PART TWO

THERMODYNAMICS AND MOLECULAR PHYSICS

2.1 EQUATION OF THE GAS STATE - PROCESSES

2.1

22

Let m, and m; be the masses of the gas in the vesscl before and after the gas is released»
Hence mass of the gas released,
Am = m, - m,
Now from ideal gas equation
‘R R
V= mlHTD and p, V= mzHTo

as V and T are same before and after the release of the gas.

R R
s0, p,-p)V= (’"1""2)1‘_,{7'0’ A’”HTO
Pr-PD VM  ApVM
or, Am= - {1
RT, RT,
M p
We also know T 50, —— 2
P= Py RT, 7, @

(where p,= standard atmospheric pressure and 7 = 273 K)
From Eqgs. (1) and (2) we get
am=p VR - 13530x 2781 30,
Py 1
Let m) be the mass of the gas enclosed.
Then, nV=vRT

When heated, some gas, passes into the evacuated vessel till préssure difference becomes
Ap. Let p', and p', be the pressure on the two sides of the 'valve. Then
P ¥=v,RT, and

PoV=v,,RT,=(v,-v)RT,
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But, pi-py=bp
. (PL Pathp
SO, P Z (Tl - ‘T2 T2
pl T2 '

Let the mixture contain v, and v, moles of i, and H, respectively. If molecular weights
of H, and H_ are M, and M,, then respective masses in the mixture are equal to
my=v, M and my= v, M,
Therefore, for the total mass of the mixture we get,
m=m+m, or m=v, M +v, M, (43}
Also, if v is the total number of moles of the mixture in the vessels, then we know,
V=V +V, )

Solving (1) and (2) for v; and v,, we get,

(vM,-m) m-vM,
Vit ML, 0 VT MM,
(vM,-m) (m-vM)
2 1

Therefore, we get m = M, - and m, =

ml Ml (v M2 - m)
o m, M, (m-~vM,)
One can also express the above result in terms of the effective molecular weight M of the
mixture, defined as,

m, M, M,-M 1-M/M,
Thus —= =
’ m, M, M-M, M/M, -1

Using the data and table, we get :

m
M= 30g and, —= 0-50
my
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2.4 We know, for the mixture, N, and CO, (being regarded as ideal gases, their mixture too

2.5

behaves like an ideal gas)
pV=vRT, so p,V= vRT

where, v is the total number of moles of the gases (mixture) present and V is the volume
of the vessel. If v, and v, are number of moles of ¥, and CO, respectively present in

the mixture, then
V=V +V,
Now number of moles of N, and CO, is, by definition, given by
v, = ;!—71- and, v,= ;"Tz
1 2
where, m is the mass of ¥, (Moleculer weight = M) in the mixture and m, is the mass
of CO, (Molecular weight = M) in the mixture.
Therefore density of the mixture is given by
mo+m,  m+m,
V. (VRT/P)

P mtm Polmy+ myM, M,

RT wvi+v, RT(m M,+m,M,)

= 1'5S kg/m® on substitution

(a) Tbe mixture contains v, ,'v, and v3 moles of O, N, and CO, respectively. Then the
total number of moles of the mixture
V=V HVy vy
We know, ideal gas equation for the mixture
vRT

pV=vRT or p= v

(v +v,+v3) RT

or,
v

= 1-968 atm on substitution

(b} Mass of oxygen (O,) present in the mixture : m; = v, M,

Mass of nitrogen (N,} present in the mixture : m, = v, M,

. Mass of carbon dioxide (CO,) present in the mixture : my = vy M,

So, mass of the mixture

m=m +my+mg= v, M +v, M, +vs M,

mass of the mixture
total number of moles

Moleculer mass of the mixture : M =

v My + vy My + vy My y
» — ———=—=—>= 367 g/mol. on substitution
ViV, 4y
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2.3
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Let p; and p, be the pressure in the upper and lower part of the cylinder respectively at
temperature T, At the equilibrium position for the piston :

pS+mg=p,S o, p + _’%&- D3 (m is the mass of the piston.)

RT
But p; = 1—1-—‘-/9- {(where V; is the initial volume of the lower part)
(]

RT RT, RT,

So, e Mg 0 or, mg_ 0 1_l (1)
nv, § Vo S Vo 7

Let I be the sought temperature and at this femperature the volume of the lower part

becomes V', then according to the probiem the volume of the upper part becomes n' V'

Hence, %g' = I;‘—T (1 - #) 2

From (1) and (2).

o[
RT, 1\ RT 1 ol m
2o =|m 212 or, T
Vo v M v 1___1_
0 ,nl

As, the total volume must be constant,

, Vo (1 +7m)
Vol+m)=V(1+n') or V—W
Putting the value of V' in Eq. (3}, we get
I,{1- v -
T - n} "Q+vn)
) 1
Vo (1 - ;}-;-)
T,m* -1y
BELIUE )L IR
' “~1}n
Let p; be the density after the first stroke, The the mass remains constant
- - _Ye
Vp (V+ AV) P> o, Py (V‘l’ AV)

Similarly, if p, is the density after second stroke
2
|4 |4
Vo= (V+AV)p, o, %.GHAAH'LMAJpo

In this way after mth stroke.

n

(v
Pn= |y Ay Po

Since pressure a density,
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2.9

n

A
Pn= v iav) Po (because temperature is constant.)

It is required by P to be L
Po n

. (v Y o (reAwy
’ n |V+AV > M= Vv
Hence "= __Inm

AV
1n(1+ v )

From the ideal gas equation p = ﬁR—J

dp RT dm )
dt MV de
In each stroke, volume v of the gas is ejected, where v is given by

In case of continuous ejection, if (m, _,} corresponds to mass of gas in the vessel at time

t, then m, is the mass at time £ + At, where Af, is the time in which volume v of the gas

L v,
has come out., The rate of evacuation is therefore — i.e.

At
Cetu_ V  mt+ A -m{)
At m(t+ A At
In the limit Af - 0, we get
V dm
c- m dt &
From (1) and (2}
dp_ _CmRT_ C p_ _C
a~ VMY T TVE O Ty
Py 0
. d C y:2 C
Integratin f @ _ ——f dt or In4+=~-—¢
& & p 4 Py 14
? 3
Thus p=pye Y

Let p be the instantaneous density, then instantancous mass = V. In a short interval df

the volume is increased by Cdt.
So, ’ Vo= (V+Tdry(p+dp)
{because mass rcmains constant in a short interval dr)
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SO
3 P 7

Since pressure o density Q'PE_ - %dt

4
_dp_C
or s V"
Py
or t= v In El- Kln-l— 1-0 min
C pp €M

2.10 The physical system consists of one mole of gas confined in the smooth vertical tube. Let
my and m, be the masses of upper and lower pistons and 5, and S, are their respective

areas.
For the lower piston

P+, g=p,5,+T,
or, T=(p-p)S,+myg (1)
Similarly for the upper piston

PSS *T+mg=pS,,

or, T=(p-p)S;-m g @

I~
[~
RN NN N

~
-i
NN\

BN ~
AR ST
\,._
--'

From (1) and (2) g

(p-pp (5, ~S)=(m +m)g }g ;

"

or, P-p)bS=mg 2
80, = —& + p, = constant

From the gas law, pV=vRT
pAV=vRAT (because p is constant)

ﬂ& =
So, (p0+ AS) A/Sl RAT,
Hence, AT-Il—z(poAS+mg)I- 09K

2
R
(as, V= RT/p for one mole of gas)

Thus, T= Rrp VD R\[— 'Pﬂp P (1)

da(po?’ -p3)
dp

For T_.. must be zero
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which yields, Pr= g—po (2)
1 2 2 2({Po Po
Hece, T =300 Vo3 - 53] VB
®) p=pye " = pyePXTF
50 Mz.---lnl ‘P-'i, andT—-‘E—ln‘ﬁ 1)
r p BR  p
For T, the condition is :1';- 0, which yields
P
=
Hence using this value of p in Eq. (1), we get
P,
Tous = efR

2 2
212 T= Ty+av?= T+aZL
)

(as, V= RT/p for one mole of gas)

So, p=Va RT(T-TY)Y? 1)
For Poin s % = {) , which gives

T=2T, )
From (1) and (2}, we get,
Puia™ V& R2T, (2T, - T) ™« 2RVG T,

2.13 Consider a thin layer at a height A and thickness dh. Let p and dp + p be the pressure on
the two sides of the layer. The mass of the layer is Sdhp. Equating vertical downward

. That means, temperature of air drops by 34°C at a height of 1 km above bottom.

force to the upward force acting on the layer. |
Sdhpg+{p+dp)S=pS
L 2
So. Gn = ~PE W l l(P+dp)s
h
But, p= }%RT,wchavedp- %a-df, —dT v T
ﬁ I
of, ~57 dT = pgdh !
dar_ _gM
So, F- "R -34K/km



2.14 We have @ _ pg (See 2.13)

2.15

2.16

" dh

But, from p= Cp" (where C is, a const) -:%- Cnp"!

We have from gas low p=p %T, so using (2)

dl M 2
Thus, a3 (n-1)yp
dl _dT dp dp
But, dh = dp dp dh
ar_ M nez 1 =Mg(n-1)
So) dh= C( _1)p Cnpn_l(—pg) nR
M
We have, dp = - p g dh and from gas law p = RT ?
dp_ Mg
Thus 3 T dh
Integrating, we get
A
g __Meg p, M
or, f P RT dh or, In s RT h,
0
(where p; is the pressure at the surface of the Earth.)
p= Poe-Mgh/RT,
{Under standard conditjon, p,= 1atm, 7= 273K
. - 28 x 981 x 5000/8314 x 273

= (-5 atm.
- 28 % 981 x (- 5000)/8314 x 273

Pressure at a height of 5 atm = 1 x e
Pressure in a mine at a depth of 5 km = 1 xe

We have dp = — pg dh but from gas law p= %RT,

Thus dp = %IP-RT at const. temperature
dp _ gM
So, o RT dh

Integrating within limits f f EM

= 2 atm.]

®
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2.17

2.18

p__sM
or, hl.p0 RTh
- RT
So, p= pye MR gngha — " 1n B
0 Mg p,

(a) Given T= 273K, %3- e

RT -1
Th hew— = .
us glne Skm

(b) T = 273" K and

PoZP 001 or £ w099
fo Po

Thus how-RL 102 o 009 km on substitution

Mg "~ pg
From the Barometric formula, we have

P=p o= Mg h/RT
-2

and from gas law P= o7

So, at constant temperature from these two Egs.

M,
Po o~ MENRT

- — Mg h/RT
P= &T 1)

Po€

Eq. (1) shows that density varies with height in the same manner as pressure. Let us
consider the mass ¢lement of the gas contained in the colimn.

M,
dm= p (Sdh)= —2L ¢~ MEWRT 51
’ RT
Hence the sought mass,

Mpy§ o~ MEWERT gy _ PoS (1 _e—Mgh/.RT)
g

RT
0

As the gravitational field is constant the centre of gravity and the centre of mass are same.

The location of C.M.
f hdm f hpdh
he S -

fdm fpdh
o 0

But from Barometric formula and gas law p= p, e

- Mg h/RT
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2.20
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[+3

f h (e"“*""“) dh

So h-.-o =_1£I_

o8 Mg
f (e Mg ""‘“) dh
]

(a) We know that the variation of pressure with hejght of a fluid is given by :

dp= —-pgdh

M

But from gas law p= %RT o, p="pr

From these two Egs.

dp= -2M8 0 ()

RT
o dp_ _-Mgdh
ry RT,(1-ah)
2 R
- dp Mg f _dn_
Integrating, f » " RT,J T-awy we get
Py 0
n 2 = Inq1 - ahyMeFT
Py
Hence, p=py(l-ah) Mg/aRT,  Obvionsly 4 < ;11-

(b} Proceed up to Eq. (1) of part (a), and then put T = T, (1 + a k) and proceed further
in the same fashion to get

Po
e T MY
P= s any T,

Let us consider the mass element of the gas
(thin layer) in the cylinder at a distance r from )
its opent end as shown in the figure.

Using Newton’s second law for the element : A

\._/

F, = mw; 5

(p+dp)S-pS= (pSdryw’r

= patrdr= B2
o, dp=pwrdr T rdr



184

P r
So, & _ rdr or, f P, rdr,
P P
2
p_Mao » o M P 2RT
Thus, lnp0 2RFT 96 P=Poe
2.21 For an ideal gas law
= £

P MR T

500
So, p= 0082 x 300 x Y atms = 279-5 atmosphere

For Vander Waal gas Eq.

(Pt.‘.g_g_] (V-vb)= vRT, where V= vV,

vRT av? mRT/M  am?

FrVETVTT T e TV
M
- PRT _P_
M b M 79-2 atm
RT a RT
222 (a) p= —-——5——- (1+ n)-T,—
M

(The pressure is less for a Vander Waal gas than for an ideal gas)

a(l+m) L NVytb
" vz - RTlg Ttk "Ry Vu-b

a(l+n)(V,-b)
T RV, MV, +b

or, , {bere V,, is the molar volume.)

o 135x11x {1 - 0-039)

00s2x (0139)  ~1PK
(b) The corresponding pressure is
p= XL RT a a(l+mn) a
V,-b ?ﬁ VilnV, +5) " v2
a VysnVy-nV,-b _a_(VM-b)
. V2 MV, +b) V; (VM +b)
. 135 " 0-961 =93 atm

1 0139
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a

R(1,-T))
So, Pimby= T
R(T,-T R(T,-T,
or, V—b-uf—"’——l) of, b= V——(—z—i)
Pr=pP Bymp
Pr=Py  a
Also, =T T,-T, -V
a T1(P2‘P1)“p Jhpr-p T
v? L-1; ! L-T,
Iip,-p, T
cv2hiPr P iy
or, a=V -————~T2_T1

Using T, = 300K, p, = 90atms, T, = 350K, p, = 110 atm, V= 0-250 litre

a= 187 atm. litrcz/molez, b= 0-045 litre/mole

RT a @\ RIV 2a
4 p V—b_F—V(aV)T- (V-b)z_Vz
o, K - —1( V)
’ V{ap
_[RIVP-2a(V-b) "1_ vi(V-b)
VI(V-b) [RTV? -2a (V- bY]

225

For an ideal gas K, = RT

-1 2 2
(V-bP [ 2a(v-p?* _ b 2a (b
Now - Gt 2] -Ko(l-v){l-m(i-v)}

2b 2a
= K, {1 El RTV} to leading order in 4, b

-1

. 2a 2b a
Now k> Kk, if .RTV>V or T<bR

If a, b do not vary much with temperature, then the cffect at high temperature is clearly
determined by b and its effect is repulsive so compressibility is less,



