


Table 8.1. Constants of Van der Waals’ Equation

Substance a b
Nmélikg-mol)? mifkg-mol
Hydrogen (H,) 25105 0.0262
Oxygen (O,) 139250 0.0314
Carbon dioxide (CO,) 362850 0.0423
Helium (He) 3417620 0.0228
Aar 135522 0.0362
Water (H,O) vapour 551130 0.0300
Mercury (Hg) vapour 2031940 0.0657

Table 8.2. Constants of the Beattie-Bridgeman Equation of State

Gas A, a B, b cx J107#
Hydrogen (H,) 200117 —0.00506 0.02096 —0.04359 0.0504
Oxygen (O,) 151 0857 0.02562 0.04624 0.004208 4 80
Carbon dioxide (CO,) 507 2836 0.07132 0.10476 0.07235 G66.0
Helium (He) 21886 0.05954 0.01400 0.0 0.0040
Alr 131 8441 001931 004611 —0.001101 434
Nitrogen 136.2315 0.02617 0.05046 —0.00691 420
Argon 130.7802 0.02328 0.03931 0.0 509

Table 8.4. Properties of Gases
c P’
- =B Z ==L
Gas Molecular s € RB=cme,| ¥ [ ©  RqT.
weight kJikg K) | (hJikg E) (kI lkg E)
(M)
Aar 2807 1.005 0718 0.287 14 02584
Oxygen 32 0.920 0.660 0.260 14 0.307
IMitrogen 28 1.045 0.754 0.292 1.39 0201
Hydrogen 2 14 40 10.40 40 138 0.304
Carbon monoxide 28 1046 0754 0.292 1.39 —




Problem 1
Example 8.4. A vessel of capacity 3 m?3 contains 1 kg mole of N, at 90°C.

(Z) Calculate pressure and the specific volume of the gas.
(@) If the ratio of specific heats is 1.4, evaluate the values of c, and c,.

(1ii) Subsequently, the gas cools to the atmospheric temperature of 20°C ; evaluate the final
pressure of gas.

(iv) Evaluate the increase in specific internal energy, the increase in specific enthalpy, increase

in specific entropy and magnitude and sign of heat transfer.
Solution. Mass of N,, m = 1 kg mole i.e, 28 kg

Capacity of the vessel, V, = 3 m?>
Temperature, T, =90 + 273 = 363 K
(i) Pressure (p,) and specific volume (v,) of the gas :
Using the relation
p,V,= mRT,
8314
p; X3 =28 x (E) x 363

P, = 1005994 J/m? or 10.06 bar. (Ans.)

Specific volume, v,= = 55 = 0.107 m3}'kg. (Ans.)




prl = mlRTl ormg =

( p1Vh J

X RT;
P2V2J
V. = T or mqy =
pyVy = myRT, X RT,
Mass of air removed during the process = (m,—m,) kg
_ riVa . PV
(m=my) = B " RT.
1 (pVi pVo) 1 |(1x10°)x40 (04 x10%)x 40
"R\ Ty T, | 287 298 278

= 26.71 kg. (Ans.)
Volume of this mass of gas at 1 bar and 25°C is given by

mRT 26.71x 287 x 298

V= — = 22.84 m3. (Ans.
p 1x10° m®.  (Ans.)




‘

(it) c, = 2e,=?

Cp
— = 1.4 (given) kL)
Cl)
8314 N
But C,—C,= R = W (1)

Solving for ¢, and c, between (i) and (ii)
c, = 1.039 kd/kg K; ¢ =0.742 kJ/kg K. (Ans.)
(z11) Final pressure of the gas after cooling to 20°C :

Initially After cooling
p, = 10.06 bar Py ="?
V,=3m? V, =3 m?
T, =363 K T2=20+273=293K
Vi paVs
N =
ow, T, T,
P1 P2
or Fl = T_2 (as V1 = V2)

pily _ 1006 x293 = 8.12 bar. (Ans.)

P2

T 363




(iv) Au, Ah, As, Q :
For a perfect gas,

Increase in specific internal energy

Aua = ¢ (T, — T,) = 0.742(293 — 363) = - 51.94 kd/kg. (Ans.)
Increase in specific enthalpy,

Ah = ¢, (T, — T}) = 1.039(293 — 363) = — 72.73 kd/kg. (Ans.)
Increase in specific entropy,

As = c, log, (&] + R log, (U—EJ

Ti 5]

But v, = U,
ps = e, log, [%} - 0.742 log, (%) - - 0.1589 kd/kg K. (Ans.) /

1

AN

Now, Q=Au+W

Here W = 0 as change in volume is zero
Q= Au

Heat transfer, Q =-51.94 kJ/kg = —-51.94 x 28 = — 1454.32 kJ. (Ans.)




determine :

(z) The final specific volume, temperature and increase in entropy ;
(iz) The work done and the heat transfer.

Example 8.5. (a) 1 kg of air at a pressure of 8 bar and a temperature of 100°C undergoes
a reversible polytropic process following the law pv'2 = constant. If the final pressure is 1.8 bar

Assume R = 0.287 kJ/kg K and y = 14.

(D) Repeat (a) assuming the process to be irreversible and adiabatic between end states.

Solution. (a) Mass of air,
Pressure,

Temperature,

The law followed :

Final pressure,

Ratio of specific heats,
(1) vy T, and As :

m =1 kg
p, = 8 bar
T

PE = 1.8 bar
Characteristic gas constant, R = 0.287 kJ/kg K

"f: 1.4

Assuming air to be a perfect gas,

p, = RT,

RT,

, =100 + 273 = 373 K

pvl? = constant

(0.287 x1000) x 373

P

= = 0.1338 m?
8 x 10° kg




12 _ 12
Py = Paly

Also,
112
Ug m
or =
! (Pz }
112 112
or o, = v, |22 = 0.1338 [EJ = 0.4637 m%kg
2= " Po - 1.8 -
i.e., Final specific volume, v, = 0.4637 I|13fkg. (Ans.)
Again, Poly = RT,
povy  18x10° X 0.4637
Ty= "R = "(0287x1000) - 2%08K
i.e., Final temperature, t, = 290.8 — 273 = 17.8°C. (Ans.)
Increase in entropy As is given by,
T. g
As = ¢ log —2] + R log [—]
i {4 [Tl i U‘]
c
But vy= £ =1.4 (given)
c,
and ¢, = €, = R (= 0.287 kdJ/kg K for air)

Solving for ¢, between (1) and (1z),
e, = 0.717 kJ/kg K
0.463'?)

290.8
As = 0.717 l“ge 373 + 0.287 loge M

== 0.1785 + 0.3567 = 0.1782 kJ/kg K
As = 0.1782 kJ/kg K. (Ans.)

i.e., Increase in entropy,




(11) Work done and heat transfer :
The work done in a polytropic process is given by,

Pi"1 — Pal’2 R(Ty -Ty)
n-1 - n-1

W=

0.287 (373 — 290.8)
(12-1)

Work done 117.96 kd/kg. (Ans.)
Heat transfer, Q=Au+W
where Au = ¢ (T - Tl}
= 0.717 (290.8 — 373) = — 58.94 kdJ/kg
@ =- 5894 + 117.96 = 59.02 kd/kg
Henoe heat transfer = 59.02 kJ/kg. (Ans.)

(b) (1) Though the process is assumed now to be irreversible and adiabatic, the end states are
given to be the same as in (a). Therefore, all the properties at the end of the process are the
same as In (a). (Ans.)

(it) As the process is adiabatic, § (heat transfer) = 0. (Ans.)
Au = Au in (a)

= 117.96 kJ/kg

Applying first law for this process
Q=Au+W
O0=Au+ W
W=- Au
= —(— 58.94) = 58.94
Work done = 58.94 kJ/kg. (Ans.)




Example 8.7. CO, flows at a pressure of 10 bar and 180°C into a turbine, located in a
chemical plant, and there it expands reversibly and adibatically to a final pressure of 1.05 bar.
Caleulate the final specific volume, temperature and increase in entropy. Neglect changes in
velocity and elevation.

If the mass flow rate iz 6.5 kg/min. evaluate the heat transfer rate from the gas and the
power delivered by the turbine.

Assume CO, to be a perfect gas and c, = 0.837 kdlkg K.

Solution. At entry to turbine At exit of turbine

Pressure, p; = 10 bar Pressure, p, = 1.05 bar
Temperature, T, = 180 + 273 = 453 K

Since the expansion is reversible and adiabatic, therefore, the equation pvV = constant is
app]icab]e.

Py = povy! (1)
E]Jmmah_ng v, and v, using the perfect gas equation

RT

V= ——
p
We can write equation (i) as




_ (10 YT
105

0.837 EJ/kg K (given)

R, 85314 ]
= ﬂ; = —;; (Molecular weight of CO, = 44)

— 0.1889 kJ/ke K

€, — €, = R
o — D837 = 0.1889

f
¢, = 1.0259 kJ'kg K

Substituting for ¥ in equation (i7)
453 (10 (123 —1¥123
(55)
= 297 K
= 297 — 273 = 24°C. (Ans.)
p.v, = RT,
1.05 x 107 x Uy = (0.1889 x 1000) x 297
(01889 x 1000) x 297
Y2 = 1.05 x 10°
Final specific volume = 0.5343 m%kg. (Ans.)
As the process is reversible and adiabatic
As =0
Increase in entropy = 0. (Ans.)

Final temperature

= 0.5343 m®kg




Since the process i1s adiabatic, therefore, heat transfer rate from turbine = 0. (Ans.)
Applying steady flow energy equation (S.F.EE.) on unit time basis,

C/” Cy

mlh +—
17y

+ZB}+W

+311+Q m[hz +—=

By data changes in velocity and elevation are negligible, and @ = 0.
. 2.FEE. reduces to

W= (- hy)

dh
= mﬂp{Tl— TE] [ﬂsﬁzﬁﬂihl_hﬂzﬂp {Tl—TE]j|

65
=20 1.0259 (453 —297) = 1734 kW
Hence power delivered by the turbine = 17.34 kW. (Ans.)



Example 8.9. One kg of CO, has a voelume of 1 m® at 100°C. Compute the pressure by
(i) Van der Waals' equation
(i) Perfect gas equation.
Solution. (i) Using Van der Waals’ equation -
Molar specific volume, © = 1 x 44 = 44 m?*kg-mol - M for CO, = 44)
Temperature, T=100 + 273 =373 K
The values of a and & for CO, (from Table 8.1)

a = 362850 Nm*(kg-mol)*

b = 0.0423 m?*kg-mol

R, = 8314 Nm/kg-mol K

0
Van der Waals’ equation is written as

L4
[p+ﬁ—2] (5 -b) = R,T

(75-%)
P=15-p %

Substituting the values in the above equation, we get
8314 x 373 362850
44 - 00423 442
= 70548 — 187 = 70361 N/m* or 0.7036 bar.
(i) Using perfect gas equation :
pv = R,T

R, 8314 x373
p= — = ——— = T0480 N/m* or 0.7048 bar. (Ans.)

Falfa




Example 8.10. A confainer of 3 m? capacity contains 10 kg of CO, at 27°C. Estimate the

pressure exerted by CO, by using :
(i) Perfect gas equation
(ii) Van der Waals' equation
(iii) Beattie Bridgeman equation.
Solution. Capacity of the container, V = 3 m?®
Mass of CO,, m = 10 kg
Temperature of CO,, T=27T+273=300 K
Pressure exerted by CO,, p :

(i) Using perfect gas equation :

Using perfect gas equation
pV = mRT

10 % 188.95 x 300
P="y = 3
— 188950 N/m? or 1.889 bar. (Ans.)

(7i) Using Van der Waals’ equation :
[p+;2] @ -b) = R,T
U

a = 362850 INm*(kg-mol)*

b = 0.0423 m?/(kg-mol)
3x 44
v = Molar specific volume = T(} = 13.2 m3¥kg-mol

IMow substituting the values in the above equation, we get
8314 = 300 382850

P= 132_00423 (1327
= 189562 — 2082 5 = 187479.5 N/m* or 1.875 bar. (Ans.)




(111) Using Beattie Bridgeman equation :
p- fla-¢) . py A

- =
() 2

T 0T
From Table 8.2 Aﬂ = 507.2836, a = 0.07132

B, = 010476, b= 007235
C =66 x 10*

where p = pressure, A = A, (1— ],B:Bu [1_2] and e = —

007132
132

0.07235
132

A = 5072836 [1 - ] = 204.5

] = 0.1042

B = 010476 [1 -

66 x10*
C= 5 = 0.001852
13.2 % (300)

MNow substituting the various values in the above equation, we get

8314 x 300(1 — 0.001852) (13.2 + 0.1042) 5045
p= (13272 2+ 010420 = 19592

= 190093 — 289 = 19 x 10° N/m* = 1.9 bar. (Ans.)




