular weight of oxygen is 32.
[Himachal 05C]

Solution. Here P =1 atm =1.013 x 10° Nm~ 2,
M=32g=32x10"7 kg,
V = Molar volume at S.T.P.
=224 litre=22.4x 1073 m®

Root mean square velocity of oxygen molecules at
STP,

_ [BPV
Urms = M =

= 461.23 ms .

ExampLE 21. The r.m.s. velocity of hydrogen at S.T.P. is u
ms~ 1. If the gas is heated at constant pressure till its volume
is three fold, what will be its final temperature and the r.m.s.
velocity ?

Solution. Here v, =u ms™ 7, T, =273 K,
V,=V(say), V,=3V
Using Charles’ law for constant pressure,

3x1.013x10° x22.4x 1073
32 x 1073

“_%
i §
v
or T,=2xT,=2% x273 =819 K.
v, 1y

n_ B wm_[f9_ga
v, TI 1 273

or v, = J3u ms .

Examrre 22, The rans. speed of oxygen molecules at a
certain temperature T is v. If the temperature is doubled and
the oxygen gas dissociates into atomic oxygen, what is the
changed r.m.s. speed ?

Solution. The r.m.s. speed of molecular oxygen at
temperature T is

T

M

The r.m.s. speed of atomic oxygen at temperature

2T will be
s [BRx2T _, BRT _,
M/2 M

Thus the changed r.m.s. speed is 2 v.

U=

ExampLr 23. At what temperature is the r.m.s. velocity of

hydrogen molecule equal to that of an oxygen molecule at

47°C? [ATEEE 02]
3RT

Solution. v = v

Now r.m.s. velocity of H, molecule
=r.m.s velocity of O, molecule

3 \FRxT_‘Fx(47+273)
2 32

2 x 320

or = =20 K.

ExanpLr 24. Calculate the temperature at which r.m.s.
velocity of gas molecules is double its value at27°C, pressure
of the gas remaining the same. [Central Schools 07]

Solution. Let ¢°C, be the temperature at which the
r.m.s. velocity (v,) of the gas molecules is double its
value at 27°C (v,,).

As o JT U 273 + t
Usy 273 +27
Yy

But v, =2v,, oOr —=
Vg7

,273+t=2 237+t=4

300 300
or - 1=927°C

Examprri; 25. Calculate the temperature at which r.m.s.
velocity of a gas is half its value at 0°C, pressure remaining
constant. [Chandigarh 04]

Solution. Let v be the r.m.s. velocity at0°C Let t be
the temperature at which r.m.s. velocity becomes v/2.
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Then v, =0, T,=273+0=273K

v T,
As —2 = =
e T,
v/2 {273 + 1 { ¢
—_—= or —=_(1+—
v 273 2 273
t 3 '

1
or = -1=-2

273 4 4

or t=~%x273=~—204.75°(l

Examrrr 26. Uranium has two isotopes of masses 235 and
238 units. If both are present in Uranium hexafluoride gas,
which would have the larger average speed ? If atomic mass

of fluorine is 19 units, estimate the percentage difference in
speeds at any temperature.

How is the above concept of difference in speeds utilised
in the enrichment of uranium needed for nuclear fission ?
[NCERT]

Solution. At a fixed temperature, the average
energy =% mvfms is constant. So smaller the mass of a
molecule, faster will be its speed. Clearly,

1

Speed of molecule o —
pee molecule /Molecular mass

Molecular mass of *°U hexafluoride
=235+6x19 =349

Molecular mass of 2®U hexafluoride
=238 +6x19=352

@ _(E)uz =1.0044
Uzs, \349 '

Percentage difference in speeds,

évg x 100 =0.0044 x 100 = 0.44 %

50 is the isotope needed for nuclear fission. To
separate it from the more abundant isotope “2U, the
mixture is surrounded by a porous cylinder. The
porous cylinder must be thick
and narrow, so that the molecule
wanders through individually,
colliding with the walls of the
long pore, as shown in Fig. 13.12.
The faster molecule will leak out
more than the slower one and so
there is more of the lighter
molecule (enrichment) outside
the porous cylinder. The method
is not very efficient and has to be
repeated several times for
sufficient enrichment.

Fig. 13.12 A mole-
cule going through
a porous wall.

X PROBLEMS FoORr PRACTICE

1. The velocities of 10 particles inms™ ' are 0, 2, 3, 4, 4,
4,5, 5, 6, 9. Calculate their (i) average speed and
(if) rms. speed. [Ans. (i) 42 ms™ ' (ii) 477 ms 1]

2. The velocities of ten molecules of any gas are given
v,0,2v,4v,3v,2v,v,3v,5uv,v. Calculate their root
mean square velocity. (Ans. 2.64 v)

3. Calculate the rms velocity of the molecules of
ammonia at ST.P. Given molecular weight of
ammonia = 17, (Ans. 6328 ms™ 1)

4. Show that the rms velocity of O, is V2 times that of
50,. Atomic weight of sulphur is 32 and that of
oxygen is 16.

5. Calculate the temperature at which rms velocity of
SO, is the same as that of oxygen at 27°C.

(Ans. 327°C)

6. Estimate the temperature at which the oxygen mole-

cules will have the same rms velocity as the hydrogen

molecules at 150°C. Molecular weight of oxygen is

32 and that of hydrogen is 2. (Ans. 6495°C)

7. If the root mean square velocity of the molecules of

hydrogen at S.T.P. is 1.84 kms™ !, calculate the rms

velocity of oxygen molecules at S.T.P. Molecular

weights of hydrogen and oxygen are 2 and 32

respectively. (Ans. 0.46 kms™1)

8. The density of CO, gas at 0°C and at a pressure of

1.0x10° Nm™2is 1.98 kg m™ >, Find the root mean

square velocity of its molecules at 0°C and 30°C
assuming pressure to be constant.

(Ans. 389 ms™ ', 410 ms™ 1)

“% HINTS
[3PV _ [3x1.013x10° x22.4x10"3
3. v = =
s M 17x10°3
=632.8 ms .
4. Molecular weight of O, =32

Molecular weight of SO, = 64
As

VX ——=

M
0, _ |64 _ _
e L
2
3R x 300
5. For 0,, v,ms=\/3;T= ;‘2

' Tl
0, - 5 PFF

As =D _JSRT’_ 3R x 300
TV 64 32
or T'=600K =600- 273 =327°C
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o oy My \[3 1

o, | Mo, V32 4
o, _ 1 184-046 kms .
) > 4

8. Root mean square velocity at 0°C is

3x1.0x10°
U = 513:[ 10107 _ 359 ms?,
p V198
As v T
30 _ (302
vy _ (273430 _ 1303 _ 4 453
o 273+ 0 V273
or vy =17, x1.053 =389 x 1053 = 410 ms .

- sr e

13.14 DEGREES OF FREEDOM

23, What do you mean by degrees of freedom ? Show
that the number of degrees of freedom of a system
consisting of N particles and having k independent
relations between them is (3N — k).

<~ Degrees of freedom. The degrees of freedom of a
dynamical system are defined as the total number of
co-ordinates or independent quantities required to describe
completely the position and configuration (arrangement of
constituent atoms in space) of the systen.

The degrees of freedom of a system may also be defined as
the total number of independent ways in which the particles
of the system can absorb energy.

Consider a system with just one particle.

(i) If the particle moves along a straight line, we need
just one (x-) coordinate to specify its position. So
it has one translational degree of freedom.

(ii) If the particle moves along a plane, we need two
(x-, y-) co-ordinates to specify its position. So it
has two translational degrees of freedom.

(i) If the particle moves in space, we need three (x-,
y-, z-) coordinates to specify its position. Syt
has three translational degrees of freedom.

Consider now a system of two particles. E
particle has three degrees of freedom, so that the
system has six degrees of freedom. If the two particles
remain at fixed distance from each other, then there is
one definite relation between them. As a result, the
number of coordinates required to describe the
configuration of the system reduces by one. So the
system has (6 —1) =5 degrees of freedom.

In general, we can say that the nuntber of degrees of
freedom of a system is equal to the total number of

If N = number of particles in the system,

k = number of independent relations
between the particles,

then the number of degrees of freedom of the
system is

f=3N —k

Degrees of freedom of a rigid body. A rigid body
of finite size can have both translatory and rotatory
motions. Just like translatory motion, the rotatory
motion can be resolved into mutually perpendicular
components. Hence a rigid body has six degrees of
freedom, three for translatory motion and three for
rotatory motion.

A\ 24. Find the degrees of freedom of monoatomic,
\ iatomic and triatomic gas molecules.

(a) Degrees of freedom of a monoatomic gas. The
molecule of a monoatomic gas like He, Ne, Ar, etc. con-
sists of a single atom (a point-mass). It is capable of trans-
latory motion only. So it has three degrees of freedom.

‘Here N=1,k=0, so f=3x1-0=3.

(b) Degrees of freedom of a diatomic gas. The
molecule of a diatomic gas like N, , O, , H,, CO, etc.
consists of two atoms A and B a fixed distance apart.
Corresponding to the translatory motion, the molecule
has 3 degrees of freedom. The molecule has two addi-
tional degrees of freedom due to rotational motion,
about two mutually perpendicular axes passing through
its centre of mass. As the atoms are point-masses, so
rotation is not possible about the line AB. The rotatory
motion contributes 2 degrees of freedom, so that the
total degrees of freedom is 5.

Here N =2,k =1, f=3x2-1=5.

At high temperature (=5000 K), a diatomic molecule
has two additional degrees of freedom due to
(ibrational motion. Each vibrational motion has both
kinetic and potential energies. So one degree of
freedom of vibrational motion is taken as two.

SO

>0

N
RSy | (RSN

o]

coordinates required to specify the positions of the s

constituent particles of the system minus the number of
independent relations existing between the particles.

Fig. 13.13 Rotational motion of a diatomic molecule
about two independent axes.
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Degrees of freedom of a triatomic gas. Triatomic
gas molecules are of two types :

(@) In a non-linear molecule like H,0, S0, ,etc,, the

three atoms are located at the vertices of a triangle [Fig.
13.14(a)]. The molecule has 3 degrees of freedom due to
translatory motion and 3 degrees of freedom due to
rotational motion about three mutually perpen-
dicular axes through its centre of
mass. At ordinary temperature,

vibrational motion may be
ignored.
Here N =3, k=3,
e f=3x3-3=6. (@)
() In a linear molecule such as . . b
CO,,CS, , HCN, etc., the three (b)
atoms are arranged along a straight ... .

line [Fig. 13.14(b)]. The number of Fig. 13.14 Two

independent relations between types of triatomic
them is only 2. ' molecules.

F=3N-KZ3x3-2-7.
AW OF EQU/IPARTITION_

OF ENERGY
. State and‘prove the law of equipartition of energy.

Law\(;f/eq{ipartition of energy. It states that in any

dynamical system in thermal equilibrium, the energy is
equally distributed amongst its various degrees of freedom
and the energy associated with each degree of freedom per
molecule is 1 kg T, where k,, is Boltzimann’s constant and T
is the absolute temperature of the system.

13.15

~

Proof. Consider one mole of a monoatomic gas in
thermal equilibrium at temperature T. A monoatomic
gas molecule can be taken as a point mass. So each
such molecule has 3 degrees of freedom due to
translatory motion. According to the kinetic theory of
gases, the average translational kinetic energy of a gas
molecule is given by

lmz?:ékBT
2 2

2 . p
where v~ is the mean square velocity of a gas molecule
of mass m

2 2 2
Ifve, v, and v; are the components of mean square

velocity of the gas molecules along the three
coordinate axes, then

2_.2..2, 32
VT =+ v, + 0]

1 5 1 5 1
— MU+ —nw- + — no
2 2 Y72

N
N w

=2k T

X

3

As the molecular motion is random, there is no
preferred direction of motion. So the average kinetic

encrgy of each molecule along each of the three axes is
the same.

1 1
— HIUZ, = — H.II12 = — JHUZ
2 Y 2 Y

Combining the above two equations, we get
2 1 5 1 = 1
% mvf =2 mvﬁ =5 mvzz = kT

Thus the average kinetic energy per molecule per degree
of freedom is 1 ky T. This result was first deduced by
Boltzmann and is called the law of equipartition of energy.

A\ The law of equipartition of energy holds good for all
degrees of freedom whether translational, rotational
or vibrational.

4\ Each square term in the total energy expression of a
molecule contributes towards one degree of freedom.

A\ A monoatomic gas molecule has only translational
kinetic energy,

o2, 1 5 1 5
g —‘2—mvx +§mvy +5mvz

So a monoatomic gas molecule has only three
(translational) degrees of freedom.

&\ In addition to translational kinetic energy, a diatomic

molecule has two rotational kinetic energies.

=Ll e 1?2 12 1 2.1 .2
st+ar—zrnvx+2nxvyf2rnv: +21ymy+zlzmz
Here the line joining the two atoms has been taken as
X-axis about which there is no rotation’ So the degree
of freedom of a diatomic molecule is 5, it does not
vibrate. |

A\ Diatomic molecule like CO has a mode of vibration
even at moderate temperatures. Its atoms vibrate
along the interatomic axis and contribute a vibrational
energy term g, to the total energy.

E=E +E +g
L T N S N

- m + — —
2 v, 2mvy+2mvz

1 1 | 1
+§Iym§+512mzz+§mn2+5kn2
where k is the force constant of the oscillator, 7 the

vibrational coordinate and 1 = X"

So a diatomic molecule has 7 degree of freedom if it
vibrates.

&\ Each translational and rotational degree of freedom
corresponds to one mode of absorption ?f energy and

has energy% kg T. Each vibrational frequency has two

modes of energy (kinetic and potential) with
corresponding energy equal to 2 x 5 kgT = kgT.
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SPECIFIC HEATS OF MONOATOMIC,
DIATOMIC AND POLYATOMIC GASES

26. Using the law of equipartition of energy, deter-
mine the values of Cp, , C,, and y for (i) monoatomic,
(ii) diatomic and (iii) triatomic gases.

(i) Specific heats of monoatomic gas. In case of a
monoatomic gases, like He, Ar, etc., a molecule has
three translational degree of freedom. According to the
law of equipartition of energy, average energy assoc:att,d
with each degree of freedom per molecule =5 k gl

13.16

. Average energy associated with three degrees of
freedom per molecule = Y kgT

Let R =gas constant per mole of a gas
N, = Avogadro’s number i.c., the number of
atoms in one mole of the gas.
Then the total internal energy of one mole of a
monoatomic gas,

3 3
U="kTx N,

= RT [ky Ny =Rl

The molar specific heat at constant volume will be
dU d [3 T) _ 3 R
dT dT 2

The molar specific heat at constant pressure,

C, (monoatomic) =

Cp (monoatomic) =C,, + R =% R+ R =§ R
C
Specific heat ratio, y =L = B/2) R 3 =1.67.
C, (@/2)R 3

(if) Specific heats of diatomic gas. (1) Diatomic
molecules such as N, , O, , etc, behave as rigid rotator
at moderate temperatures. Such molecules have 5
degrees of freedom : 3 translational and 2 rotational.
According to the law of equipartition of energy, the
total energy of a mole of such a gas is

] 5
UzEkBT" NA=5 RT
; dau 5
e id diatomic) = — =—
v (rigid diatomic) =3
C, (rigid diatomic) =C,, + R =; R
y (rigid diatomic) = _7/2)R I
(5/2)R 5

(b) If the diatomic molecule is not rigid but has also
a vibrational mode, then each molecule has an
additional energy equal to 2 x( ) kgT = kgT, because a
vibrational frequency has both klnetlc and potential

energy modes.

U= G’knkr) _—k N, T_g-RT

C, (diatomic with vibrational mode) = E 7 R
)
C, (diatomic with vibrational mode) = C, +R= ; R
y (diatomic with vibrational mode)
_©/2)R 9 _
T7/2)R 7

(iii) Specific heats of triatomic gas. (a) A non-lincar
triatomic gas molecule has six degrees of freedom.

U =2 kT x N, =3RT
e _du .o
dT
C,,:(év+R=4R
y=—f'=3=1.33.
I3

(b) A linear triatomic molecule has seven degrees of
freedom.

U="kTx Ny =2 RT
¢, =7
T 2
9
C,=Cy +R=_R
C
y=Sp BIIR_I 4o,
C, (7/2)R 7

27. Using the law of equipartition of energy, obtain
a relation between the degrees of freedom f and the
specific heat ratio y of a polyatomic gas.

Specific heats of a polyatomic gas. Consider one
mole of a perfect polyatomic gas at absolute tempe-
rature T. Suppose the total degrees of freedom of each
molecule be f. According to the law of equipartition of
energy,

average energy of each molecule = 2i kgT

~. Internal energy of one mole of the gas,

U—fkaN fRT
2 2
Cv=ﬂ=£R
dT 2
CI,=CV+R
imR:[in)R
2 2
I+1 R
Cp (2 )
r=——= or y=1+—
v 2£R f
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& Generally, a polyatomic atomic gas has 3
translational. 3 rotational degrees of freedom and a
certain number ( f ') of vibrational modes. Thercfore,
the internal energy of one mole of such a gas is

U= (%k,,r s 2§A-BT + f'k,,T] N,

=(3+[Vky N, T=(3+ f)RT
v = jj; =53+ )R

FormuLAE Usep

1. Energy associated with each degree of freedom
1
Sk T

per molecule

For a gas of polyatomic molecules having f degrees
of freedom,

Energy associated with 1 mole of gas, U = % RT
i) _<
5

Cp_q,.2
CV

1+ —

C‘v=§R, C,,_=(1+ f

For monoatemic gas f =3, so

3 3

5
U=2RT, C,=2R C,=2R y=166
2 vEgt EpT R A

For a diatomic gas, f =5

Se
2

For a triatomic gas of non-linear molecules f =6, so

U=3RT, C,=3R, C,=4R, y=1.33

5 7
U=>RT, C,= Cp=y Ry=14

6. For a triatomic gas of linear molecules f =7, so
7 7 9
U=-RT, C,=-R Cp==R, y=128
2 vt T Y
Units Usep

Cy. CIF- al;e in Jmol™ K and Cy,Cp are in
Jkg7 K-

Exavieri: 27. Calculate the total number of degrees of free-
dom possessed by the molecules in 1 cnt’ of H, gasat N.T.P.

Solution. Number of H, molecules in 224 litres or
22400 cm? at N.T.P.
= 6.02 x 102

. Number of H, molecules in 1 em® at N.T.P.
6.02x10%
22400

Number of degrees of freedom associated with
cach H, (a diatomic) molecule

=5
. Total number of degrees of freedom associated
with 1em? of gas
=2.6875 x 10" x 5 = 1.34375 x 10%.
Examerr: 28. Calculate the internal energy of 1 g of oxygen
at N.T.P.

Solution. Oxygen is a diatomic gas.

=2.6875 x 10"?

. Energy associated with 1 mole of oxygen,

U= S5 RT
2
Hence internal energy of 1 g of oxygen,
u 1 _5
u=—=—x—RT
M 32 2

=2 «831x273=177.2 J.
64

Lxamrrr: 29. Hydrogen is heated in a vessel to a tempe-
rature of 10,000 K. Let each molecule possess an average
energy E,. A few molecules escape into the atmosphere at
300 K. Due to collisions, their energy changes to E,.
Calculate ratio E, | E,.

Solution. Number of degrees of freedom of H, at
10,000 K =7

Number of degrees of freedom of H, at 300 K =5

E_zhh 7. T 7 1000 10
E, 3kgT, 5 T, 5 300 3

Examprr: 30. Calculate the molecular K.E. of 1 gram of
Helium (Molecular weight 4) at 127°C.

Given R=831J mol™' K™ !, [Delhi 05]
Solution. Here T =127 + 273 =400 K
Helium is a monoatomic gas.
Average K.E. per mole of helium =; RT
Average K.E. of 1 gram of helium =g -IL—T

_ 3x8.31x 400

=12.465 ].
2x4

Examerr: 31. How many degrees of freedom are associated
with 2 g of He at N.T.P. ? Calculate the amount of heat
energy required to raise the temperature of this amount
from 27°C to 127°C. Given Boltzmann's constant
=1.38x107 ' erg molecule™ K™ and Avogadro’s
number =6.02 x 102,
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Solution. Molecular weight of helium =4

. Number of molecules in 4 g of helium
=6.02 x 107

Number of molecules in 2 g of helium

_ % % 6.02 x 103 =3.01x 102

As helium is a monoatomic gas, it has 3 degrees of
freedom

Total degrees of freedom of 3.01 x 10% molecules
=3 x3.01x 10% =9.03 x 107
Boltzmann’s constant,
ky=138x10" 16 erg molecule™ K.
=1.38x 10" % J molecule ' K™’

Energy associated with 1 degree of freedom per
molecule =~ k; T
2

. Energy associated with 2 g of He at 300 K,
E, =9.03x 102 %x 138 x 10~ 5 x 300 =1869.2 |

Energy associated with 2 g of He at 400 K,
E, =9.03 x 102 x % %138 %10~ 2 x 400 =2492.3 ]

Here energy required to raise the temperature from
27°Cto 127°C

= E, - E,; =2492.3 -1869.2 = 623.1 J.
ExampLe 32. Calculate the limiting ratio of the internal
energy possessed by helium and hydrogen gases at10,000 K.

Solution. For helium gas : As helium is monoatomic
gas, the number of degrees of freedom of helium
molecule =3

-. The internal energy of helium molecule at 10,000 K,

1
UHe=3xEkBT

= 3x L x k, x 10000 =1.5x 10* k,
2

For hydrogen gas : At 10,000 K, no. of degrees of
freedom of a H, molecule =7

. The internal energy of hydrogen molecule at
10,000 K,

1

=7x >k, x 10000 =35 x 10* k,
2

u i 4
Hence He=15><10 kB:S:?.

Uy  35x10% kg

Exanierr. 33. A cylinder of fixed capacity 44.8 litres
contains helivm gas at standard pressure and temperature.
What is the amount of heat needed to raise the temperature of
the gas by 150°C ? R =831 J mal™ " K™, [NCERT]

Solution. Volume of 1 mole of He at S.T.P.
=224 litres
Total volume of He at S.T.P. = 44.8 litres

. No. of moles of He, n :4—4£ =2

Molar specific heat of He (monoatomic gas) at
constant volume,

3

" Cp == R=2x831]mol"! K
2 2

AT =15°C=15K
Heat required

Q=nC, AT =2x gx 8.31x 15 = 373.95 J.

ExAnrLE 34. One mole of a monoatonic gas is mixed with
three moles of a diatomic gas. What is the molecular specific

heat of the mixture at constant volume ?
Take R =8.31 J mol™ ' K™ 1. [Roorkee 93 ; Delhi 06]

Solution. For monoatomic gas, C,, = g R, n=1mole

For diatomic gas, C, =; R, 1’ =3 mole

From conservation of energy, the molecular specific
heat of the mixture is

3 5
=n(cv)+"’(c’v)=lxi R+3x£‘ R

(n+n') (1+3)

" 9

or Cj = % x8.31=18.7 Jmole' K™\,

EXAMPLE 35. One mole of ideal monoatomic gas (y =5/3)
is mixed with one mole of diatomic gas (y =7/ 5). What is y
for the mixture ? Here y denotes the ratio of specific heat at
constant pressure to that at constant volume.

[ATEEE 02, 04]
C, C,+R
Solution. y = - =—Y—— 21+ 2 or Cy 3
g R 3
For monoatomic gas, C, = =—R
5/3-1 2
For diatomic gas G = R__3p
7/5-1 2

nC, +nC, _1ng+1ng
n+n

C, (mixture) =

. R R
y (mixture)=1+ ——— =1+
C,, (mixture) 2
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EXAMPLE 36. A gascous mixture consists of 16 ¢ of helium -
LAAMPLE 30. A& f 16 g of * PROBLEMS FOR PRACTICE

and 16 ¢ of oxygen. Find the ratio Cp / Gy of the mixture,

[AIEEE 05] 1. Calculate the total number of degrees of freedom

Solution. Number of moles of helium = lﬁ =4 for a mole of diatomic gas at N.T.P.
o 4 (Ans. 30.1x 10%)
Number of moles of oxygen ) 2. Calculate the number of degrees of freedom in

. . 10em® of O, at N.T.P. (Ans. 1.344 x 10?")
For the monoatomic helium gas, degrees of

freedom f =3, so 3. Calculate the number of degrees of freedom in

f . 3 R 15cm* of nitrogen at N.T.P. (Ans. 2.015 x 10%")
C,=LR=2

V"2 2 4. The specific heat of argon at constant volume is
For the diatomic oxygen gas, f =5, so 0.075 keal kg 'K™'. Calculate its atomic weight.
f 5 Given R = 2 cal mol'K! (Ans. 40)
G Y R=E R 5. A certain gas possesses 3 degrees of freedom
C,+nC corresponding to the translational motion and

= Cy (mixture)= v " “v P >

Py 2 degrees of freedom corresponding to rotational
motion. (i) What is the kinetic energy of trans-

3 1,5
- Ixg Regx 2R _29 lational motion of one such molecule of gas at 300 K ?

4+ ; 18 (i) If the temperature is raised by 1°C, what energy
C R must be supplied to the one molecule of the gas ?
¥ (mixture) = C—P =1+ C—m Given Avogadro’s number, N = 6.023 x 102 mol~!
v v and Boltzmann'a constant,
P Y kg =138 x10" 2 | molecule 'K,

2 29 29
18

Exavirrr 37, A gaseous mixture enclosed in a vessel ¥ HINTS

contains 1 gram mole of a gas A (with y =5 /3) and another 1. No. of degrees of freedom of a diatomic molecule at
&as B (withy =7/5) at a temperature T. The gases A and B 273K =5

do not react with each other and assumed to be ideal. Find the
number of gram moles of B if y for the gaseous mixture is
19/13. (1T 95)

Solution. Let the mixture contain n moles of gas B.

[Ans. (i) 6.21x 10" 2! J (i) 20.78 J)

~.No. of degrees of freedom of 1 mole or 6.02 x 10°
molecules at N.T.P.

=5x6.02 x107 = 30.1 x102,
3. No. of nitrogen molecules in 22400 cm? of gas at

C :
As C,-C, =R and y=—E N.T.P. = 6.02 x 10
R # = No. of nitrogen molecules in 15em? of gas at
;. = N.T.P.
r-1 6.02 x 102 x 15 .
R 3 = =42 x10?
Forgas A, C, = 5/3-1-2 R 22400
R 5 No. of degrees of freedom of nitrogen (diatomic)
For gas B G, = == R molecule at 273 K =5
il —lR 2 13 <. Total degrees of freedom of 15cm? of gas

=4.03x10% x5 =2.015 x10%',
4. Argon is a monoatomic gas, so its molar specific

For the mixl'ure, CV = W—l =Z

By conservation of energy, molar sp- heat of the heat at constant volume is
mixture is & 3 . 3 2 — cal mol-! K1
C, A (Cy)a + 15 (Cy)p VTt g rescama
Mg + g . Givenc, = 0.075 kcal kg™! K™! = 0.075 cal g Tg!
ERzlx%R+"ng=(3+5n)R As Cy = Mgy,
1+n 2(1+ C
(1+n) _ M=S__3 _.

or n=2. h ¢, 0.075
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5. Translational K.E. of a gas molecule at 300 K
=3 kT =2 x138x 10 ™ x300
2 2
=6.21x107% J.

(if) Energy required to raise the temperature of one
mole of gas by 1°Cor 1 K

=5x1kHATxN
2

=5x—21~x1.38x10‘23 x1x6.023 x 108

= 20.78 J.

13.17 SPECIFIC HEAT OF SOLIDS

28. State and prove Dulong and Petit's law. What
does it signify ?

Specific heat of solids : Dulong and Petit’s law.
Near the room temperature the molar specific heat of most of
the solids at constant volume is equal to 3R or 6 cal
mol™ K 1or25] mol™! K™%, This statement is known as
Dulong and Petit’s law.

Proof. In a solid, the atoms vibrate about their
mean positions. During vibration, the kinetic energy
(E,) of an atom changes continuously into potential
energy (E ) and vice-versa. So the average values of E
and E_ are equal in a solid. Since an atom can vibrate
along three mutually perpendicular directions, it has
three degrees of freedom. Applying the law of
equipartition of energy, we get

1 3
EL-=3’<5 kBT=-2~kBT
1 3
EpZB*EkBT'EkBT
. Average vibrational energy per atom
=E +E, =3kg T

The total vibrational energy or the internal energy
of one mole of atoms of the solid is given by

U= N, x3k; T=3RT [" R=kg N,]
Since for a solid AV is negligible, so
AQ=AU+ PAV =AU
Therefore, C,, = g = 92 =3R
AT AT
This proves the Dulong and Petit’s law.
Significance of Dulong and Petit’s law. This law
signifies the fact that the heat energy required to
raise the temperature of a sample of metal depends
on the total number of atoms present in the sample
and not on the masses of individual atoms of the
metal. Since one mole of every metal contains an
Avogadro’s number of atoms, so the molar specific
heat of all metals is same near the room temperature.

29. How does the specific heat of a solid very with
temperature ? What is Debye temperature ?

Variation of specific heat of a solid with
temperature. Fig. 13.15 shows the variation of molar
specific heat (C,) of a solid as a function of tem-
perature. Clearly, at higher temperatures the molar
specific heat (C,,) of all solids is close to the Dulong
and Petit’s value 3 R. At lower temperatures, the molar
specific heat decreases rapidly with temperature, ten-
ding to become zero at 0 K. Physically, this is related to
the fact that the number of degrees of freedom of a
molecule decreases as we go to low temperatures. In
fact, some of the modes of motion get frozen.

Cv —

Debye
; ﬂmperature

(@] T -

[SEUL TR S S e

Fig. 13.15 Variation of C, of a solid with temperature

TR

The behaviour of specific heats at low tempera-
tures could not be explained on the basis of classical
physics according to which the modes of motion remain
unchanged and only the amplitude of motion decreases
at low temperatures. This behaviour was first explained
by Einstein in 1905 by using quantum theory. It was
explained more satisfactorily by Debye in 1915.

Quantum mechanics requires a minimum, NON-Z€ro
amount of energy before a degree of freedom comes
into play. That is why vibrational degrees of freedom
become active only under some situations.

The temperature at which the molar specific heat of a
solid at constant volume becomes equal to 3 R is called
Debye temperature.

bal:'e 13.1 Specific heats and molar specific
lreats o/ some so/ic/s at room temperature
anJ afmosp/:eric pressure

sobmen | s o | Wolr ol oo
Aluminium 900.0 244
Carbon 506.5 6.1
Copper 386.4 24.5
Lead 127.7 26.5
Silver 236.1 25.5
Tungsten 134.4 24.9
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The experimental values of molar specific heat
agree well with the predicted value 25 J mol™ K.
Here carbon is an exception. The deviation from the
predicted value is more at lower temperatures.

13.18 = SPECIFIC HEAT OF WATER

30. Using the law of equipartition of energy, predict
the specific heat of water. How does the specific heat of
water vary with temperature ? Define one calorie.

Specific heat of water. We may treat water like a
solid. By the law of equipartition of energy, the
average vibrational energy per atom is 3 kgT. Now a
water molecule has three atoms : two hydrogen and
one oxygen.

.. Average vibrational energy per water molecule

= 3x3k,T =9 k,T

The total vibrational or the internal energy of one
mole of water molecules,

U=N, x9kg T=9RT [- R=kyzN,]

Neglecting AV, like for a solid, we get

AQ =AU + PAV =AU
L 80 _au o,
AT AT

This predicted value is found to be in good
agreement with the observed value. The specific heat
of water is nearly 75 J mol™ K™! =9R.
 Variation of specific heat of water with
temperature. Fig. 13.16 shows the variation of specific
heat of water with temperature in the temperature
range 0°C to 100°C. Water shows peculiar behaviour,
its specific heat first decreases and then increases with
temperature. For this reason, we have to specify the
unit temperature interval for defining calorie.

One calorie is defined as the amount of heat
required to raise the temperature of 1 g of water from
14.5°Cto 15.5°C.

1 calorie =4.186 J.

:
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Fig. 13.16 Variation of specific heat of water
with temperature

13.19  MEAN FREE PATH

31. What is meant by the mean free path of a gas
molecule ? Derive an expression for it. On which factors
does the mean free path depend ?

Mean free path. The molecules of a gas are in state
of continuous, rapid and random motion. As these
molecules have a finite though small size, so they
collide against one another frequently. Between fwo
successive collisions, a molecule moves along a straight line
path with uniform velocity. This path is called free path.
But after every collision, velocity of each molecule
changes both in magnitude and direction. Hence each
molecule follows a series of straight line zig-zag paths,
as shown in Fig. 13.17.

=

Fig. 13.17 Zig-zag path of a gas molecule.

The mean free path of a gas molecule may be defined as
the average distance travelled by the molecule between two
successive collisions.

As shown in Fig. 13.17, if a molecule covers free
paths Ay, Ay, Ay, ..., after successive collisions, then its
mean free path is given by

%= 17 AT s
Total number of collisions

Expression for mean free path. In order to derive
the expression for the mean free path, we make use of
the following assumptions :

(1) Each molecule of the gas is a sphere of diameter d.
(i) All molecules of the gas except the molecule A
under consideration are at rest.

As shown in Fig. 13.18, suppose the molecule A has
average speed v. It will collide with all those molecules
whose centres lie within a distance d from its path. In

Fig. 13.18 Volume swept by molecule A in time At in
which any molecule can collide with it.



time Af, it will obviously collide with all those
molecules in the cylinder of volume nd® o At. Let n be
the number of molecules per unit volume.

Number of collisions suffered by the molecule Ain
time Af

= Volume of the cylinder swept by molecule A in
time At x number of molecules per unit volume

=nd? 0 At x n
Mean free path of a gas molecule,

%= Distance covered in time At

Number of collisions suffered in time At
v Al 1

nd> T At - nre d?

In the above derivation, we have assumed the other
molecules to be at rest. Taking into consideration the
motion of all the gas molecules, the mean free path
comes out to be

1
V2 nn d?

If m is the mass of each gas molecule, then the
density of the gas is

A=

p=mn or n=E
m
= m
A =
JZ_ndzp
For one mole of a gas,
PV=RT or P=R—T=Ex£xT=nk8T
v V. N
P = kg T
or n=—— A=—B—
kg T V2nd* P

Factors on which the mean free path depends. Itis
obvious from the above expressions for A that

(i) A < m ie., the mean free path is directly propor-
tional to the mass of the gas molecule.

(i) 7 oc - , i.e., the mean free path is inversely propor-
tional to the density of the gas.
({0) % o -dl—z , i.e., the mean free path is inversely propor-

tional to the square of the molecular diameter.

(iv) A T, i.e., the mean free path is directly proportional
to the absolute temperature of the gas.

D) Aoc 1 , i.e., the mean free path is inversely propor-
) P P Y

tional to the pressure of the gas.
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13.20 AVOGADRO'S NUMBER
32. What is Avogadro’s number ? Give Iits

significance.

Avogadro’s number. It is the number of atoms
present in one gram atom of an element or the number
of molecules present in one gram molecule of the
substance. In general, it is the number of particles present
in one mole of the substance. Its most accepted value is

N, =6.0225 x 10 mole™ .
Importance of Avogadro’s number.

(i) To calculate the actual weight of one atom of an
clement.

Weight of one atom of an element
_ Atomic weight (in gram)

Avogadro's number
(i) To calculate the actual weight of one molecule of a
substance.

Weight of one molecule of a substance
_ Molecular weight (in gram)

Avogadro's number

(iii) To calculate the number of atoms present in given
amount of an element.
Number of atoms present in m gram of an

Avogadro's number

element = x m

Atomic weight

(iv) To calculate the number of molecules present in
given amount of a substance.

Number of molecules present in m gram of a
Avogadro's number .

Molecular weight

substance =

To calculate the number of molecules present in
given volume of the gas. At S.T.P., the 22.4 litres of
every gas contain an Avogadro’s number of
molecules.

(©)

. Number of molecules present in V litres of a
Avogadro's number <V

224

Examprt_38. The density of water is 1000 kg n” 3. The
density of water vapour at 100°C and 1atm pressure is
0.6 kg m™ 3, The volume of a molecule multiplied by the total
number gives, what is called molecular volume. Estimate the
ratio (or fraction) of the molecular volume to the total
volume occupied by the water vapour under the above
conditions of temperature and pressure. [NCERT]

gas at ST.P. =

Solution. For a given mass of water molecules,

Volume « ——
Density
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Therefore, the ratio (or fraction) of the molecular
~ volume to the total volume of water vapour

_ Density of water vapour 0.6 kg m”~ 4
B 1000 kg m >

Density of water

=6x 1074,

39. Estimate the volume of a water molecule.
Given density of water is 1000 kg m™ > and Avogadro’s
number =6 x 10 mole™ . [NCERT]

Solution. Molecular mass of water =18

LEXAMPLE

. Number of molecules in18 g or 0.018 kg of water

-6 x10%
Mass of I molecule of water
_ 0.01823 —3x10-%
6x10

In the liquid phase, the molecules of water are
closely packed. The density of water molecules may be
taken equal to the density of bulk water =1000 kg m™°.

Volume of a water molecule
Mass 3 x 10~ %

- - =3x10” m?
Density 1000

Exayirre go. What is the average distance between atoms
(interatomic distance) in water ? Use the data given in
Examples 38 and 39. [NCERT]

Solution. Volume of water in vapour state

= —1——4 x Volume of water in liquid state
6x10°

=1.67 x 10° x Volume of water in liquid state.

This is also the increase in amount of volume
available for each molecule of water. When volume V
increases by 103 times, the radius increases by V153 or
10 times.

But volume of a water molecule,

%ms “3x10-% m?

9 1/3 .
r=(_x10*29) 22x10 9 m=2A
4n

Increased radius =10x2 =20 A
Average distance =2 x Increased radius = 40 A.

13.21 ~ BROWNIAN MOTION"

33. What is Brownian motion ? How can it be
accounted for ? What are the factors which affect
Brownian motion ?

Brownian motion. In 1827, a Scottish botanist
Robert Brown, while examining pollen grains of a
flower suspended in water under a microscope,
noticed that they continuously moved about in a
zig-zag, random motion. This irregular motion of the
suspended particles is called Brownian motion. It
provided a direct evidence for the existence of
molecules and their motion.

Cause of Brownian motion. Any object suspended
in a fluid is continuously bombarded by the fluid
molecules from all directions. If the object is suffi-
ciently small but still visible under a microscope (such
as pollen grains which are about 10™° m in diameter),
the impact of molecules from all sides gives rise to an
unbalanced force in a certain direction. As soon as the
particle moves a little, the magnitude and direction of
the unbalanced force change making the particle move
in a new direction. The suspended object thus moves
about in a zig-zag manner and tumbles about
randomly.

Factors affecting the Brownian motion. The
Brownian motion increases '

(i) with the decrease in size of the suspended
particles.

(i1) with the increase in temperature of the fluid.
(i) with the decrease in density of the fluid.
(iv) with the decrease in viscosity of the fluid.

Very Short Answer Conceptual Problems

Problem 1. Mention the different ways of increésing
the number of molecular collisions per unit time in a
gas.

Solution. The number of collisions per unit time can
be increased by

(1) increasing the temperature of the gas,
(i) increasing the number of molecules, and
(iit) decreasing the volume of the gas.

Problem 2. What is an ideal gas ? Give its main
characteristics.

Solution. An ideal gas is one which obeys the gas laws
at all values of temperature and pressure. Its main
characteristics are

(1) The size of the molecules is negligibly small.

(i) There is no force of attraction or repulsion
amongst its molecules, '
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Problem 3. Fig. 13.19 shows the variation of the
product PV with respect to the pressure (P) of given
masses of three gases, A, B and C. The temperature is
kept constant. State with proper arguments which of
these gases is ideal.

B

_/
Y

C

PV —

P—

M LWL TS I s S

Fig. 13.19

Solution. Gas C is ideal, because PV is constant for it.
That is, gas C obeys Boyle’s law at all pressures.

Problem 4. Why do the gases at low temperature
and high pressure show large deviations from ideal
behaviour ?

Solution. At low temperature and high pressure, the
intermolecular attractions become appreciable. Moreover,
the volume occupied by the gas molecules cannot be
neglected in comparison to the volume of the gas. Hence
the real gases show large deviations from ideal gas
behaviour.

Problem 5. On reducing the volume of a gas at
constant temperature, the pressure of the gas increases.
Explain it on the basis of kinetic theory.

Solution. On reducing the volume, the number of
molecules per unit volume increases. Hence a large
number of molecules collide with the walls of the vessel
per second and a larger momentum is transferred to the
wall per second. This increases the pressure of the gas.

Problem 6. When an automobile travels for a long
distance, the air pressure in the tyres increases slightly.
Why ?

Solution. Due to the friction between the tyres and the
road, the tyres get heated. The temperature of air inside
the tyres increases. Consequently, the air pressure in the
tyres increases slightly.

Problem 7. When a gas is heated, its temperature
increases. Explain it on the basis of kinetic theory of
gases.

Solution. When a gas is heated, the root mean square
velocity of its molecules increases. As v, o« VT, so the
temperature of the gas increases.

Problem 8. In the upper part of the atmosphere the
kinetic temperature of air is of the order of 1000 K, even
then one feels severe cold there. Why ?

Solution. As we go up in the atmosphere, the number
of air molecules per unit volume decreases. The quantity
of heat per unit volume or the heat density is low. But the

translational kinetic energy per molecule is quite large. As
the kinetic temperature is the measure of translational
kinetic energy, so the kinetic temperature is quite high in

the upper atmosphere but one feels severe cold there due
to low heat density.

Problem 9. In the kinetic theory of gases, why do we
not take into account the changes in gravitational
potential energy of the molecule ?

Solution. The changes in gravitational potential
energy are negligibly small as compared to the mean
kinetic energy of molecules.

Problem 10. What type of motion is associated with
the molecules of a gas ? .

Solution. Brownian motion. In this motion any
particular molecule will follow a zig-zag path due to the
collisions with the other molecules or with the walls of the
container.

Problem 11. Although theAmt')t-mean-square speed
of gas molecules is of the order of the speed of sound in
that gas, yet on opening a bottle of ammonia in one
corner of a room its smell takes time in reaching the
other corner. Why ?

Solution. The molecules of ammonia have random
motion. They frequently collide with one another. Conse-
quently, their net speed in any particular direction is low.
So gas takes several seconds to go from one corner to the
other corner of the room.

Problem 12. On which factors does the average
kinetic energy of gas molecules depend : Nature of the
gas, temperature, volume ?

Solution. The average K.E. of a gas molecule depends
only on the absolute temperature of the gas and is directly
proportional to it. '

Problem 13. What do you mean by the r.m.s. speed of
the molecules of a gas ? Is r.m.s. speed same as the
average speed ?

Solution. The r.m.s. speed of the molecules of a gas is
defined as the square root of the mean of the squared

velocities of the molecules of a gas. No, r.m.s. speed is
different from the average speed. For example,

7, .3
o = {”1"’”2‘”’%
rms 3

Y+U,+ U,
3

Problem 14. The ratio of vapour densities of two
gases at the same temperature is 8 : 9. Compare the r.m.s.
velocities of their molecules.

(vrms)'l — ﬂ_l'_

Drms)Z Ml
= \/E =\P =3:2V2.
P1 8

and D=

Solution.



13.28 PHYSICS-XI

Problem 15. What is the average velocity of the
molecules of an ideal gas ?

Solution. The average velocity of the molecules of an
ideal gas is zero, because the molecules possess all sorts of
velocities in all possible directions so their vector sum and
hence average is zero. -

Problem 16. Given a sample of 1em? of hydrogen
and 1 cm”® of oxygen both at S.T.P. Which sample has a
larger number of molecules ?

Solution. Both the samples contain the same number
of molecules in accordance with Avogadro’s law.

Problem 17. At what temperature does all molecular
motion cease ? Explain. [Himachal 06, 07C]

Or
Molecular motion ceases at zero kelvin. Explain.
[Himachal 09]
Solution. All mu]ecular motion ceases at absolute zero

or at 0 K. According to the kinetic interpretation of
temperature,

I

Te=

Wl N
b
=

or  absolute temperature « average K.E. of molecules
. The temperature = 0 K, average K.E. =0.
Thus at 0 K, the velocity of molecules becomes zero.

Problem 18. Why temperature less than absolute
zero is not possible ?

Solution. According to the kinetic interpretation of
temperature,

Absolute temperature o average K.E. of molecules

As the heat is removed, the temperature falls and
velocity of molecules decreases. At absolute zero, the
molecular motion eases i.e., the kinetic energy becomes
zero. As kinetic energy cannot be negative, so no further
decrease in kinetic energy is possible. Hence temperature
cannot be decreased below U K.

Problem 19. For an ideal gas, the internal energy can
only be translational kinetic energy. Explain.

Solution. In an ideal gas, the molecules can be
considered as point masses with no intermolecular forces
between them. So there can neither be internal potential
energy nor the internal energy due to rotation or vibration.
The molecules can have only translational kinetic energy.

Problem 20. At a given temperature, equal masses of
monoatomic and diatomic gases are supplied equal
quantities of heat. Which of the two gases will suffer a
larger temperature rise ?

Solution. The temperature of the monoatomic gas will
rise by a large value. In case of the monoatomic gas, the
heat supplied is used entirely to increase the translational
K.E. of the molecules. In case of the diatomic gas, the heat
supplied is used to increase the translational, rotational

and sometimes even the vibrational kinetic energy of the
molecules. It is only the translational K.E. which increases
the temperature.

* .Problem 21. Deduce the dimensional formula for R
used in the ideal gas equation PV =nRT.

* Solution. R = V¥ o FY
nT nAT
-2 3
[R] = E“T—,L =[ML*T" K ! mol™'].
mol.L*. K

Problem 22. A box contains equal number of
molecules of hydrogen and oxygen. If there is a fine hole
in the box, which gas will leak rapidly ? Why ?

1
_ “ M

- Hence hydrogen gas will leak more rapidly because of
its smaller molecular mass.

- Problem 23. The mass of a molecule of krypton is
2.25 times the mass of a hydmgen molecule. A mixture
of equal masses of these gases is enclosed in a vessel.
Calculate at any temperature the ratio of the root mean

Solution. As ©

rms

square velocities of krypton and hydrogen gases.

rnm

Solutmn M, ‘} L
T\ M, V225

Problem 24. A sample of an ideal gas occupies a
volume V at a pressure P and absolute temperature T. The
mass of each molecule is m. If k ; is the Boltzmann’s con-

." 115 *'

stant, then write the expression for the density of the gas.
Solution. According to kinetic theory of gases,

P=lp1_)5=g~g.lm? 2 P, 3 B
3 3m 2 3'm 2
Pm
. Density, =—.
ty., p kT

Problem 25. The volume of vessel A is twice the
volume of another vessel B, and both of them are filled
with the same gas. If the gas in A is at twice the tempe-
rature and twice the pressure in comparison to the gas in
B, what is the ratio of the gas molecules in A and B ?

Solution. As PV =nRT
PV 2P.2V PV
'. J]Bzﬁan nA=W=2R_Tand nying=2:1

Problem 26. Two gases, each at temperature T,
volume V and pressure P are mixed such that the tempe-
rature and volume of the mixture are T and V respectively.
What would be the pressure of the mixture ? Justify your
answer on the basis of kinetic theory.

Solution. From kinetic theory, P= 2

MT

Po—

W=
<|x

But P«T -

As both T and V remain unchanged but mass M is
doubled, so the pressure of mixture gets doubled i.e., it is
equal to 2P.
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Problem 27. The total translational kinetic energy of
the molecules of a gas having volume V and pressure P
is 500 J. What will be the total translational kinetic
energy of the molecules of the same gas occupying the
same volume V but exerting a pressure 2P ?

Solution. If Eis the translational K.E. per unit volume,
then

P=2'E or E=£
3 2

Total translational K.E. of volume V is

EV:%:SOO]

When pressure becomes 2P, total translational K.E.
=2 x 500 =1000 J.
Problem 28. Write the equation of state for 16 g of O,.

Solution. Number of moles in 32 g of O, =1

. Number of moles in 16 g ofO — —1— x16= 1
32 2

As PV =nRT and n=1/2 so PV:—;RT.

Problem 29. When a gas filled in a closed vessel is
heated through1°C, its pressure increases by 0.4%. What
is the initial temperature of the gas ?

Solution. P'= P+ — 04 P T=
100
P (P+ ;]640 PJ
By Gay Lussac’s law, —=-—r——=
T T+1

On solving, T=250K

Problem 30. A gas in a closed vessel is at the pressure
P, . If the masses of all the molecules be made half and

their speeds be made double, then find the resultant
pressure.
s 1 mN 2
Solution. fj =— —
3V

1(m/2)
3V = (20) =

Problem 31. What is evaporalion ?

ZmN 02

P= =2P,.

Solution. All the molecules do not have the same
velocity. The molecules which possess large velocities are
able to overcome the molecular attraction and escape the
liquid surface, which is known as evaporation.

Short Answer Conceptual Problems

Problem 1. A gas is filled in a cylinder fitted with a
piston at a constant temperature. Explain on the basis of
kinetic theory :

(i) The pressure of the gas increases by raising the
temperature.

Problem 32. Why does evaporation cause cooling ?
[Himachal 05C)

Solution. The evaporation of a liquid from its surface
occurs because some molecules acquire velocities suffi-
cient enough to escape from the attractive force at the
surface. Because escaping molecules have higher kinetic
energy, hence the average kinetic energy of the molecules
left behind decreases. As average kinetic energy is directly
related with temperature, hence evaporation causes cooling.

Problem 33. Cooking gas containers are kept in a lorry
moving with uniform speed. What will be the effect on
temperature of the gas molecules ? [AIEEE 02]

Solution. As the lorry is moving with a uniform
speed, there will be no change in the translational motion
or K.E. of the gas molecules. Hence the temperature of the
gas will remain same.

Problem 34. Should the specific heat of monoatomic
gas be less than, equal to or greater than that of a
diatomic gas at room temperature ? Justify your answer.

Solution. The specific heat of a gas at constant volume
is equal to % R

For monoatomic gases, f =3, so C, =g R

For diatomic gases, f=5 so C,=—
Hence the specific heat for monoatomic gas is less
than that for a diatomic gas.

Problem 35. What is Debye temperature ?

Solution. The temperature above which the molar
specific heat of a solid becomes equal to 6 cal mol™ K™ i
called Debye temperature.

Problem 36. Equal masses of helium and oxygen
gases are given equal quantities of heat. Which gas will
undergo a greater temperature rise ?

Solution. Helium is a monoatomic gas, while oxygen
is diatomic. Therefore the heat given to helium will be
totally used up in increasing the translational kinetic
energy of its molecules ; whereas the heat given to oxygen
will be used up in increasing the translational kinetic
energy of its molecules and also in increasing the kinetic
energy of rotation and vibration. Hence, there will be a
greater rise in the temperature of helium.

(i) On pulling the piston out, the pressure of the gas
decreases.

Solution. (i) On raising the temperature, the average
speed of the gas molecules increases. As a result, the
molecules collide more frequently with the walls of the
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vessel and also greater momentum is transferred to the

wall in cach collision. Both of these factors increase the
pressure of the gas.

(i) When the piston is pulled out, the volume of the
gas increases. The molecules have to traverse a large
distance to collide with the walls of the cylinder. So a
lesser number of molecules collides with the walls per
second. Moreover, the collisions now occur on a larger
area of the walls. Both of these factors decrease the
pressure of the gas.

Problem 2. There are N molecules of a gas in a
container. If the number of molecules is increased to 2N,
what will be (i) pressure of the gas, (ii) total energy of
the gas and (iii) r.m.s. speed of the gas ?

P:%mn;iz-]-ﬂvvlz [H=E:|

lution.
Solution 3V %

(i) As P N, so the pressure of the gas is doubled
when the number of molecules is increased from N

to 2N.
= 1 5 3
(i) Average K.E. per molecule, > moy” =—

Total energy of N molecules :% mNv* = g

W

kg NT.

When the number of molecules is increased from
N to 2N, total energy of the gas is doubled, though
the average K.E. per molecule remains same.
The r.m.s. speed remains same because it depends
only upon temperature.

Problem 3. Although the velocity of air molecules is
nearly 0.5 km s7!, yet the smell of scent spreads at a

(111)

much slower rate. Why ?

Solution. The air molecules travel along a zig-zag
path due to frequent collisions. As a result, their
displacement per unit time is very small. Hence the smell
of scent spreads very slowly.

Problem 4. When do the real gases obey more
correctly the gas equation : PV =nRT ?

Solution. An ideal gas is one whose molecules have
zero volume and no mutual force between them. At low
pressure, the volume of a gas is large and so the volume
occupied by the molecules is negligible in comparison to
the volume of the gas. At high temperature, the molecules
have large velocities and so the intermolecular force has
no influence on their motion. Hence at low pressure and
high temperature, the behaviour of real gases approach
the ideal gas behaviour.

Problem 5. Explain qualitatively how the extent of
Brownian motion is affected by the

(a) size of the Brownian particle,
(b) density of the medium,
(c) temperature of the medium,

(d) viscosity of the medium ? [NCERT]

Solution. The effect of the various factors on the
Brownian motion is as follows :

Effects

Increase of ‘Brownian
motion.

Factors

(n) Decrease in the size of the
Brownian particle.
Increase of Brownian

(b) Decrease in the density of
motion.

the medium.
Increase of Brownian

(c) Increase in temperature of
motion.

the medium.

Decrease of Brownian

Increase in viscosity of the
motion.

medium.

(d)

Problem 6. For Brownian motion of particles of
suspensions in liquids, what should be the typical size
of suspended particles ? Why should not the size of the
particles be too small (say of atomic dimensions 10 m)
or too large (say of the order of 1 m) ? [NCERT]

Solution. The typical size of the suspended particles
should be 10~ ® m. If the size of the suspended particles is
too small (= 10™ 10 m), the net momentum imparted to the
suspended particle due to bombardment of neigh-
bouring fluid particles would be zero and hence no
Brownian motion is possible. If the size of the suspended
particle is too large (= 1m), the particle will not move
due to its large inertia, even when an unbalanced force is
acting on it.

Problem 7. What is the simplest evidence in nature
that you can think of to suggest that atoms are not point
particles ? [NCERT]

Solution. Brownian motion is the simplest evidence in
nature to suggest that atoms are not point particles but
have finite size. The particles suspended in a fluid move
in the direction of the unbalanced force due to the unequal
bombardment caused by the atoms or molecules of the
fluid in which they are suspended. This shows that the
atoms have finite size.

Problem 8. In an experiment, the specific heats of
some inert gases (at ordinary temperatures) are measured
to be as follows :

Gas Atom(l':)mass (Sﬁc';@ ';:'_':t)
Helium 4.00 0.748
Neon 20.18 0.147
Argon 39.94 0.0760
Krypton 83.80 0.0358
Xenon 131.3 0.0226

Try to discover a regularity in the data and explain it
on the basis of kinetic energy. [NCERT]

Solution. Molar specific heat
= Atomic mass xspecific heat
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Gas Molar specific heat -
Helium 4,00 x 0.748 = 2.992 cal mol ' K™
Neon 20.18 x 0.147 = 2.966 cal mol” Tk
Argon 39.94 x 0.0760 = 3.035 cal mol ™' K =
Krypton 83.80 x 0.0358 = 3.000 cal mol ™" K™
Xenon 131.3 x 0.0226 = 2.967 cal mol " K™

Thus the molar specific heat of each gas is nearly
3cal mol~! K% It should be so on the basis of kinetic
theory of gases according to which for a monoatomic
gas,

G = 5 R:%chal mol™! K™

= 3cal mol™! K.

Problem 9. What is meant by molar specific heat of a
gas ? The molar specific heat of hydrogen H, is about

% R in the temperature range of about 250 K to 750 K. At

lower temperatures, molar specific heat of hydrogen
decreases to the value typical of monoatomic gases: % R.

At higher temperatures, it tends to the value % R. What

do you think is happening ? [NCERT ; Delhi 03]

Solution. The molar specific heat of a gas is defined as
the amount of heat required to raise the temperature of 1
mole of a gas through 1°C.

The molar specific heat of a gas at constant volume is

given by C,, =—§ R, where f is degrees of freedom of the

gas. In the range of about 250 to 750 K, a diatomic gas such
as H, gas possesses 5 degrees of freedom (3 corres-
ponding to translational and 2 corresponding  to
rotational modes of motion of the gas). Hence

C, = 3 R  (between 250 to 750 K)
2

But at lower temperatures, the rotational motion is not
excited and hydrogen gas molecule possesses only
3 degrees of freedom corresponding to translational motion.

‘wors

N

Problem 1. Two rigid boxes containing different ideal
gases are placed on a table. Box /\ contains one mole of
nitrogen at temperature T, while box B contains one mole of
helium at temperature (7/3) T,. The boxes are then put into
thermal contact with each other and heat flows between them
until the gases reach a common final temperature. Ignore the
heat capacity of the boxes. Find the final temperature T, of
the gases in terms of Ty, [AIEEE 06]

Hence at lower temperatures,

At higher temperatures, hydrogen gas molecule has 2
additional degrees of freedom corresponding to
vibrational mode of the motion, so that total degrees of
freedom become f=5+2=7.

Hence at higher temperatures,
7
C,=-R
Vo2

Problem 10. (a) When a molecule (or an elastic ball)
hits a (massive) wall, it rebounds with the same speed.
When a ball hits a massive bat held firmly, the same
thing happens. However, when the bat is moving
towards the ball, the ball rebounds with a different

~ speed. Does the ball move faster or slower ?

(b) When gas in a cylinder is compressed by pushing
in a piston, its temperature rises. Guess atan explanation
of this in terms of kinetic theory using (a) above.

(¢) What happens when a compressed gas pushes a '
piston out and expands ? What would you observe ?

(d) Sachin Tendulkar uses a heavy cricket bat while
playing. Does it help him in any way ? [NCERT]

Solution. (1) Let the speed of the ball be u relative to
the wicket behind the bat. If the bat is moving towards the
ball with a speed V relative to the wicket, then the relative
speed of the ball to bat is V + utowards the bat. When the
ball rebounds (after hitting the massive bat) its speed,
relative to bat, V +(V + u) =2V + 1, moving away from
the wicket. So the ball speeds up after the collision with
the bat. For a molecule this would imply an increase in
temperature. '

(b) When a gas in cylinder is compressed by pushing
in a piston, the speed of the molecules or their kinetic
energy increases. This increases the temperature of the gas.

(c) When a compressed gas pushes a piston out, the
speed of the molecules or their kinetic energy decreases.
This decreases the temperature of the gas.

(d) When the ball is hit with a heavy bat, the rebound
speed of the ball further increases. It helps to score better.

A i 1%
o

Solution. Nitrogen is a diatomic gas while helium
is a monoatomic gas. There is no net change in internal
energy of the system.

AU =0
5 3 7
or IXER(TD'T[)+1"5R(§T0—Tf )—0
3
or 12T0 —STf =0 or Tf =ET°
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Problem 2. A wvessel is filled with a mixture of two
different gases. However, the number of molecules per unit
volume of the two gases in the mixture are the same, (i) Will
the mean K.E. per molecule of both the gases be equal ?
(if) Will the root mean square velocities of the molecules be
cqual. (iii) Will the pressure be equal ? Give reasons.

Solution. (1) Yes. Mean K.E. per molecule,

lnr{z=§k8T
2 2

As the temperature of both the gases in the mixture
is the same, so mean K.E. per molecule of both the
gases will be equal.
3kg T

m

(i) No. Asv_ =

rms

Due to different masses of the molecules, the r.m.s.
velocities for the two gases will not be equal.

(iif) No. As P =-31— mn z_z

Due to different masses of the molecules, the
pressures exerted by the two gases will not be equal.

Problem 3. Two vessels of the same size are at the same
temperature. One of them contains 1 g of H, gas, and the other
contains 1 g to N, gas. (i) Which of the vessels contains more
malecules ? (ii) Which of the vessels is under greater pressure
and why ? (iii) In which vessel is the average molecular speed
greater ? How many times greater ?

Solution. (1) According to Avogadro’s hypothesis,
Number of moleculesin2 g of H, =N,

Number of moleculesin1gof H, =N, /2
Number of molecules in 28 g of N, = N,

Number of moleculesin1gof N, =N, /28

Number of molecules of H, N N, /2 B

=14
N, /28

Number of molecules of N,

So hydrogen containing vessel contains more
molecules.

(i) The average K.E. per molecule at a given
temperature is independent of the molecular mass.
Pzgx nx ﬁ:gxﬂxﬁ
3 3 Vv
Pressure exerted by H,  No. of molecules of H,
Pressure exerted by N,  No. of molecules of N,
N, /28

14

Pressure exerted by hydrogen is 14 times the
pressure exerted by N, .

(v”ll‘:) ] M
(iii) Py - | :JZ_*B =414 =3.74
(Urm.-: )N 2 Ml i 2
2
The r.m.s. speed of H, is 3.74 times the r.m.s. speed
of N, .
Problem 4. Two thermally insulated vessels 1 and 2 are
filled with air at temperatures (T, T,), volumes (V,, V,) and

pressures (P, P,) respectively. If the valve joining the two
vessels is opened, what will be the temperature inside the

vessel at equilibrium ? [AIEEE 04]
Solution. As PV =nRT n= H
RT
PV
For first vessel, ny=—11
RT,
PV.
For second vessel, n, =—2-2
RT,
P(V.
For the combined vessel, n= MZ)
RT
But n= n +n,
P(Vi +V,) _RY " KV,
RT RT, RT,
or T=T1T2 P(V] +V2)
AViT, + BV,T)
Using Boyle’s law,
P(V; + V)= AV, + BV,
Hence T= L (RY; + szz)_

PVIT, + BV,T,

Problem 5. An insulated container containing
monoatomic gas of molar mass m is moving with a velocity
Vg If the container is suddenly stopped, find the change in
temperature. [TIT 03]

Solution. Suppose the container has n moles of the
monoatomic gas. Then the loss in kinetic energy of the
gas

AE =% (mn) 002

If the temperature of the gas changes by AT, then
heat gained by the gas,

AQ = 3 nR AT
2
Now AQ=AE
2
or 3 R arT=1 (mn) voz or AT="%
2 2 3R

Problem 6. A cubical box of side 1 metre contains
helium gas (atomic weight 4) at a pressure of 100 N / nt.
During an observation time of 1 second, an atom travelling
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with the root-mean-squre speed parallel to one of the edges of

the cube, was found to make 500 hits with a particular wall,
without any collision with other atoms.

2
Take R = :35- 1/ mol- Kand k=138 x 1072 ]/ K.
(a) Evaluate the temperature of the gas.

(b) Evaluate the average kinetic energy per aton.
(¢) Evaluate the total mass of helium gas in the box.

[1IT Mains 02]
Solution. (a) Time interval between two successive
collisions,
b= 2l
UF’"JS
or —1—=2x1 [ t=—1—s,l=1m}
500 ©,,. 500
v =1000 ms .

rms

’3 RT
But Vems = _A-A_

1m0=\f3*(2i/3)T

On solving, we get T =160 K

(b) The average kinetic energy per atom of the

monoatomic gas,

R.Té:.:%kﬂ T=%x138x10‘23x160

-3312x 1072 J.

(c) From kinetic gas equation,
1m g
P= 3V Urms

where mis the mass of the gas.
100 =%x %‘x (1000)* or m=3x 107* kg.

Problem 7. The temperature of an ideal gas is increased
from 120 K to 480 K. If at 120 K, the root mean square
velocity of the gas molecules is V, then what will be the root
mean square velocity at 480 K ? (11T 96]

Solution. Here T, =120 K, T, =480 K, C, =V, C, =7

As Ca T
C ’
o'l = _'Tl or £2 = _48_0 =2
¢ \T v V120
or~ C,=2V.

Problem 8. You have the following group of particles, n,
represents the number of molecules with speed v, :

n. 2 4 8 6 3
v.(ms”!) | 1.0 | 20 | 30 | 40 | 50

Calculate (i) the average speed (ii) the ram.s. speed.and
(iii) the most probable speed. [1IT]
Solution. (/)
R R R L L L

U =
(148 "

|y E gy
_ZX]+4><2 F8x3+6x4+3x5

D+ 448B+64+43

=317 ms .

2 2 2. 2., 2
gy gy Ty + 1m0, + MUy
i) v, = [ % T s S ed — 55

T

I'I] + ”2 + 113 + .H4 + }15

) fi’_x 124 4x2% +8x32 +6x 4% +3x 5
-\ 2+4+8+46+3

=1}E =337 ms .
23

(iii) Most probable speed = Speed possessed by
maximum number of particles
=3.0ms .

Problem 9. [nn a certain region of space there are only

5 molecules per cnt® on an average. The temperature there is

3 K. What is the pressure of this gas ?

(ky=1.38 x 1075 | molecule™ K1), [Roorkee 88]

Solution. Let p be the number of molecules in the
gas. Then

k. T

PV =pk,T  or P=“T“

But %zf)cm_?’:5><]0‘E’1"n_3

P=5x10"°x138x10"* x3
=20.7x 1077 Nm .
Problem 10. Two glass bulbs of equal volumes are

connected by a narrow tube and are filled with a gas at 0°C
and a pressure of 76 cm of mercury. One of the bulbs is then
placed in melting ice and the other ina water-bath maintained
at 62°C Wiat is the new value of the pressure inside the

bulbs ? The volume of the connecting tube is negligible.
[IIT 85]
Solution. According to the gas equation, PV = nRT,

so long as the mass of a system remains constant, the

sum of the terms pV /T for different parts of the

system remains unchanged.

A
z PT = constant

Let V be the volume of each bulb. Initially for the
two bulbs, we have

py 76V 76V 2x76xV .
r—= + = (1)
T 273 273 273
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When one bulb is placed at melting ice and another

maintained at 62 °C we have

45
PV _PxV Px¥ i) o
T 273 | 33

From (i) and (i), we get I T ]
2x76xV PV PV f—45 cm ——f+—+—45 cm —| ” 10 cm
— =t = 10 em

273 273 335

45 -x
£x7 X 29 % =83.75 cm of Hg.
273 - 608 . |

Problem 11. A vessel of volume2 x 10~ 2 m? contains a (a) (1:)

or P=

mixture of hydrogen and helium at 47°C temperature and ===

4.15x 10° Nnr'? pressure. The mass of the mixture is Fig. 13.20

10'2kg. Calculate the masses of hydrogen and helium in the When the tube is held vertically [Fig. 13.20(b)],
given mixture. [Roorkee 94] suppose that mercury thread moves through a
distance x. Let P, and P, be pressure of the air in the

Solution. Mass of mixture =10"2 kg =10
“Hon. e & 8 upper half and lower half respectively. The volume of

Let mass of hydrogen in the mixture =m g air in the two halves will be
Then mass of helium in the mixture =(10-m) g V,=45+x and V,=45-x
Number of moles of hydrogen, n, ='En Using Boyle’s law for upper half,
(10""1) PV:'P]V] or 76><45=P1x(45+.1’)
Number of moles of helitfm, n, = = and for lower half, '
Also, V=2x10"2m?, T=47+273=320K, PV =BV, or 76x45=F x(45-x)
R =83 Jmole™! K! Now F, = F; +10 cm of Hg
Let By and P, be the pressures exerted by hydrogen 76x45 _76x45 10
and helium respectively. 45-x 45+ «x
Then P+ P,=415x10° Nm™ 2 1 4
or 76 x 45 - =10
Now PLV=n RT and B,V =n, RT 45 -x 45+ x
(B, + B)V =(n, +n,) RT or 76x245x22x=10 o 6340;;2:10
m 10 -m 45° - x 2025 -x

or (4.15x105)x2x10*2=(5+ )x8.3x320

x% + 684 x —2025 =0

_ 684+ /(684)2 + 8100 684 + 6899
B 2 N
x=-68695cm or 295 cm
As x cannot be negative, so x =2.95 cm.

or 83 x 10° =2656 [W] =664 (m +10)

(m+10)=12.5 or m=25g
Mass of hydrogen =2.5 g =2.5x 107 kg,

ijum = 10 — 25 = - -3
Miags of helitgm = _10 25=75g =75x10 ?‘5' Problem 13. A thin tube of uniform cross-section is
Problem 12. A thin tube, sealed at both ends, is 100 cm  segled at both ends. When it lies horizontally, the middle 5 cm

long. It lies horizontally, the middle 10 cm containing length contains mercury and the two equal ends contain air
mercury and the two equal ends containing air at standard

atmospheric pressure. If the tube is now turned to a vertical
position, by what amount will the mercury be displaced ?

[Roorkee 89, IIT]

0=60° H
Solution. When the tube is horizontal, the length of / :
the air column on the either side of the mercury thread C p_ (7)) k! )
will be 45 cm [Fig. 13.20(a)]. Initially for each half, we |— 445 em —4 of— 46 cm .
have ' : .o 5em

P =76 cm of mercury, V =45 cm Fig. 13.21
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at the same pressure P. When the tube is held at an angle of
60° with the vertical, then the lengths of the air columns
above and below the mereury colunu are 46 cm and 44.5 cm
respectively. Calculate the pressure P in cm of mercury. The
temperature of the system is kept at 30°C. (1T 86l

Solution. Let A be the area of cross-section of the
tube. When the tube is horizontal, the 5 cm column of
Hg is in the middle, so length of air column on either

side at pressure P

_A6+45  oor om

When the tube is held at 60° with the vertical, the
lengths of air columns at the bottom and the top are
44.5 cm and 46 cm respectively. If P, and P, are their
pressures, then

o l 5
P, - P, =5 cos 60 =5><—2-=Ecm of Hg

Using Boyle’s law for constant temperature,
PV =RV, = RV,
Px Ax45.25=P x Ax445="PFx Ax 46
P x 4525 _ P x 4525 _2

445 46 2
or = M =75.4 cm.
2 x 4525%x 15

Problem 14. Calculate the root mean square speed of
smoke particles each of mass 5 x 107" kg in their Brownian
motion in air at N.T.P.

Given ky =138 x 107 ] molecule™ K™'.  [Roorkee 82]

Solution. According to kinetic theory, average K.E.
of a gas molecule,

1 2 3
E moy,. =E kﬂT

3k,T

m

vrms =

3 3;1.378 x10” B x 2773;
5x107 "
=15x10 2 ms ..

Problem 15. N molecules each of mass m of gas A and 2N
molecules each of mass 2 m of gas B are contained in the same
vessel which is maintained at a temperature T. If the mean

o , . 2
square velocity of the molecules of B type is denoted by v
and the mean square of the x component of the velocity of A
is denoted by o, then what is the value of W /0?7

[PMT 1990]

Solution. The mean square velocity of the gas
molecules is given by

C? =3kT/m
For gas A : Ci =3kT/mand
C2 =3kT /2 m=2v ()

The molecule A has equal probability of motion in
all directions, therefore

C?=C} =Cl = o’ (given)

For gas B :

C2 =C2+C2+C2=3C} =30’

..;(il)

2
3 3Um m
2
g e . kT/m 2
Dividin by (1), t: == =
ividing (ii) by (i), we ge 7 " %T/2m 3

Cuideljnea to NCERT Exercises -

4

p—

13.1. Estimate the fraction of the molecular volume to the
actual volume occupied by oxygen gas at STP. Take the radius
of an oxygen molecule to be roughly 3 A.

Ans. Radius of oxygen molecule
=3A=3x10"m

Volume of an oxygen molecule

=‘—; x(3x107 1% m?

Number of molecules in 1 mole of oxygen
=6x10%
Volume of 6 x 102 molecules

=§1t(3x10'10)3 x6x 102

=078 x10"° m?>

Actual volume occupied by 1 mole of oxygen gas at
STP
=224 litre =224 x107* m?

Hence fraction of the molecular volume to the actual
volume i
_ 678x107°
224x1073

=3 x107,
13.2. Molar volume is the volume occupied by 1 mole of
any (ideal) gas at standard temperature and pressure (0°C,
1 atmospheric pressure). Show that it is 22.4 litres.

Ans. T=273K, n=1mol

P=1latm =1.013x10° Pa
R=831]) mol' K}
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As PV = nRT
nRT B 1x8.31 x273
P 1.013x10°

If we wish to have the curve of hydrogen gas to start
from the same point, the PV / T of hydrogen should be
equal to PV / T of oxygen.

From part (c),

=224 x10 ¥ m* Py
= 22.4 litres. T = nR =0.26
13.3. Fig. 13.22 shows plot of PV/T versus P for 100 x 107 kg 026 026 1
of oxygen gas at two different temperatures. "R 831 3 mole
vA Mass of 1 mole of H, = 2.02¢g
1 Mass of 1/32 mole of H, = 2.02 x3—12 =0.063g
7; =6.3x10"° kg
nb.T*"‘ 13.4. An oxygen cylinder of volume 30 litres has an initial

gauge pressure of 15 atmand a temperature of 27° C. After soine

oxygen is withdrawn from the cylinder, the gauge pressure

drops to 11 atmand its temperature drops to 17° C. Estimate the

P mass of oxygen taken out of the cylinder, R = 8.3 | mol™ Tk,
nolecule weight of oxygen = 32

SN RN S

Fig. 13.22

(a) What does the dotted plot signify ?

(b) Which is true : T, > T,or T, < T, ? [Delhi 12]

(c) What is the value of PVIT where the curves meet on the
y-axis ?

(d) If we obtained similar plots for 100 x 107 kg of
hydrogen, would we get the same value of PVIT at the point
where the curves meet on the y-axis ? If not, what mass of
hydrogen yields the same value of PVIT (for low pressure high
temperature region of the plot) ?

(Molecular  mass of H,=202y
R=831]mol™ ' K).

Ans. (a) As the dotted line is parallel to P-axis, it
shows that PV /T remains same when the pressure is
increased. It thus indicates the ideal behaviour of the gas.

of 0,=320u

(b) The curve at temperature T, is more close to the
dotted line than the curve at temperature T, . Since the
behaviour of a real gas approaches the ideal gas
behaviour at high temperature, so T, > T, .

(c) Number of moles in 1.00x10"> kg or 1 g of
oxygen,
_ Mass of oxygen in grams

Molecular mass

= — mole
32
As PV = uRT
ﬂ = nR=—l— x 8.31
T 32

=026 JK.

(d) No. This is because PV /T depends upon the
volume of the gas and volumes of equal masses of
different gases are different.

Ans. Initial volume,

V, =30 litres =30 x 10" * m?
Initial pressure,

B = 15atm =15x1.013 x 10° Nm~
Initial temperature,

T =27+ 273=300K

Initial number of moles,

BV, 15x1.013x10° x30x10"?

= = =183
" =R 8.31x 300

Final pressure,

P, =1latm =11x1.013 x 10> Nm~?
Final volume,

V,, =30 litres = 30 x10”* m?
Final temperature,

T, =17+ 273=290K
Final number of moles,

5 -3
BV, _ 11x1.013 x 107 x30 x 10 _138

Hz =
RT, 8.31x290
Number of moles of oxygen taken out
=183-139=44
Mass of gas taken out of cylinder
=44 x32g =140.8g = 0.141 kg.

13.5. An air bubble of volume 1.0 cnt” rises from the bottom

of a lake 40 m deep at a temperature of 12°C. To what volume
does it grow, when it reaches the surface, which is at a
temperature of 35°C ?

Given 1 atm = 1.01x 10° Pa.
Ans. Temperature at 40 m depth,
T =12+ 273=285K
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Volume of the air bubble at 40 m depth,
V|, = 1.0em* =1.0x10 * m®
Pressure at 40 m depth, B = latm + /ipg
= 1.01x10° + 40 x 10° x9.8=4.93 x 10° Pa
Temperature at the surface of water,
T,=35+273=308K
Pressure at the surface of the lake,
B = latm = 1.01 x 10° Pa

Let V, be volume of air bubble at the surface of the
lake.

As qvl_pZVZ
T g
BV T
V2= 1T1P2
1 °2

4.93 x10° x 1.0 x 10" ® x 308
285 x 1.01 x 10°

5.275x10™° m?.

13.6. Estimate the total number of molecules inclusive of
oxygen, nitrogen, water vapour and other constituents in a
room of capacity 25.0 m> at a temperature of 27°C and 1 atmos-
pheric pressure.

Given ky =1.38x10" 2 JK™ .

Ans. As Boltzmann's constant,

R=ky N

kg =—

Now PV =nRT = nkg NT
. The number of molecules in the room
=puN = -ﬂ/—
Tky
_ 1.013x10° x25.0
T 300x1.38x10" 2

= 6.117 x10%.

13.7. Estimate the average energy of a helium atom at (i) room
temperature (27° C) (ii) the temperature on the surface of the sun
(6000 K) and (iii) the temperature of 10" K.

Given ky =1.38 x10° BT molecule™ K L

Ans. Here k;, =138 x 10”2 J mol ™" K™

Average kinetic energy per molecule is given by
= 3
E= E kB T

(1) T=27+273=300K

2
(i)  T=6000K

(iii) T=10"K
F_J _3 -7 7
E~2kﬂT_Ex1.38x10 %10

=2.07x107' J.

13.8. Three vessels of equal capacity have gases at the same
temperature and pressure. The first wvessel contains neon
(monoatomic), the second contains chlorine (diatomic), and the
third contains uranium hexaflouoride (polyatomic). (i) Do the
vessels contain equal number of respective molecules ? (ii) Is the
root mean squared speed of molecules same in the three cases ?
If not, in which case is v, . the largest ? [Delhi 2010]

Ans. (i) Yes, the vessels contain equal number of
respective molecules. This is in accordance with Avogadro’s
hypothesis that equal volumes of all gases under similar
conditions of temperature and pressure contain equal

number of molecules.
” 3RT . 1
(if) Ups = 7 LE, Uy * —_‘/—_M_

As the molecular masses of the three gases are
different, so the r.m.s. speeds of the molecules will be
different in the three cases. Moreover as the value of M is
smallest for neon, so v, is largest for neon.

13.9. At what temperature is the root mean square speed of
an atom in an argon gas cylinder equal to the r.m.s. speed of a
helium gas atom at — 20°C ? Atomic mass of argon = 39.9 uand
that of helium = 4.0 u

Ans. Root mean square speed for argon at tempe-

rature T,
= 'BRT 3 {BRT
M 399

Root mean square speed for helium at temperature

-201is
,_ [3Rx253
V=———
4.0 )

As v =1, so we have

’3RT _ [3Rx253
399 4.0
T _ 253x399

—_— = or
399 40 4.0

13.10. Estimate the mean free path and collision frequency
of a nitrogen molecule in a cylinder containing nitrogen at 2.0 atm
and temperature 17°C. Take the radius of a nitrogen molecule to
be roughly 1.0 A. Compare the collision time with the time the
molecule moves freely between two successive collisions
(Molecular mass of N, =28.0 u).

Ans. Here T=273+ 17=290 K,
d=2x10x10"""m
P=20atm =2 x1.013 x10° Pa

kg = 1.37x10" 2 JK~!

=2523.7 K.
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Mean free path,
L L
V2rnd*p
1.37 x 10" ¥ x 290
T 1414 x3.14 x(2x 107 19)% x2 x 1.013 x 10°

=11x107 m.

. [3RT :Jsxsm x290 _ o0 102 -y
rms M 0.028

Collision frequency

2
f = Joms 5’““{, =4.6x10° s
A 1.1x10
Time taken for the collision
~ ~10
pm il FOX10 —=4x1073s
v, 91x10
Time taken between two successive collisions
e TE
f 46x107s
2x10710
I = "x—_]s—s =500
b 4x107"s

Obviously, the time taken between two successive
collisions is 500 times the time taken for a collision. Hence a
molecule in a gas moves essentially free for most of the time.

13.11. A metre long narrow bore held horizontally (and
closed at one end) contains a 76 cin long mercury thread, which
traps a 15 cm column of air. What happens if the tube is held
vertically with the open end at the bottom ?

Ans. As shown in Fig. 13.23(a), when the tube is held
horizontally, 76 cm of Hg thread traps 15 cm of air and a
length of 9 cm is left at the open end.

Area of cross-section of tube = A cm?
Pressure of air enclosed, R =1latm =76cm of Hg
Vi=Axl=Ax15cm>,

\ : (24 +It) em
Air Mercury Air Air

———76em —

Volume,

15¢m 9cm
(76 — ) cm
Mercury
(@) (b)
Fig. 13.23

As shown in Fig. 13.23(b), when the tube is held
vertically, mercury thread reaches the open end and
length of air column becomes 15 +9 =24 cm. Let h cm

of Hg flow out to balance the atmospheric pressure.
Length of mercury thread decreases to (76 — h) cm and
that air column increases to (24 + 1) cm. Let P, be the
pressure exerted by air column. Then

P, +(76 - h) = 1atm =76 cm of Hg
P, =76 -76 + h=hcm of Hg
V, = Ax(24+ h)em®.
If temperature remains constant, then from Boyle’s
law,
RV, = BY;
76 x Ax15=hxAx(24 + h)
or i +24h-1140=0
o 24 + /576 + 4560
or 1=
2
-24+ 5126 -24+716
2 2
23.8cm or — 47.8cm

Since, hcannot be negative (more mercury cannot flow
into the tube), /1 = 23.8 cm. Therefore, when the tube is held
vertically, the mercury thread will decrease in length by
23.8 cm,

13.12. From a certain apparatus, the diffusion rate of
hydrogen has an average value of 28.7 em®s™. The diffusion of
another gas under the same conditions is measured to have an
average rate of 7.2 cm’s . Identify the gas.

Ans. According to Graham's law of diffusion,

i_ M
£) M,

I

Here
i = diffusion rate of hydrogen = 287cm %™
r, = diffusion rate of unknown gas = 7.2cm% !
M, = molecular mass of hydrogen = 2
M, = molecular mass of unknown gas =?

2 2

1

Now M, =L | M, =(§Z) x2=3178 = 32
r 7.2

Obviously, the unknown gas is oxygen.

13.13. A gas in equilibrium has uniform density and
pressure throughout its volume. This is strictly true only if
there are no external influences. A gas columnn under gravity,
for example, does not have uniform density (and pressure). As
you might expect, its density decreases with height. The precise
dependence is given by the so-called law of atmospheres,

ty = mexpl-mg(h, —h )/ kyT]

where ny, 1w refer to number density at heights b, and h
respectively. Use this relation to derive the equation for
sedimentation equilibrivm of a suspension in a liquid column :

n, = mexp[-mg N ,(p~p')(h, =)/ p RT]
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where p is the density of the suspended particle, and p” that of Ans. If ris the atomic radius, then
sur.mmrdmg medium. [N , is Avogadro’s number, and R the voluma-of ench: atom, o= im}
universal gas constant]
Ans. According to the law of atmospheres, Volume of one mole of atoms,
mg(hy — ) : V=No=N, o
n, =mexp —— — - (1) =Njv=N,x_mr
2= { koT 3

If M is the atomic mass and p the density of the

: ion is in sedimentation equilibri
When the suspension is in sedi on eq um o botance, then

in a liquid column, the weight mg of the suspended

particle needs to be replaced by its apparent weight. V= M
Now the apparent weight of the suspended particle P 15
mg' = Actual weight - Upthrust « N, xt_sl = M . - [4 31:, ]
=mg-Vp'g p TPIV 4

-p' . -3 -3
= mg - E.p’g - '"8[p P ) For carbon : M = 1201x10™" kg, p = 2.22x 103_ kg m
P p

- 1/3
R _ 3x1201x10
Also,  kp= N, 47 x222x10° x6.023 x10% ,
Replacing mg by mg" and putting the value of k in =1.29x10""m =1.29A
equation (i), we get
9 (). we get For gold : M =197x107 kg, p=1932x10°kgm™
n, = 1y ex —m 1/3
L="1 kyT ) 3x197x107
Lor=
i . 47 x19.32x10° x6.023 x 107
or n = exp[—mg ale =Py ~ 1) 10
pRT =159x10""m =1.59A
13.14. Given below are densities of some solids and liquids. For lithium : M = 694x107 kg, p =053 10°kg m-3

Give rough estimates of the size of their atoms :

_( 3x694x107 )“3

Substance ;a';‘;"'(i:) a ogi";i:‘y.g ) 41 x053x10° x6023 x10” ,
Carbon (diamond) |  12.01 2.22 =173x10""m =173A
Gold 197.00 19.32 For fluorine : M =19x102 kg, p =114x 10°kg m 2
Nitrogen (liquid) 14.01 1.00 3x19x1073 3
Lithium 6.94 053 o (tm x 114 x10° x6.023 x 1023J
Fluorine (liquid) 19.00 1.14 =1.88x10"m =1.88 A

Text Based Exercises o 4

Type A : Very Short Answer Questions 1 Mark Each
1. Name the phenomena which give direct experi- 3. At which temperature does all molecular motion
mental evidence in support of the molecular cease ?
motion. 4. What is the nature of graph between pressure (F)

and volume (V) for a given mass of a gas at a fixed

2. What is an equation of state ?
temperature ?
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10.
11.
12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

24,

What is the nature of graph of Pversus (1/ V) for a
given mass of gas at constant temperature ?

What is the natuge of graph of PV versus P for a
given mass of gas at constant temperature ?

What is the lowest temperature
according to Charles’ law ?

attainable

Who proposed a model for a gas for the kinetic
theory of gases ?

What do you mean by mean free path of a gas
molecule ?

Write the equation of state for an ideal gas.
What does the universal gas constant R signify ?
What is the value of R in SI units ?

Does the average K.E. per molecule of the gas
depend upon the mass of the molecule ?

On which factor, does the average KE. of
translation per molecule of a gas depend ?

to kinetic
[Delhi 08]

What is Boltzmann’s constant ? Give its value.

Define absolute zero, according
interpretation of temperature.

How is the average K.E. of a gas molecule related to
the temperature of the gas ?

The absolute temperature of a gas is increased four
times its original value. What will be the change in
r.m.s. velocity of its molecules ? [Delhi 12]

A molecule of mass m normally strikes a wall with
velocity » and retraces its path after striking the
wall. What is the change of momentum of the
molecule ? ‘

At a constant temperature, what is the relation
between the pressure Pand density p of a gas ?

A gas enclosed in a vessel has pressure P, volume V
and absolute temperature T. Write the formula for
the number of molecules N of the gas.

Write the value of gas constant in CGS system for
1 g of helium.

The velocities of three molecules are 3, 4v and 5v.
Determine the root mean square velocity.

What will be the ratio of the root mean square speeds
of the molecules of an ideal gas at 270 K and 30 K ?

A mixture of helium and hydrogen gases is filled in
a vessel at 30°C. Compare the root mean square

Answers

1. The phenomena of diffusion of gases and Brownian

motion provide direct experimental evidence in
support of molecular motion.

26.

27.

28.

29,

30.

31.

32

33.

34,

35.

36.

37.

38.
39.

velocities of the molecules of these gases at this
temperature. Atomic weight of hydrogen = 4.

A container with porous walls is filled with a
mixture of two gases. It is placed in evacuated
space. The lighter of the two gases will escape out
soon. Write the relevant relation which we use for
explanation.

How much volume does one mole of a gas occupy
at normal temperature and pressure ?
[Himachal 02]

Write the relation between the pressure and kinetic
energy per unit volume of a gas.

What is the mean translational kinetic energy of a
perfect gas molecule at temperature T ?

Two vessels A and B of the same volume are filled
with the same gas at the same temperature. The
pressure of the gas in vessel Bis twice the pressure
of the gas in A. What is the ratio of the number of
molecules in Band A ? ‘

Two cylinders contain helium at 2 atmosphere and
argon at 1 atmosphere respectively. If both the
gases are filled in one of the cylinders, then what
would be the pressure ?

What is the translational K.E. per unit volume of a
gas whose pressure is P?

A liquid is frozen at absolute zero of temperature.
What happens to its molecular motion ?

Water solidifies into ice at 273 K. What happens to
the kinetic energy of water molecules ?

Two gases having same volume V, temperature T
and pressure P are mixed. If the mixture is also at
the temperature T, and has volume V, what will be

the final pressure ? [Delhi 96]
Define Avogadro’s number and give its value.
[Himachal 02]

Write the relation between the ratio of the specific
heats of a gas and degrees of freedom.

Is molar specific heat of a solid a constant quantity ?

What is the mean translationl kinetic energy of a
perfect gas molecule at temperature T ?
[Central Schools 08]

Name two factors on which the degrees of freedom
of a gas depend. [Central Schools 08]

An equation which relates the pressure, volume
and temperature of a system is called an equation of
state.

.
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10.
11.

12.
13.
14.
15.

16.

17.

18.

19.
20.

21.

L ® NP e

At zero kelvin.

It is a rectangular hyperbola.

It is a straight line passing through the origin.
It is a straight line parallel to the pressure axis.
- 273.15°C.

R. Claussius and ].C. Maxwell.

The mean free path of a gas molecule is the average
distance traversed by the molecule between its two
successive collisions with other molecules.

PV =nRT.

The universal gas constant R signifies the work
done by (or on) a gas per mole per kelvin.
R=8314] mol ' K™\

No.

Temperature.

Absolute zero is the temperature at which all
molecular motion ceases.

Boltzmann’s constant is defined as the gas constant
per molecule.

ky R _qasx100 P
N
A

Average K.E. of a gas molecule,

lm? =§k3 T.
2 2

v mﬁ

rms

v’ oc-Jﬁ

rms
'
v s _ 2

vrms

ro_
or U= 2 Yeins

Change in r.m.s. velocity of molecules
~ v:'ms = Pons = Yrms

Thus the change in r.m.s. velocity will be equal to

its initial value.

2 mu
At constant temperature,
L = constant.
p
N=S2b_
kg T

r=2078 x 107 erg g™} o=l

. \Fsv)2 + (40)* + (50)
rms 3

=J@v=4.080.
3 .

24, “rms o ‘/f - 2 341
Upis T 30

25. (vrms)llc = MHZ
(Urms )I-I2 MHc

= J? =1:2.
i
26. The ratio of the rates of diffusion of two gases
E]_ =(Urms)1 - A_A'Z_ .
h (vrms )2 Ml
Hence lighter gas diffuses more rapidly.
27. 224 litte or 224x107° m”.
28. P= g
3
29. KE=2kyT.
. 2h
30. p=1 N2
3V
For constant m, V and T, Pecn
M _ & = —2—P =2:1
ng Py P
31. According to Dalton’s law of partial pressures,
P= P + B =2+ 1=3atmosphere.
32. E= 2 P.
2 -

33. The molecular motion ceases at absolute zero.

34. The kinetic ‘energy of the water molecules gets
partly converted into the binding energy of the
ice.

35. 2P. Refer to solution of Problem 26 on page 13.28.

36. Itis the number of particles present in one mole of a
substance.

N, =6.0225 x10% mole™ .
C 2
37, y=—L=1+—.
Cy f
38. Yes. Near the room temperature, its value is
3calmol™ ' K™
L
39. A perfect gas molecules has only translational K.E.
3
= Ek sT
40. Degrees of freedom of a gas depend on

(i) Atomicity of the gas molecules.
(i) Shape of the molecules.
(i) Temperature of the gas.
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10.

1L

13.
.14.
15.
16.

17.

Type B : Short Answer Questions

Write any four fundamental postulates of. the
kinetic theory of an ideal gas.

[Himachal 08, 09 ; Delhi 03]
What is an ideal gas ? Why do the real gases show
deviation from ideal behaviour.
Draw P-V curves showing deviations from ideal
behaviour for a given mass of a gas for two
different temperatures.

On the basis of kinetic theory of gases, explain how
does a gas exert pressure.

Show that the pressure exerted by a gas is two-
thirds of the average kinetic energy per unit volume
of the gas molecules.

Or

Derive the relation between pressure and mean
kinetic energy of a gas. [Himachal 05]

Calculate the total random kinetic energy for one
mole of a gas at constant volume. [Delhi 97]

Discuss the kinetic interpretation of temperature.
Hence define absolute zero of temperature
[Himachal 05, 07C, 09C]
Show that the average kinetic energy of a gas mole-
cule is directly proportional to the absolute tempe-
rature of the gas. Hence give the kinetic interpretation
of temperature. [Himachal 09 ; Delhi 08]

Explain the concept of absolute zero of temperature
on the basis of kinetic theory of gases. [Delhi 09]
Derive Boyle’s law on the basis of kinetic theory of
gases.

Derive Charles’ law on the basis of kinetic theory of
gases.

Deduce Gay Lussac’s law on the basis of kinetic
theory of gases.

Derive perfect gas equation from kinetic theory of
gases.

State Avogadro’s law. Deduce it on the basis of
kinetic theory of gases.

Deduce Grahm’s law of diffusion from kinetic
theory of gases using expression for pressure.
State Dalton’s law of partial pressures. Deduce it
from the kinetic theory of gases.

Draw a curve showing Maxwell’s distribution of
molecular speeds of a gas at a given temperature.
Indicate on this curve

18.

19.

20.

21.

23.

24,

25.
26.
27.

28.

29,

30.

2 or 3 Marks Each

(1) most probable velocity,
(17) average velocity and
(1if) root mean square velocity.

Define average, root mean square and most
probable speeds. Arrange them in the decreasing
order of their values.

What do you mean by degrees of freedom ? Show
that the number of degrees of freedom of a system
consisting of N-particles and having k independent
relation between them is (3N - k).

Define degrees of freedom. Calculate the degrees of
freedom of monoatomic, diatomic and triatomic
gas molecules. [Himachal 07C]

State the law of equipartition of energy. Determine
the values of y for diatomic gas N, at moderate
temperature. [Delhi 11]

State the law of equipartition of energy and prove
that for a diatomic gas at high temperature, the
ratio of the two specific heats is 9/ 7.

Using the law of equipartition of energy, show that
for an ideal gas having f degrees of freedom,

y=l+-—2~‘

f
State the law of equipartition of energy and using
this find the relation for the total internal energy of
a mole of monoatomic gases. [Delhi 08]

What is Dulong and Petit's law ? Dllustrate it
graphically also. [Delhi 95]

What is Brownian motion ? How can it be
accounted for ?

State four factors on which Brownian motion
depends.

Derive the expression for pressure exerted by an
ideal gas using kinetic theory of gases. Hence
define root mean square velocity.

[Himachal 07C ; Central Schools 09 ; Delhi 12]
Using the expression for pressure exerted by a gas,
deduce Avogadro's law and Graham's law of
diffusion. [Chandigarh 08]

(i) Define Absolute zero.

(if) Deduce the dimensional formula for R, using
ideal gas equation
PV =nRT.

(i) Find the degree of freedom of a monoatomic
gas. [Central Schools 07 ; Delhi 10]



KINETIC THEORY OF GASES 13.43

31.

State the number of degrees of freedom possessed
by a monoatomic molecule in space. Also give the
expression for total energy possessed by it at a
given temperature. Hence give the total energy of
the atom at 300 K. [Centrl Schools 08]

. Drive the relation between the ratio of two specific

heats of gas and degree of freedom.
[Central Schools 09]

Answers

BN ok i ek e bl el el el e
S e ®» 3 & e R KES

B R

2 8

o T A L o o o

Refer answer to Q. 8 on page 13.7.
Refer answer to Q. 7 on page 13.3
See Fig. 13.5 on page 13.3

Refer answer to Q. 9 on page 13.7.
Refer answer to Q. 11 on page 13.8.
Refer answer to Q. 12 on page 13.8.
Refer answer to Q. 12 on page 13.8.
Refer answer to Q. 12 on page 13.8.
Refer answer to Q. 12 on page 13.8.
Refer answer to Q. 13 on page 13.11.

. Refer answer to Q. 14 on page 13.12.

Refer answer to Q. 15 on page 13.12.
Refer answer to Q. 16 on page 13.12,
Refer answer to Q. 17 on page 13.12.
Refer answer to Q.18 on page 13.12.
Refer answer to Q. 19 on page 13.13.
See Fig. 13.11 on page 13.13.

Refer answer to Q.22 on page 13.14.

. Refer answer to Q.23 on page 13.17.
. Refer answer to Q. 24 on page 13.17.

Refer answer to Q. 26(ii)(a) on page 13.19.
Refer answer to Q. 26(ii)(b) on page 13.19.
Refer answer to Q. 27 on page 13.19.

Refer answer to Q. 25 on page 13.18 and Q. 26(i) on
page 13.19.

Type C: Lo

What are the basic assumptions of kinetic theory of
gases ? On their basis derive an expression for the
pressure exerted by an ideal gas.

[Himachal 05, 08C ; Delhi 99]

33.

34.

25.

26.
27.
28.
29.
30.

31

32.
33.
34.

ong Answer Quasiions

State and explain the law of equipartition of energy.
[Himachal 09]

State the law of equipartition of energy of a
dynamic system and use it to find the value of the
ratio of two specific heats of monoatomic and
diatomic gas molecules.

[Himachal 09C]

Refer answer to Q. 28 on page 13.23 and see
Fig. 13.15.

Refer answer to Q. 33 on page 13.26.
Refer answer to Q. 33 on page 13.26.
Refer answer to Q. 10 on page 13.17.
Refer answer to Q. 17 and Q. 18 on page 13.12.

(i) Absolute zero is defined as that temperature at
which all molecular motion stops.

(ii) Refer to the solution of Problem 22 on
page 13.28.

(iii) Refer answer to Q. 24(a) on page 13.17.

No. of degrees of freedom of a monoatomic
molecule =3

Total energy possessed by a monoatomic molecule
= 3
E= % kgT
At temperature T =300 K,
E =§x138x1023 x300

=621x102].

Refer answer to Q. 27 on page 13.19.
Refer answer to Q. 25 on page 13.18. _
Refer answer to Q. 26(i) and (ii) on page 13.19.

5 Marks Each

2. State the postulates of kinetic theory of gases.

Derive an expression for the pressure exerted by an
ideal gas. Molar volume is the volume occupied by
1 mole of any (ideal) gas at standard temperature
and pressure (STP =1 atm pressure, 0°C). Show that
it is 22.4 litres. [Delhi 06]
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3. Prove that the pressure exerted by a gas is
P=%p ¢?, where p is the density and c is the root
mean square velocity,

[Himachal 04 ; Central Schools 09, 12]

4. What is meant by degrees of freedom ? State the
law of equipartition of energy. Hence calculate the
values of molar specific heats at constant volume
and pressure for monoatomic, diatomic and
triatomic gases. [Himachal 02]

__Answers

1. Refer answer to Q. 8 and Q. 10 on page 13.7.

2. Refer answer to Q. 8 and Q. 10 on page 13.7 and see
answer of NCERT Exercise 13.2 on page 13.35.

3. Refer answer to Q. 10 on page 13.7.

. State and prove the law of equipartition of energy.

On its basis find the value of the two molar specific
heats of a gas and the ratio of the two specific heats.
What will be the values of C,» G, and y, when the
gas under consideration is (i) a monoatomic gas
(if) a diatomic gas ? [Himachal 01]

. What is meant by mean free path of a gas

molecule ? Derive an expression for it. On which
factors does it depend ? [Himachal 07]

4. Refer to points 19, 20 and 21 of Glimpses
5. Refer answer to Q. 25 on page 13.18 and refer to

point 21 of Glimpses.

« Refer answer to Q. 31 on page 13.24.
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Kinelic Theory of Gases

~ GLIMPSES

. Boyle’s law. It states that at constant temperature,
the volume of a given mass. of a gas is inversely -
proportional to its pressure. ‘

Vx1/P or PV =constant

or RV, =RV, (For constant m and T)

Charles’ law. It states that if the pressure remains

constant, then the volume of a given mass of a gas

increases or decreases by 1/ 273.15 of its volume at -

0°C for each 1°C rise or fall of temperature.
Mathematically,

t 273.15+1
V=V|1+ —|=Vv [
! "( +27'3.15_) "( 273.15 ]

If we put 273.15 + t = Tand 273.15=T;, then .
£=Yﬂ or K=ccmstant “
T T T
So Charles’ law: can also be stated as follows :
At constant pressure, the volume of a given mass

of a gas is directly proportional to its absolute .

temperature.

Gay Lussac’s law. It states that if the volume
remains constant, then the pressure of the given
mass of a gas increases or decreases by 1/ 273.15 of
its pressure at 0°C for each 1°C rise or fall of
temperature. Mathematically,

P‘=%(l+ t )=% 27315+ ¢
273.15 273.15

B T

or —_ ==
R T

or —P = constant
T

So Gay Lussac’s law can also be stated as follows :

At constant Wlume, the pressure of a given mass of
a gas is directly proportional to its absolute
temperature.

~

Ideal gas equation. For n moles of a gas,

PV = nRT or ﬂ = ﬂz
SE T B
For 1 mole of a gas,
PV = RT
Universal gas constant. It signifies the work done
by the gas per mole per kelvin.

R=831] mol ™' K.
Boltzmann’s constant. It is the gas constant per
molecule of a gas. If N is Avogadro’s number, then

kg = R =1.38 x10" 2 J molecule 'K,
N o

Ideal or perfect gas. A gas which obeys gas laws
strictly is an ideal or perfect gas. The molecules of
such a gas are of point size and there is no force of
attraction between them.

The actual real gases obey the ideal gas equation

only approximately at low pressures and high

temperatures.

Assumptions of kinetic theory of gases :

(i) All gases consist of molecules. The molecules
are rigid, elastic spheres identical in all
respects for a given gas and different for

~ different gases.

(if) The size of a molecule is negligible compared
with the average distance between two
molecules. '

(iti) The molecules are in a state of continuous
random motion, moving in all directions with
all possible velocities.

(iv) During the random motion, the molecules
collide with one another and with the walls of
the vessel.

1345

vt
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9.

10.

11.

13.

14.

' gases occupying a given volume is equal to the
-sum of the partial pressures which gas would exert

(v) The collisions are perfectly elastic and there
are no forces of attraction or repulsion
between them.

(vi) Between two collisions, a molecule moves in a
straight path with a uniform velocity.

(vi) The collisions are almost instantaneous.

(viffy The molecular density remains uniform

throughout the gas.

Pressure exerted by a gas. According to kinetic
theory of gases, the pressure exerted by a gas of
mass M and volume V or density p is given by

Here n is the number of molecules per unit
volume, m the mass of each molecule and v? is the
mean of square speed.

Average kinetic energy of a gas. Let M be the
molecular mass and V the molar volume of a gas.
Let m be the mass of each molecule. Then

() Mean K.E. per mole of a gas,

E=im=3pr=3rr-3¢, N1
2 By 12

(17) Mean K.E. per molecule of a gas,

B Lot —k T
2

This is the kinetic interpretation of temperature.
That is, the temperature of a gas is a measure
of the average kinetic energy of a molecule.

(1i7) KE. oflgramofg::-%t? 2R

2 M’
Avogadro’s law. It states that equal volume of all
gases under similar conditions of temperature and
pressure contain equal number of molecules.
Avogadro’s number. It is the number of particles
present in one mole of a substance. lts most

~accepted value is

N, = 6.0225 x.10% mole !
Graham's law of diffusion. It states that the rate of
diffusion of a gas is inversely proportional to the square
root of its density.

-i=‘{§
n Py

Dalton’s law of partial pressures. It states that the
total pressure exerted by a mixture of non-reacting

if it alone occupied the same volume at the given
temperature. |

15.

16.

17.

18.

19.

- 20.

Average speed, It is defined as the arithmetic mean of
the speeds of the molecules of a gas at a given tenpe-
rature.

SR T S SR

it ’Bkﬂ T [8RT _ fSPV
¥ M M
Root mean squaré speed. It is defined as the

square root of the mean of the squares of the
speeds of the individual molecules of a gas.

JU12+U§+'U32+ ..... +U2

n

3k, T [3RT _ [3PV
Urms = P M = M

Most probable speed. It is defined as the speed
possessed by the maximum number of molecules
in a gas sample at a given temperature.

2k, T [2RT _ [2PV
UJH,'J = -2 +—
m M M

vrms i

Relations between 7, v ___ and ¥ g
v=0927,
U= 0816w,
R T Vi = 1.73:1.60:1.41
Clearly, v > US> Uy -

Degrees of freedom. The degrees of freedom of a
dynamical system are defined as the total number
of coordinates or independent quantities required
to describe completely the posmon and configura-
tion of the system.

If N = number of particles in the system,
k = number of independent relations
; berween the particles

then the number of degrees of freedom of the

- system is

f=2N-k

A monoatomic molecule gas has 3 degrees of
freedom, a diatomic gas molecule has 5 degrees of
freedom. At high temperature, a diatomic molecule
has 7 degrees of freedom.

Law of equipartition of energy. It states that in
any dynamical system in thermal equilibrium, the
energy of the system is equally divided amongst
its various degrees of freedom and the energy

associated with each degree of freedom is ; k, T,

‘where kB is Boltzmanns constant and T is the

~ absolute temperature of the system.
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21. Internal energics and specific heats nf‘mono- U= 7 RT, C, ) R
atomic, diatomic and polyatomic gases. The law 2 2
of equipartition of energy leads to the following C,d 9 R o 9 108
results : P2 7
(i) For a gas of polyatomic molecules having f (v) For a triatomic gas of non-linear molecules,
degrees of freedom, f=6s0
Energy associated with 1 mole of gas, U =3RT, Gi= 3R,
f f : C, = 4R, y=1.33
u= 5 RT G= 5 R, (vi) For a triatomic gas of linear molecules, f = 7, so
C u = z RT, C‘U = ‘7— R,
f r 2 2 2
CP= 1+"—' R Y‘.:—::1+_ 9
2 G C,5ZR, y=128,
B 12
(#f) For a monoatomic gas, f =3 so 22. Mean free path. It is the average distance covered
U= 3 RT C = 3 R by a molecule between two successive collisions. It
2 ¥R is given by
5 ] = 1
C == = 1.66. A=——=——
r=5 R Y V2 nnd®
(r1i) Ffoi .; diatomic gas with no vibrational mode, wheie (s e De density ! and d.i5s: the
L= 20 diameter of the molecule. ;
U= 5 RT, Ci= 3 R 23. Brownian motion. It provides a direct evidence
2 2 - for the existence of molecules and their motion. .
7 The zig-zag motion of gas molecules is Brownian
C;v ) R r=ld motion because it occurs due to random collision
(iv) For a diatomic gas with vibrational mode, of melecules. Bt.n fhis oo e i
_7 However, the zig-zag motion of pollen grains
F=%so (=107 - m ) can be seen under a microscope.
IIT Entrance Exam B

A MULTIPLE CHDICE QUESTIONS WITH
ONE CDRRECT ANBWER

1. A vessel contains 1 mole of O, gas (relative molar

mass 32) at a temperature T. The pressure of the gas is
P. An identical vessel containing one mole of He gas
(relative molar mass 4) at a temperature 2T has a
pressure of

(a) P/8 (b) P
(2P (d) 8P (1T 97)
2. The average translational kinetic energy of O,

molecules (relative molar mass 32) at a particular
temperature is 0.048 eV. The translational kinetic
energy of N, molecules (relative molar mass 28) in eV
at the same temperature is

(a) 0.0015 (b) 0.003
(c) 0.048 (d) 0.768
3. The average translational energy and the r.m.s.
speed of molecules in a sample of oxygen gas at 300 K

[IIT 97]

are 6.21x 10! ] and 484 ms™! respectively. The corres-
ponding values at 600 K are nearly (assuming ideal gas
behaviour)
(a) 12.42 x 10721 J, 968 mis !
(b)8.78x1072 ], 684 ms™
(€)6.21x 10721 J, 968 ms ™!
(d)12.42x1072 J, 684 ms™! [IIT 97]

4. A gas mixture consists of 2 moles of oxygen and
4 moles of argon at temperature T. Neglecting all
vibrational modes, the total internal energy of the
system is

(a) 4RT

(c) 11RT

(b) 9RT
(d) 15RT

5. The ratio of the speed of sound in nitrogen gas to
that in helium gas, at 300 K is

(@) 277 (b)V1/7
(©) (v3)/5 (d) (V6)/5

(IIT 99]

[IIT 99)
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6. From the following statements, concerning ideal
gas at any given temperature T, select the correct
one(s) :

(@) The co-efficient of volume expansion at

constant pressure is the same for all ideal gases

(b) The average translational kinetic energy per
molecule of oxygen gas is 3kT, k being
Boltzmann constant

(c) The mean-free path of molecules increases with
increases in the pressure

(d) In a gaseous ‘mixture, the average translational
kinetic energy of the molecules of each
component is different. (11T 95]

7. An ideal gas is expanding such that PT?=

constant. The- coefficient of volume expansion of the
gas is
1- . 2

(@) T (b) T

3 4
© 3 =

(1T 08)

8. A real gas behaves like an ideal gas if its
(@) Pressure and temperature are both high
(b) Pressure is high and temperature is low
(c) Pressure and temperature are both low
(d) Pressure is low and temperature is high
. . ; - [T 2010 1
/ MULTIPLE EH@MBE @UEHTB@NI WII'I]'H
ONE OR MORE THAN ODNE GORREDT -
ANBWER ]
9. At room teir\pérature,'the rms. speed of e

molecules of a certain diatomic gas is found to be
1,920 ms™. The gas is

(@) H, (b) F,
G (@ al,
10. The temperature of an ideal gas is increased

from 120 K to 480 K. If at 120 K, the r.m.s. velocity of
the gas molecules is v ; at 480 K, it becomes

(a) 4v b)2v
©v/2 @) v/4
11. Let?, v, and v, respectively denote the mean

(11T 84]

(1T 96]

speed, root mean square speed and most probable
speed of the molecules in an ideal monoatomic gas at
absolute temperature T. The mass of the molecule is m.
Then

(4) no molecule can have a speed greater than 12 Vs

(b) no molecule can have a speed less than v p /2

(©) v, < U<,

(d) the average kinetic energy of a molecule is %mv;

(1T 98]

12. A vessel contains a mixture of 1 mole of oxygen
and 2 moles of nitrogen at 300 K. The ratio of the
average rotational kinetic energy per O, molecule to
that per N, molecule is

@1:1 (®)1;2

(c)2:1

(d) depends on the moment of inertia of the two
molecules. (11T 80]

'13. When an ideal diatomic gas is heated at constant
pressure, the fraction of the heat energy supplied,
which increases the internal energy of the gas is

(a) 2/5 (b) 3/5
(c) 3/7 (d) 5/7.

14. If one mole of monoatomic gas (y=5/3) is

- [T 90}

mixed with one mole of a diatomic gas (y =7/5), the
value of adiabatic exponent y for mixture is

(a) 1.35 (b) 1.40
(c) 1.50 (d) 1.75.
15. A given quantity of an ideal gas is at pressure P

and absolute temperature T. The 1soth.ennal bulk
modulus of the gas is e ‘ .

(0)5 (b) P

[IIT 88]

(c)'ip (@2P.

|IIT 98]
16. Three closed vessels A, Band C are at the same
temperature T and contain gases which obey the
Maxwellian distribution of velocities. Vessel A
contains only O,, Bonly N, and C a mixture of equal .
quantities of O, and N,. If the average speed of the O,
molecules in vessel Ais v, that of the N, molecules in
vessel Bis v,, the average speed of the O, molecules in
vessel C is

v, +7,
a
(a) 5

(b) v,

[3kT
(d) M

where M is the mass of an oxygen melecule.
17. C, and C, denote the molar specific heat

(©) (v; . )"

(11T 92]

capacities of a gas at constant volume and constant
pressure, respectively.
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Then (c) C,/C,is larger for a diatomic ideal gas than for
a monoa!omnc ideal gas

@) C, . C, is larger for a diatomic ideal gas than for
a monoatomlc ideal gas (LT 9]

(@) C,-C,is larger for a diatomic ideal gas than for
a monmtomlc ideal gas

(b) C,+C,is larger for a diatomic ideal gas than for
a monoatomlc ideal gas

Answers and Explanations

1. () PV =nRT or P= nRT (c) With increase of pressure, volume decreases.
Vo ~ The collisions become more frequent. The mean free
For same n, R and V, P«<T. path decreases.
B _T P, 2T p —2p (d) The average K.E. does not depend on the nature
P, B F o B TT or h=eb of the gas, so each component of the gasesous mixture
has the same average translational kinetic energy.
2. () Average translational K.E. of a molecule . .
3 : Hence only option (a) is correct.
- EkT 7. (c) Given PT?*=C
It depen.ds on temperature and not on molecular But PV=nRT or P= ﬂ
mass. Hence average translational K.E. for N, will also ‘ ' ' ‘ v
be 0.048 eV. nRT* nRT?
3 v =C or V=
3. (d) Average translational K.E. = EkT T _ . C
‘ : * Hence av —_w— rLd [Put T3 = g]
eed = 3RT JT . : . dT c T nR
rms. speed = [=- - VT ., - dv/dT -3
- : or s y= ==.
v T '

When temperature increases from 300 K to 600 K, .
average translational K.E. increases 2 times: and r.m.s.
speed increases J_ 2 or 1.414 times.

Average translatlonal KE.

8., (d)- Real'gas behaves like an ideal gas if its
pressure is low and temperature is high. This ensures
large mtermoler:ular separation -and no interaction.

_2x621x10‘2‘-1242x10 21] , 9. (@) 3RT
. { B
r.m.s.'speed = 1.414x 484 = 684 ms ' L _ VM-
4. (¢) For two moles of diatomic rutrogen W1th no ' M= 3RT =3)(8.3»:300 -
vibrational mode, ; (Um,s)z (1920)2
U1=2’<ERT=5RT Hence the gas is H,.
For four moles of monoatomic argon,
U2=4ngT=6RT . U=U;+U,=11RT. Urms(1)
v =20 =20
f 1
5. (0) v= Y—;—T e )
3RT
1L (0) (@) Vpps =1
o(N,) _ ("N, My, _ 7/5xi=£ M
o(He) |7y My, V5/3"28 5 __ [BRT _ 25RT
n M M
6. (a)ICoefﬁcient of cubical expansion of an ideal 5RT
gas,')r:?. ”;ﬁ“'ﬁ
At a given T, yis same for all ideal gases. Clearly, v,<?<v.,
(b) The average translational K.E. per molecule is _
vms = EFP

(3/2) kT and not 3kT.
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COMPETlfIOH =

. Average K.E. of a gas molecule

- 2
= 1 2o 1 3" = ;3-"”’2
= 2—?”? i _i n 2—( P = 4 p

Hence options (c) and (d) are correct.
12. (a) Both gases are diatomic. Both have two
rotational degrees of freedom at 300 K.
Average rotational K.E. per molecule of each gas
will be same
=2x kT =1kT.

Hence the required ratiois 1: 1.
13. (d) Required fraction,
AU nC,dT C, 1

A_(j nCpdT - C: Ty
For a diatomic gas, y=7/5

au _s

AQ 7
14. (¢) Refer to the solution of Example 36 on page 13.21.

15. (a) At a given temperature, PV = constant

PAV+VAP =10
or P= vap =— AP = Isothermal bulk modulus
AV AV IV

16.(p) ©v= /% « /T (for a given gas)

As vessels A and C have the same temperature,
Average speed of O, in C

= Average speed of O, in A=v,.
17. (), (d) C, —C,, = R for all ideal gases.

Hence option (a) is incorrect.

7R 5R
(Cp + Cy Idintomic = 7* o =6R
SR 3R _, o

(CP * CV )Monnalomic = 2 + 2

- (G, + C, ) is larger for a diatomic gas.
Hence option (b) is correct.
C
[Eﬂ] ===14
V' /Diatomic 5
C
V' /Monoatomic 3
~. Cp [ C, is smaller for a diatomic gas.
Hence option (c) is incorrect.
- 35
(CrCy Dpiatomic = 1 R

15

2
(CPCV )Monoatomic = ? R

- Product C,C,, is larger for a diatomic gas.
Hence option (d) is correct.



