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9 Real and ideal gases and

gas mixtures

Learning objectives:

9.1

SR A S o o

‘Ideal gas, ‘Perfect gas; ‘Semi-perfect gases’ and ‘Real gas’ are defined.

Various equations of state for Ideal as well as real gases are presented.

Next, ‘compressibility factor’ and ‘principle of corresponding states’ are discussed.

Topics of Internal energy, Enthalpy and Specific heats for Ideal gases are reviewed.

Next, properties of mixtures of ideal gases are dealt with.

Dalton’s Law, Gibbs-Dalton Law, Avogadro’s Law etc are stated. Procedures to calculate sp.
heats, apparent Molecular weight, Gas constant, internal energy, enthalpy etc of a mixture of
ideal gases is explained.

Above topics are illustrated by solving several problems.

Introduction:

In this chapter, we shall study the concept of ‘Ideal gas, ‘Perfect gas’ and ‘Real gases. We shall deal

with property diagrams and various equations of state. We shall also explain about the principle of

corresponding states and the generalized compressibility chart in connection with the real gases.

Calculation of specific heats at constant volume and constant pressure for gases will be enumerated next.

9.2

Ideal, Perfect and Real Gases:

For an Ideal gas:

Molecule is treated as a ‘point mass’

It is assumed that gas molecules occupy negligible volume

No molecular attraction

Molecular collisions are elastic

Follows the law: P.v = R.T, where P = pressure (Pa), v = sp. volume (m3/kg),
T = temperature (K), and R = gas constant for that particular gas (J/kg.K)

Specific heats are functions of temperature

For a Perfect gas:

All the assumptions are the same, except that the specific heats are constants and do not

vary with temperature
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In reality, there is no ideal or perfect gas. H2, O2, N2, He etc behave nearly as perfect gases and are

known as ‘semi perfect gases.
For a Realgas:

o Molecular volumes and intermolecular attraction will be considered.

« Several equations of state have been proposed

9.3 Ideal Gas Laws and Property diagrams for an Ideal (or perfect) gas [1, 2]:
9.3.1 Boyle's Law:

It states: “Volume of a given mass of perfect gas varies inversely as the absolute pressure when the

absolute pressure is constant". i.e.

P-V=const forconst. T.............. 4.1)
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9.3.2 Charles’ Law:

“If any gas is heated at constant pressure, its volume changes directly as its absolute temperature”. i.e.

Y=const when P is const......... (4.2a)
T
ie. V1=V2 (4.2b)
T1 T2

933 P-V-T surface for Ideal gas:

Each point on the P-V-T surface represents an equilibrium point.

Note that P-V, P-T and T-V diagrams are the projections of this surface on the respective coordinates:

Pressure P

Constant volume
— Constant temperature
— Constant pressure

Fig. 9.1 P-V-T surface for an Ideal gas [13]

11
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94 |deal gas equation of state:

An equation of state gives a relation among the three measurable quantities P, V and T. Ideal gas equation

of state is written in the following ways:

where:
P = pressure (kPa), V= volume (m3), m = mass (kg), v = specific volume (m3/kg),
T = absolute temperature (K), p = density (kg/m3),
R = particular gas constant (k]J/kg.K) = R /M, where
R, = Universal gas constant = 8.314 (kg/kmol.K), M = Molar mass for the gas,
= 8.314 (kPa.m3/kmol.K)
= 0.08314 (bar.m3/kmol.K
= 1.986 (Btu/lbmol.R)
=10.73 (psia.ft3/lbmol.R)
= 1545 ft.Ibf/Ibmol.R)

Other forms of Ideal gas equation are:

P-VENR T ....(4.42)
P.vbar=R ‘T ....(4.4b)

where N = no. of moles, vbar = molar sp. volume

Note that:
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Values of gas constant R for a few gases is given below:

Gas Constant, B

rhedibg-

Ar 025870
Ammaonia 04582
Carbon Dioxide 0. 1584
Helium 20771
Hydrogen 41243
Mitrogen 02965
Oxygen 02555
R-12 0.06576
R-134a 0.03149

Table 9.1 Values of gas constant R for a few gases
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9.5 Deviation from Ideal gas behavior — Compressibility factor:

While the Ideal gas equation is very simple to use, it must be noted that it is mostly applicable for gases
at low densities, i.e. at low pressures and high temperatures. Gases deviate considerably from ideal gas

behavior at regions near the critical point and saturation lines. This is shown below:

Fig. 9.2 Deviation from Ideal gas law [7]

Departure from Ideal gas behavior against pressure for some gases is illustrated below:

Departure from Ideal Gas Behavior

Ideal gas 8.4r
R=8.3145 8.31
¥ g2
[=]
E 81
3
8.0 i
2l% 5o I B B
0 5 10 15 20

F {atmospheres)
Fig. 9.3 Deviation from Ideal gas law for some gases [9]

For the specific case of Water/Steam, following graph illustrates the regions where Ideal gas law can

be applied without much error. Note that around the critical point, the error is unacceptably high i.e.

about 330%.

14
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Fig. 9.4 Region where |deal gas law is applicable for Water/Steam [8]

To account for the deviation from Ideal gas law, we introduce a correction factor, Z, called ‘compressibility

factor’, as follows:

_pPv

7=
RT

or, PV=ZRT ... 4.7)

\'
Also, z= Ml 48

Videal

o _RT
whnere \% 1deal_T

Note that Z =1 for Ideal gas.
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Different gases behave differently with variation of pressure and temperature, but their behavior is
observed to be identical when the pressures and temperatures are ‘normalized’ with respect to the critical

pressures and temperatures of respective gases. So, we define:

Pp=— ... (4.9a), and

Where P is called ‘Reduced pressure’ and T, is called ‘Reduced temperature.
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Values of ‘critical parameters’ for a few substances are given below:

Gas Chemica Temperature | Specific Volume
Formuila TK 17,??!3 ';Cg—}? ale

Air - 7T 132.8 0.0E3
Ammonis NH5 1128 405 8 0.073
Argon A 447 151.0 0.07T5
Carbon dicaxide HiN T1.8 304.2 0.0r54
c CO 35.0 133.0 0. 053
Freon-12 CCIF, 40.3 385.0

He 2.3 5.2

H, 13.0 33.2

M, 333 126.1

O 50.6 154.5

B0, T8.8 430.5

HZ0 Z20.8 5473

And following table gives a more detailed information from TEST [15]:

Material Properties Useful for the Real Gas Model
Critical-Point Properties

Molar Mass
Temperature Pressure  Volume
Substance Formula —
M Tc:r P Ver
kg/kmol K MPa m?lamol
Air -- 28.97 1324 arT n.oge3
Ammaonia MHZ 17.03 40584 11.28 00724
Argon Ar 3099443 141 486 00749
Benzene CEHE 78115 f62 482 0.2603
Bromine Br2 169.208 aa4 10.24 0.1354
n-Butane C4aH10 f8.124 4352 a.a 02547
Carbon Dioxide co2 44.01 a04.2 .24 0.0943
Carbon Monoxide Co 28.011 133 3.5 0093
Carban Tetrachloride 4 153.82 556.4 4 .86 0.2759
Chlorine cl2 T0.906 a7 T 01242
Chloroform CHCI3 119.28 A36.6 a.47 02403
Dichlorodifluoromethane (R-123 CCI2F2 120.91 3847 4.M 02174
Dichlorofluoramethane (R-21) CHCIZF 102.82 4817 817 0.1973
Ethane C2HE a0.07 20584 448 n14g
Ethyl-Alcohol C2HS0H 46.07 a16 628 01673
Ethylene C2H4 28.054 2824 a.12 01242
Helium He 4.003 8.3 0.23 0.0578
n-Hexane CEH14 86,179 a07.5 3.03 0.3677
Hydrogen {normal) H20 2016 33.3 1.3 00644
Krypton kr a3.a 209.4 8.4 00924
Methane CH4 16.043 1911 464 0.09493
Methyl alcohol CH3oH 32042 51332 7.85 0118
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Methyl chloride CH3CI 50.485 416.3 .68 0.143

MHean e 20183 445 273 0.0417
MHitrogen M2 28.013 126.2 3349 0.0299
Mitrous oxide M20 44 013 ao0a.r T2T 0.0961
Cxygen o2 31.9495 1548 5.08 nova
Fropane C3HS 44 097 370 426 01998
Frapylene C3HE 42.081 365 462 0181
Sulfur dioxide 502 G4 063 4307 7.aa 01217
Tetrafluoroethane (R-134a) CF3ICH2F 102.03 ar4a 4067 01847y
Trichlorofluoramethane (R-113 CCI3F 137.37 471.2 438 02478
Wiater H20 18.015 G473 22049 0.0568
Henan e 131.3 2894 5.88 01186
Table 9.2

If values of Z determined from experiments for various gases are plotted against P, and T, following

plot is obtained:

Fig. 9.5 Z values for various gases [7]

It is noted that “Z factor is approximately the same for all gases at the same reduced pressure and

temperature’ This is known as the principle of corresponding states.
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In problem solving, generally, we use the Lee-Kesler compressibility chart, based on ideal fluid assumption:

1.2

Lee-Kesler Simple Fluid Compressibility Factor

i1 F"J : Z ET = :Z = [ Py ] Reduceé temf:ueraftur;e

049

0.5

n.r

0.6

Compressibility factor Z

0.5

0.4

.................................................

............................................................................................

..........................................................................

nlat by izzi

0.1 n.z 0.3 0.5 1.0 2 3 = 10

Reduced pressure Pr

Fig. 9.6 Lee-Kesler compressibility chart [8]

We note the following from the generalized compressibility chart:

(i) At very low pressures, i.e. at P, << 1, gases behave like an ideal gas irrespective of temperature

(ii) At high temperatures, i.e. at T, > 2, ideal gas behavior can be assumed irrespective of pressure, except

at very high pressures of P, >> 1

(iii) Deviation from ideal gas behavior is most pronounced in the region near the critical point.
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9.6 Equations of state for ‘Real gases’”:

Several equations of state have been proposed in an attempt to predict P-V-T behavior of substances

over a wider range of pressures and temperatures. We shall present a few of them below:

9.6.1 Van der Waal's equation of state:

This is one of the earliest attempts (1873) to increase the range of applicability of ideal gas equation by
inserting factors to take into account the intermolecular attractions and the finite volume occupied by

the molecules in a real gas. It is of the following form:

P+ 2] (v-b)=RT
2
\'%

Here, the term (a/v?) accounts for the intermolecular attraction and the term b accounts for the volume

...... 4.10)

occupied by the molecules. The constants a and b are given in terms of critical properties as follows:

2
27R°T
a= and
64P .

To express Van der Waals equation in terms of mole basis, replace v by vbar and R by R in the

above equations.

b=

RTop

8P r

a and b can thus be calculated from the critical properties of a given gas.

Values of a and b for some common fluids are given below [17]

TABLE A-24 Constants for the van der Waals, Redlich-Kwong, and Benedict—Webb—Rubin Equations of State

I. van der Waals and Redlich-Kwong: Constants for pressure in bar, specific volume in m*/kmol, and temperature in K

van der Waals Redlich-Kwong
a il Il b
m m’ m' Y " n

Substance bar bar K=

kmol kmol kmaol kmol
Air 1.368 0.0367 15.980 0.02541
Butane (CyH,q) 13.86 01162 289.55 0.08060
Carbon dioxide (COy) 3647 0.0428 64.43 002963
Carbon monoxide (CO) 1.474 0.0395 17.22 0.02737
Methane (CHy) 2.293 0.0428 32.11 0.02965
Nitrogen (Na) 1.366 00386 15.53 0.02677
Oxygen (O4) 1.369 0.0317 17.22 0.02197
Propane (C;Hg) 0.349 0.0901 182.23 0.06242
Refrigerant 12 10.49 0.0971 208.59 0.06731
Sulfur diexide (S0O;) 6.883 0.0569 144.80 0.03045
Water (Ha(C¥) 5.531 0.0305 142.59 0.02111

Source: Calculated from critical data.
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Van der Waal’s constants for a few gases and liquids are given below:

a (L’bar/mol?) b (L/mol)
Acetic acid 17.82 0.1068
Acetic anhydride 20.16 0.1263
Acetone 14.09 0.0994
Acetonitrile 17.81 0.1168
Acetylene 4.448 0.05136
Ammonia 4.225 0.03707
Argon 1.363 0.03219
Benzene 18.24 0.1154
Bromobenzene 28.94 0.1539
Butane 14.66 0.1226
Carbon dioxide 3.640 0.04267
Carbon disulfide 11.77 0.07685
Carbon monoxide 1.505 0.03985
Carbon tetrachloride 19.7483 0.1281
Chlorine 6.579 0.05622
Chlorobenzene 25.77 0.1453
Chloroethane 11.05 0.08651
Chloromethane 7.570 0.06483
Cyanogen 7.769 0.06901
Cyclohexane 23.11 0.1424

“I studied
English for 16 P
years but...
...I finally .
learned to '
speak it in jus
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download

21 Click on the ad to read more

Download free eBooks at bookboon.com


http://en.wikipedia.org/wiki/Acetic_acid
http://en.wikipedia.org/wiki/Acetic_anhydride
http://en.wikipedia.org/wiki/Acetone
http://en.wikipedia.org/wiki/Acetonitrile
http://en.wikipedia.org/wiki/Acetylene
http://en.wikipedia.org/wiki/Ammonia
http://en.wikipedia.org/wiki/Argon
http://en.wikipedia.org/wiki/Benzene
http://en.wikipedia.org/wiki/Bromobenzene
http://en.wikipedia.org/wiki/Butane
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Carbon_disulfide
http://en.wikipedia.org/wiki/Carbon_monoxide
http://en.wikipedia.org/wiki/Carbon_tetrachloride
http://en.wikipedia.org/wiki/Chlorine
http://en.wikipedia.org/wiki/Chlorobenzene
http://en.wikipedia.org/wiki/Chloroethane
http://en.wikipedia.org/wiki/Chloromethane
http://en.wikipedia.org/wiki/Cyanogen
http://en.wikipedia.org/wiki/Cyclohexane
http://s.bookboon.com/EOT

Basic Thermodynamics: Software Solutions:

PartV

Real and ideal gases and gas mixtures

Diethyl ether 17.61 0.1344
Diethyl sulfide 19.00 0.1214
Dimethyl ether 8.180 0.07246
Dimethyl sulfide 13.04 0.09213
Ethane 5.562 0.0638
Ethanethiol 11.39 0.08098
Ethanol 12.18 0.08407
Ethyl acetate 20.72 0.1412
Ethylamine 10.74 0.08409
Fluorobenzene 20.19 0.1286
Fluoromethane 4.692 0.05264
Freon 10.78 0.0998
Germanium tetrachloride 22.90 0.1485
Helium 0.03457 0.0237
Hexane 24.71 0.1735
Hydrogen 0.2476 0.02661
Hydrogen bromide 4510 0.04431
Hydrogen chloride 3.716 0.04081
Hydrogen selenide 5.338 0.04637
Hydrogen sulfide 4.490 0.04287
lodobenzene 33.52 0.1656
Krypton 2.349 0.03978
Mercury 8.200 0.01696
Methane 2.283 0.04278
Methanol 9.649 0.06702
Neon 0.2135 0.01709
Nitric oxide 1.358 0.02789
Nitrogen 1.408 0.03913
Nitrogen dioxide 5.354 0.04424
Nitrous oxide 3.832 0.04415
Oxygen 1.378 0.03183
Pentane 19.26 0.146
Phosphine 4.692 0.05156
Propane 8.779 0.08445
Silane 4377 0.05786
Silicon tetrafluoride 4.251 0.05571
Sulfur dioxide 6.803 0.05636
Tin tetrachloride 27.27 0.1642
Toluene 24.38 0.1463
Water 5.536 0.03049
Xenon 4250 0.05105

Table 9.3 Van der Waals constants for a few gases and volatile liquids [10]
Source: Weast. R.C. (Ed.), Handbook of Chemistry and Physics (53rd Edn.), Cleveland: Chemical Rubber Co., 1972.
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Units:
1 J-m*/mol? = 1 m®Pa/mol?> = 10 L%bar/mol?

1 L?atm/mol? = 101 325 J-m?*/kmol? = 101 325 Pa-m®kmol?
1 dm?*/mol = 1 L/mol = 1 m*/kmol (where kmol is kilomoles = 1000 moles)

In terms of ‘reduced pressure, volume and temp:

If we define:

P

P= — ....reduced pressure
P

vp = Al ...reduced sp. volume
Ve
T

T, = - ....reduced temperature

i | oo

T,

Note that this eqn. does not contain gas const. R or the constants a and b.

Though Van der Waals equation represents an early attempt to improve the range of ideal gas equation,

its range is still very limited.

9.6.2 Beattie — Bridgeman equation of state:

This equation, proposed in 1928, takes the following form:

R,T .
P = > [1_ﬂ_3](V+Bj_§% where
a-oi-2) Boofi-g] .. (4.12)

This equation is reasonably accurate for densities up to less than about 2.5 times the density at the

critical point.
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Values of constants in Beattie-Bridgeman equation for a few substances are given below:

Gas A a B, b c
Ar 131 8441 | 0.0193 0.04511 -0.001101 43400
Argon, Ar J0.7802 | 002328 0.03931 0.0 595900
Carbon dioxide, CO, 507 2836 0.07132 0.10476 0.07235 BRO000
Heliurm, He 2.1806 0.05934 0.01400 0.0 40
Hydrogen, H, 200117 000506 | 00209 -0.04359 a04
Mitragen, M, 1362315 | 0.02617 0.05046 -0.00691 42000
Quygen, O, 161.0857 | 0.02562 004624 0.004208 43000

Table 9.4 Values of constants in Beattie-Bridgeman equation [7]

While using the above Table, note that P is in kPa, ¥ is in m¥/kmol, T is in K and R, is equal to 8.314
(kPa-m?®)/(kmol-K).
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9.6.3 Benedict-Webb-Rubin (BWR) equation of state (1940):

In this equation number of constants is raised to 8. BWR equation is of following form:

RUT Col 1
=TS0 [BR, T-Ag -2 L+
7 [D v Tz]?2
bR, T-a .o, C i PR
u Faaey ¢ M+ e

73 ; ?3T2[ o (4.13)

F

Constants in eqn. (4.13) are given in the following Table:

Gas a Aq b By | cx10% Cpx10% | g =107 v
n-Butane, C,H, . 190658 10216 0.039998 012436 3205 100& 1101 | 0.0340
Carbon dioxide, CO, 1386 277.30 0.007210 0.04931  151.1 140.4 8470 | 0.0054

Carh””é”c'j'”“'de- 371 13587 0002632 005454 1054 8673 | 1350 | 0.0060

£l

Methane, CH, 500 158791 0.003380 0.04260 2578 | 2286 1244 | 0.00650
Mitrogen, M, 2484 10673 0002323 0.04074 7379 | G164 1272 | 00053

Table 9.5 Values of constants in BWR equation [7]
Here, note that P is in kPa, % is in m*/kmol, T is in K and R is 8.314 (kPa-m®)/(kmol-K).
BWR equation is accurate at densities up to 2.5 times the density at the critical point.

In 1962, Strobridge improved this equation further by raising the number of constants to 16. It is therefore,
more suitable for computer analysis.

9.6.4 Redlich - Kwong equation of state [5]:

RT i

P = — (4.1
T'{.ln - b \/TI’;H (T;’;“ —|— b}
where
2 2.5
- 0.42748 R T, @)
Pe
h = D'USGGQRI: ..... 4.16)
Pe
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Here, R is the Universal gas constant = 8.314472 J/mol.K. V_is the molar volume, i.e. volume of 1 mole
of liquid or gas; P_is the pressure at the critical point; V_is the molar volume at the critical point. R-K

equation performs poorly for liquid phase. It is suitable for gas phase calculation when P, < (T, /2).

9.6.5 Peng-Robinson equation of state (1976) [51:

This equation is most widely used in chemical engineering thermodynamics. It gives better prediction
of liquid states as compared to other equations of state. This equation of state requires three inputs per

compound: T, P_and the acentric factor o. This equation has the following form:

RT a o

P = — Gy
Liu - h Liﬂ | th’in - hg
where
22
C_OASTMRTE
P
- 0.07780RHT. 4.19)
Pe
o= (1+ (037464 + 1.54226w — 0.269920%) (1 - 7,%))"  -.a20)
and,

Also, Universal gas constant R = 8.314472 J/mol.K. V_ is the molar volume, i.e. volume of 1 mole of

liquid or gas; P_is the pressure at the critical point; V_is the molar volume at the critical point.
The Peng-Robinson equation is particularly useful for all calculations of all fluid properties in Natural gas

processes. Further, this equation has reasonable accuracy near the critical point; therefore, it is suitable

to calculate the compressibility factors and liquid density.
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9.6.6 Virial equation of state [5]:

All the above equations of state depend on measured properties of fluids. But, the virial equation of state

is derived directly from statistical mechanics. It is of following form:

PV,
RT

And,
B=-V
.V
C = 3

B C D
v | e | Ve EEE (4.22)

m m

Here, R is the Universal gas constant = 8.314472 J/mol.K. V_is the molar volume, i.e. volume of 1 mole of

liquid or gas; P_is the pressure at the critical point; V_is the molar volume at the critical point. Accuracy

can be increased by increasing the number of terms in eqn. (4.22).

9.7 Internal energy (u) and enthalpy (h) of an Ideal gas:

Joule’s Law: “Specific internal energy of a gas is a function of temp only and is independent of both

pressure and volume”
ie. u = f(T) only.

And, for enthalpy:

h=u+P*v=u+R*T

i.e. h = f(T) only.

9.8 Specific heats of Ideal gases:

For an Ideal gas:

du
Cor- = — -
T

dh
Cymy = ——
L
tp-oy=ER

sp.heat at const. vol____for any process

..5p.heat at const. pressure..

_where R is Gas constant.
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Isobaric sp. heats for several gases [16]:

triatomic

ol
o

Jimol-K

} diatomic

Ar, He, Kr, XE, NE monatomic

20

4

0 1000 2000 3000
T K

Join American online

Interactive Online programs

Special Christmas offer:

enroll by December 18th, 2014
start studying and paying only in 2015
save up to $ 1,200 on the tuition!
Interactive Online education

visit to find out ma@

vVvyvVvyyVvyy

Note: LIGS University is not accredited by an

nationally recognized accrediting agency listed

by the US Secretary of Education.
ore info here.

—

28 Click on the ad to read more

Download free eBooks at bookboon.com



http://s.bookboon.com/LIGS

Sp. heats of Ideal gas are functions of temp only.

Ideal gas sp. heats of some common gases are presented below in a Table, easy to use [17]:

Generally, variation of sp. heats for different ideal gases are expressed as third order polynomials in T,

and are available in Thermodynamics Text books / handbooks.

As an example:

cp_bar=a+b*T+c*T*+d*T°

where T is in Kelvin, cp_bar in kJ/kmol.K

And a, b, c and d for some gases are [1]:

Substance a b c d

Air 28.11 0.1967E-2 0.4802E-5 -1.966E-9

N2 28.9 -0.1571E-2 0.8081E-5 -2.873E-9

02 25.48 1.520E-2 -0.7155E-5 1.312E-9

co2 22.26 5.981E-2 -3.501E-5 7.469E-9

co 28.16 0.1675E-2 0.5372E-5 -2.222E-9
H2 29.11 -0.1916E-2 0.4003E-5 -0.8704E-9

Water vapor 32.24 0.1923E-2 1.055E-5 -3.595E-9
Ammonia (NH3) 27.568 2.5630E-2 0.99072E-5 -6.6909E-9
Methane (CH4) 19.89 5.024E-2 1.269E-5 -11.01E-9
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2.9 Some Processes with Ideal gases: (See Chapter 4)
9.9.1 Work:

Work = Force x distance, N.m ( = 1 Joule)
Work is a ‘path function’ i.e. an inexact differential.

9.9.2 pdV- work or displacement work:

dW= p-dV

.n"._r:

Wiy = pdV ___Integration performed on a quasi-static path

vl

9.9.3 pdV- work in various quasi-static processes:

(a). Constant pressure (isobaric) process:

(b). Constant volume (isochoric) process:

"5.'1_1_. =1

(c). Far a process in which pV = const.___|sothermal process:

R
"nﬁ.'l_-:.= pl-Viin p—_‘ .
'-L\_I:I_'J.-

(d). For a process in which pV" = const..._reversible adiabatic or isentropic process:

W= pLvi-plV2 _R(T1-T2) _pl¥Vi| p2)

P 1 a1 pL)
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Also, for a perfect gas:

pv=ERT

And for isentropic process, pv' = const., we have:

T-v ~ = constant
pl _ 5:*. 1)
pl L +v2)
T2 _ (vl -
1 \+v2)
—1
n_(p2) "
T1 | pl)

-~

-
-

-*V
-
~3
e
e
caar
——
ey
——
LTS
U
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(e). Faor a process in which p\™ = const..._polytropic process:

n—1
Wiy= pLVl- p2¥2 _ pl¥1| (p2) "

n-1 n—1 ME_,.'

. - -T2
PR s by

n-1

Also: for a paolytropic process:

pl _ f\'lh'l_n

pl L +2)

n (v

)
n-1

n_(p) "

1 i\ pl)

For a perfect gas:

pv=RT du= cv-dT
€
=_F =
If—l:— ':p_':i_R

Then, heat transfer during a polytropic process (for a perfect gas):

Q= (w2 - ul) + W=, (T2 - T1) + R(T1 - T2)

Simplifying, we get:

0 _1—-n R(T1-T2)
pnl}-“_ﬁ_l' n—1
ie. 70y

oty = T Vpoty

Polytropic sp. heat:

Paolytr. sp. heat: Cp= Gy -4

l-n

32

Download free eBooks at bookboon.com



9.10  Properties of Mixtures of Ideal gases [18]:
9.10.1  Dalton’s Law:

The pressure of a mixture of gases is equal to the sum of the partial pressures of the constituents.

The partial pressure of each constituent is that pressure which the gas would exert if it occupied alone

that volume occupied by the mixture at the same temperature.
Considering a mixture of two Ideal gases A and B:

m=ms+mg and.

p=pa+pg ---byDalton's Law

For a mixture of i no. of ideal gases:

m=imy +mg + me+ L+ my
PEPATPETPC T v TP
Or,
m=2m,
and,
p=2p,

9.10.2 Gibbs-Dalton Law:

The internal energy, enthalpy and entropy of a gaseous mixture are respectively equal to the sums of the

internal energies, enthalpies and entropies of the constituents.

Each constituent has that internal energy, enthalpy and entropy which it could have if it occupied alone

that volume occupied by the mixture at the temperature of the mixture.
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i.e. we have:

MU= MA-UL + MEUR + e
mh=ma-hs +mphg + e

M-S=MA-S4 + MESE + oo

m.u=2mi”ui
m.h=2mi”hi

m.s=2mi*s.
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9.10.3  Volumetric analysis of a gas mixture:

Consider a volume V of a gaseous mixture at a temp T consisting of three constituents A, B and C. Let
each of the constituents be compressed to the total pressure p of the mixture and let the temp remain

constant. The partial volumes occupied by the constituents will then be V,, V and V.

And, we get:

Vs —-V ....etc.

ie.ZVi=X(p*V)/p=(V/P)*Zp
But,p=2Xp,
Therefore: X Vi=V

Thus, “volume of a mixture of gases is equal to the sum of the volumes of the individual constituents

when each exists alone at the pressure and temp of mixture.” ... This is known as Amagat’s Law.
Remember:

n = m /M where

n is the no. of moles, m = mass of gas, and M = molecular weight of gas

Avogadro’s Law: “number of moles of any gas is proportional to the volume of the gas at a given

pressure and temperature”.

So, total number of moles in a vessel containing a mixture of gases must equal the sum of the moles

of the individual constituents.

i.e.

n=na +ng+ a0, + ..

ieen=2 n,
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9.104 Apparent Molecular weight and Gas constant:

If a gas mixture, with total number of moles n, occupies a total volume of V, at a temperature T, then:
p*V=R*T*Zn,
ie.p*V=n*R *T whereR isthe Universal gas const.
Apparent mol. weight is defined as: M =m / n
where, m = the mass of the mixture, and n = no. of moles in the mixture
Apparent Gas constant for the mixture is definedasR=R /M
It can be assumed that the mixture of perfect gases behaves like a perfect gas and obeys the perfect gas laws.
Apparent gas constant of mixture in terms of individual gas constants:
R =X (mi/ m)*R
where (mi / m) = mass fraction of constituent i

Also note that:

]

=
R
|---'

=

i.e. Molar analysis is identical with the volumetric analysis, and both are equal to the ratio of partial

pressure to the total pressure.
Also:

M=% (n /n) .M,

And,

M=1/Z(m,/M)

where m, is the mass fraction of species i, M. is its mol. wt.
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9.10.5  Sp. heats of a Gas mixture:

¢,=Z(m,/m).c,,and
c,= 2 (m, / m). €,
R= c,-¢= X (m,/ m). R, .... gives for the mixture

For the mixture, we can also write:

y=c¢/c,
¢, =V-R(y-1)
c,=R/(y-1)

Molar sp. heats:

The Wake
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e ontlET.

Low-speed Engines Medium-speed Engines Turbochargers Propellers Propulsion Packages PrimeServ

The design of eco-friendly marine power and propulsion solutions is crucial for MAN Diesel & Turbo.
Power competencies are offered with the world’s largest engine programme — having outputs spanning
from 450 to 87,220 kW per engine. Get up front!

Find out more at www.mandieselturbo.com

Engineering the Future — since 1758.

MAN Diesel & Turbo

37 Click on the ad to read more

Download free eBooks at bookboon.com


http://www.mandieselturbo.com

C,-C=MR=R ... the Universal Gas const.
Also,

U=n.C,Tand,

H=n. CP T

And,

C,=2(n/n).C,

Cp =2 (n/ n).ClDi

9.10.6  Mixing of two Ideal gases at same P and T [Ref: 2]:

Let a mass m, of ideal gas A at a given P and T be mixed with m, of ideal gas B at the same P and T,

such that the final ideal gas mixture is also at P and T. Then, entropy change for the process is:

ASmpr= -ma-Ea-lnjva) - mp-Rp-In|vg)

(-3 A= —na-Bylniva) - ng-Eylnlvg)

Note that increase in entropy depends only on the no. of moles of component gases and is independent

of the composition of the gas.

9.10.7  Adiabatic mixing of two Ideal gases: [Ref: 18]:

Two cases are considered:

1. Two compartments, separated by a membrane contain two ideal gases A and B, one in

each compartment.

Diaphragm
/
my, n,, Ty | mg. ng, Ty
Py, Va | Pg. Vg
|
I
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and,

Now, the membrane is removed and the gases mix:

Mixture of
m=m, + mg, Gases A and B
V=V, + Vs,
n=mn, +1ng
P.T

The process is equivalent to free expansion of each gas. So, equating the total internal energies

before and after mixing, we get:

Ui=na-Cva-Ta + ng-Cvp TR

Ux=ina-Cvy + ng-Cvyg)-T

fin-Cwa-Ta + ng-Cvp-Tg
T=

fa-Cva + ng-Cvp

If two streams of fluid meet to form a common stream in steady flow, we apply steady flow

energy eqn to the mixing section. Neglecting the changes in P.E. and K.E. we get:

m,. h_i '

m_j,'_ h_i_" + mB hB: "F_

mg, hg;

ma-hay+ mphg) + Q=my-har+ mg-hgy + W
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For adiabatic flow, @ =0, Also W = 0. Then, we get:

ma-hay + mp-hgy =ma-had + mg-hga

Mow, h = cp. T. Therefore:

my-cps-Ty + mp-cpg-Ig=my-cpa-T+ mp-cpp T

ma-cpa-Ta + mpcpp- TR
ma-cp4 + mB-cpy

and T=

2

T is the temp after mixing.
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In terms of moles of gases:

na-Cpa-Ta + ng-Cpr-Tg

na-Cpa + ng-Cpg

where Cp=DM-cp and

M= — and n-Cp=m-cp

9.11 Problems solved with Mathcad:

Prob. 9.1 Sp. vol. of CO2 at 120 C is 1.2 mA3/kg. Determine the pressure exerted by CO2 (i) by Ideal
gas eqn. (ii) by Van der Waals eqn. [VTU - Jan. 2004]

Mathcad Solution:

Data:
By = 83144 Jkg.mole K m=1 kg T =120 + 273 K

V=12 m3 M=44 Mol wtof CO2

Calculations:

(i) By Ideal gas eqn.:

By .
R=— ie. R=18896¢ JkgK
M
Therefore: p= m'F‘_'I Pg

ie.  p=46189x10 Pa...Ans.
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(ii) By Van der Waals eqgn.:

We have he Van der Waal's constants for CO2:
a= 3647 bhar{m*3Ikmolp2 = 364700 Pa.(m*3/kmolj*2

b= 00428 m"3Imaol

i.e. For COZ2:
a = 364700  Pa.m*3kmaolp2 b= 00428 m"3/Imal

vhar = vhar = 32.8  m3'kg.mal

(m)

M)

i.e. ForCO2:

a = 364700  Pa.m*3kmolp2 b= 00428 m*3Imaol

v
vhar = —— vhar = 328  m3'kg.mal
(m|
WM
FyT a .
PVW = - ....\'an der waal's eqgn. for pressure
vhar — b 2
vhar
=3 r=6.18 % 1[||"'1 Pa.....Pressure as per Van der Waal's eqgn....Ans.
PVW P q

In addition:

Plot the variation of p with T as T varies from 100 K to 800 K, using Ideal gas eqn and Van der

Waal’s eqn:
piT) = miRT ....define p as a function of T
R'IJ-'-'I'— i .
(T = - _...define pVW as a function of T
vbhar — b ﬂJa.f:

42
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T = 100,120 800 ...define a range variable T

T T T T T T
Variation of pressure (Pa) with Temp (K)

with Ideal gas eqn and Van der Waal's eqn.

(=1

Ty i W e e =000 Ay e TaTn Snn
. LY

Prob.9.2. Determine the pressure exerted by CO2 in a container of 1.5 mA3 capacity when it contains

6 kg at 27 C (i) by Ideal gas eqn. (ii) by Van der Waals eqn, (iii) by Beattie Bridgman eqn.

Mathcad Solution:
Data:
By = 83144  Jkgmole K m=6 kg T=300 K Wv=15 m3

M=44 Mol wt of CO2

Calculations:

(i) By Ideal gas eqgn.:

By : .
R=— e,  R=1389584 Jkgk
M
m-B-T . 3
p=— Pa l.e.  p=2268x 10" Pa....Pressure by ldeal gas eqn.... Ans
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(ii) By Van der Waals eqgn.:

For CO2:  a-=364700 Pa(m"3kmolP2 b= 0.0428 mA3/kmol

W
vhar = —— vhar = 11 m3/kg.mol
m
9.5
Ru'r a
pyvW = - ....Van der Waals eqn.
vhar — b 2
vhar

e, pyw=2246x 10° PEI....P:;!SSLIFE by Van der Waal's
eqn.... Ans

(iii) By Beattie Bridgeman eqn.:

For CO2 we have:

aa == 007132  bb = 007233 cc = 66-104 Ap=3072836  Bp=010478
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{ A
A=Agll- 2| A = 503995
L wvhar )/
f bb
B=Byil- | E=010
L wvhar )/
e=—5  eo2mxi0T]
|.\'ba.r-TJ.:'
Ry T-(1-¢) A .
PBE = ——(vbar + B) - —— ...Beattie Bridgeman eqn.
vhar™ vhar™
ie. ppp=2284x 10" Pa....Pressure by Beattie Bridgeman eqn....

To draw a graph of p for various T:

T = 100,200.. 2500 ....define a range variable

m-BE-T

Real and ideal gases and gas mixtures

Ans.

Pideal(T) = — ....|deal gas eqn.
Ry T a
() = ——— - ....Wan der Waals eqn.
vhar — b 2
vhar
By T{1-¢) A o
pEE(T) = ————(vbar + B) - —— ...Beattie Bridgeman eqn.
vhar™ vhar™

Pressures by different eqns. of state

20
15 //
= /
g
= 10 //
5 /
0 - -
0 500 1000 1500 2000
Temp. (K)

— Ideal zas egn.
Van der Waals egn.
- Beattie Bridzman egn.

2300
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Prob.9.3. Determine the pressure in a steel vessel having a volume of 15 L and containing 3.4 kg of

nitrogen at 400 C using: (i) Ideal gas eqn. (ii) Van der Waals eqn. [VTU - Feb. 2002]

Mathcad Solution:

Data:

By = 83144  Jikgmol K

m=34 kg
T=400+273 K
Vo=15100 - m3

M=28 Mal wtof N2

Calculations:

(i) By ldeal gas eqn.:

Ry _
B = ™ ie.  R=205043 Jhkgk

p=— Pa..... by Ideal gas eqn.

ie.  p=433x10 Pa..... by ldeal gas eqn.

(ii) By Van der Waals eqgn.:
For N2, we have:
T.=1262 K B. = 330.10°  Pa
Therefare:

7Ry T Ry T,

 64P, 8P,

...Van der Waal's constants

e, a=13T= 1|:||S Pa.{m*3/kmol"2 b= 0032 m"3/kmol

46
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".Ir
vhar = — S vhar = 0.12¢ m3/kg.mal

I m

f =1

WM

ot 2 Van der Waal
o= - ..\'an der Waal's eqn.
PV vhar — b 2

Py = 3.698 x 11}? Pa..... by Vgan der Waals eqgn.

Compressibility factor:

pvw-V
L=
R-T

...by definition of 2

ie. Z=4277 ..Ans
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Prob.9.4. Pressure and temp. of a mixture of 3 kg of N2 and 5 kg of CO2 are 3 bar and 20 C respectively.
For the mixture, determine the following:(i) mole fraction of each component (ii) Avg. Mol. wt. and
specific gas constant (iii) partial pressures and partial volumes of CO2 and N2, and (iv) volume & density

of the mixture.

Mathcad Solution:
Data:
myy =3 kg My =28 ..Mol wt. of N2
meor =3 kg Meor =44 -.-.Mol. wt. of CO2
p= 3107 Pa By =183144  Jkgmole K

T=25+273 K

Calculations:

(i) Mole fractions:

M2

Ny = npy = 0.107 ...Ma. of moles of N2
N Sho N2
mco2
neo = — ncor = 0114 Mo, of moles of CO2
Mcoz
n=ncQ2 + o n=10221 Total no. of moles
ngo2 - .
Yoo = veor = 0515 ....Mole fraction of 02....Ans.
il
a2 .
VNI = vz = 0483 ....Mole fraction of N2....Ans.
11
(i) Avg. Mol. wt.:
My = M2 + My ....total mass
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My
f1

My = My, = 36235

(iii) Specific gas constant:

Real and ideal gases and gas mixtures

-Avg. Mol wt. of mixture....Ans.

E
By = ?1; Ry = 220436 Jikg.K....Specific gas constant....Ans.
i SV R, Y (e OBy )
Alternatively: B = meos B z |+ Wt I = | B =220456  ...verified.
\ mm i\ Mcoz) |\ mm )| M2

(iv) Partial pressures and partial Yolumes and Density:

pNY = v p  paa= 1456% 107 Pa...Ans.

POl = Voore poor = 134 ID:' Pa....Ans.

V= Voo + V2

By T .
Voo = meor Il 1.8 Vieoo = 0939
Mcoz p
By T )
Vi = mp bl ! WV = 0.885
Ma2 p
Therefore,
Vi=Veor + Vi _.total volume

=3 V= 1823 m3...Mixture vol...Ans.

. (mRTmix _ (mco2 + mN2) Ry T
P P

Verify: v

mC Q2 + M2
v

Density: 4387  kg/m3l....Ans.

m3....

m3....

1.823

-..Mixture vol....by Amagat's Law...at same P & T as mixture

partial vol. of CO2

partial vol. of N2

- verified.
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Prob. 9.5. (a) The above mixture is heated at const. vol. from 25 C to 40 C. Find change in int. energy,

enthalpy and entropy of mixture.

(b) if the heating is performed at const. pr. to the same temp. find the change in int. energy, enthalpy

and entropy of mixture.
Given: Cp of N2 = 1.04 kJ/kg.K and Cp of CO2 = 0.755 k]J/kg.K
Mathcad Solution:
Data:
Cpny = 104 kdikg K

Cpron = 0733 kil K

Ty=208 K Ty =313 K

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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Calculations:

(i) Sp. heats of mixture:
My = MO + M7 8. my =58  ko....mass of mixture
Then:

(mco2-Cpeoz + my2-Cona)
My

Comix =

I8 Cpmix=0862 kdlkg.K....Ans.

And,

-

a

By 10
Cvcor=Cpco2 - ——
Moo

e, Cvppr=0366  klkgk

-
a

By 10

Cvypy = Cpppp — ——
T2 P2 N

Le.  Cwvpyy = 0.743 kdikg K

And:

(mco2-Cveoa + my2-Cvi)
My

Cvpig =

8. Cvpy= 0632 kJkg.K....Ans.

(ii) Changes in int. energy, enthalpy & entropy of mixture:

AU = mpy-Cvi-( T2 — Ty)

e AlT=7530 kJ....Ans.
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AH = my Cpgix-( T2 - T1)
e, AH= 103423 kJ....Ans.

T2
A8 = gy Oy I 1_—; |
i‘.‘- Jll

kJ/K....for const. vol. process

e, AS=0248 kJ/K.....for const. vol. process..Ans.

(b) Changes in int. energy, enthalpy & entropy of mixture, for const. pressure process:

AU = my Cvmi{ T2 - Tl_-ll

i.e. AU= 7530 kJ....Ans....same as earlier..

AH = my Cpix-( T2 - T1)

l.e. AH = 103423 kJ....Ans.....same as earlier..
:;' T'\“‘I
AS = mpy Cppiyln, — | kJ/K....for const. pressure process
i\ T

L

e, AS=0339 kJ/K....for const. pressure process..Ans.

Prob.9.6. A mixture of Ideal gases contains 3 kg of N2 and 5 kg of CO2. The partial pressure of CO2

in the mixture is 155 kPa. Find: (i) partial pressure of N2 (ii) Gas const. for the mixture, and (iii) Mol.

wt. of the mixture . [VTU - Jan. 2006]

Mathcad Solution:
Data:
my2=3 kg Bipo = 28
mear =3 kg Mroy = 4

155 kPa Ry = 83144 Jikg.mole K

PCO2 -
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Calulations:

(i) Mole fractions:

meo2 i o
1l = N~
€0 Mco2
my) .
Ny = ie.
T
n =g + o ie.
nco? .
YCO2 = le.
1l
)
TR =
N2 0 ie
Therefore, Py = PCO2
¥Co2
And, P2 = ¥N2 Prot

(i) Avg. Mol. wt.:

mC Q2 + M2

11

Mgy =

(iii) Specific gas constant:

vy = 0.513

Real and ideal gases and gas mixtures

neana = 0114 Mo, of moles of COZ
npyy = 0.107 ...Mo. of moles of N2
n=0221 _Total no. of moles
_...Mole fraction of CO2....Ans.
v = 0483 ....Mole fraction of N2....Ans.
e P[I}[ = 301.143 kPa..... Ans.
e P = 146,143 kPa ... Ans.

-Avg. Mol wt. of mixture....Ans.

Jikg.K....5pecific gas constant....Ans.

53

Download free eBooks at bookboon.com



Basic Thermodynamics: Software Solutions:
PartVv Real and ideal gases and gas mixtures

Prob.9.7. Pressure and temperature of a mixture of 4 kg of O2 and 6 kg of N2 are 4 bar and 27 C
respectively. For the mixture, determine the following: (i) mole fraction of each component (ii) Avg.

Mol. wt. (iii) specific gas constant (iv) volume and density. [VTU - Jan. 2005]

Mathcad Solution:
Data:
mor =4 kg WMoz =32
myy =6 kg My =28
p= +10° Pa R, = 83144 Jikg.mole K

T=27+273 K

This e-book Y o N
ismadewith SETASIGN
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Calculations:

(i) Mole fractions:

m2 .
no) = 8. npp=0.125 -..Mo. of moles of O2
Mgn
my2 .
) = e, myy=0214 ...Mo. of moles of N2
T Mo T
n = 0o + oy ie. n=0339 ..Total no. of moles
ao2 . 2
vO1 = e, wpy= 0368 ....Mole fraction of 0Z2....Ans.
11
am2 . 2
YN = 1.8, vy = 0.632 -...Mole fraction of N2....Ans.
11
(i) Avg. Mol. wt.:
mg2 + mp2 . g
Mpy=——""++ le. Mp=20474 ....Avg. Mol. wt. of mixture....Ans.
n

(iii) Specific gas constant:

By

Rm:ﬂ

e Ry=2820% .Jkg.K...Ans.

(iv) Volume and Density:

V=Voa+ Vaz  -..Mixture vol....by Amagat's Law...at same P & T as mixture
. By T . . _ .
Voo = mon — 8. Vpoo=0779 m3....partial val. of 02
Moz p
. Ry T . . i )
Va2 = myy Y e, Vo= 1336 m3....partial vol. of N2
MNP
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Therefare,

V= Vo1 + Vi -.-mixture volume

ie. V=211 mi..Mixture vol...Ans.

Density:

meyy + mpgo
JOITINZ _oag kg/m3....Ans.

v

Prob.9.8. A gaseous mixture consists of 1 kg of O2 and 2 kg of N2 at a pressure of 150 kPa and temp of
20 C. For the mixture, determine the following:(i) specific gas constant (ii) Avg. Mol. wt. (iii) sp. heats
Cp and Cv (iv) change in entropy of the mixture if the mixture is heated at constant volume to a temp.
of 100 C. Given: Cv of N2 = 0.743 kJ/kg.K and Cv of O2 = 0.65 kJ/kg.K. [VTU - July, 2004]

Mathcad Solution:
Data:
mox=1 kg Moy = 32
myy =2 kg Mpy =28
p= 150-10° Pa Ry = 83144 Jikg.mole K

T;=20+273 K T,=100+273 K

Cvgy =063 klkgK Cvyn = 0743 klkg K

Calculations:

(i) Mole fractions:

mpoy7

ng = 0 e, np2= 0031 ...Mo. of moles of 02
Moo
mpg7 ) ;

ma = Y 8. npo = 0071 Moo of moles of M2
M2
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n =gy + 2 e, n=0103 .. Total no. of moles
ng2 . .
Yol = e, wpoo=0304 ....Mole fraction of O2....Ans.
n
2 . .
VN2 = L& sy = 0.696 ....Mole fraction of N2....Ans.
n

(i) Avg. Mol. wt.:

mQ2 + my2
My = fozT ™ e Mpy=29217 ....Avg. Mol. wt. of mixture....Ans.

n

(iii) Specific gas constant:

Ry

= ﬂ l.e. Ry = 28457 Jikg.K....Specific gas constant....Ans.

B :
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(iv) Sp. heats of mixture:

My = My + my2 ie. mm =23  kg...mass of mixture

I_m@j-ﬂ"r@j + 1]1:\:{1'_\;3_:

Cvimix = ~ i Cvpy=0712 kJkg.K....Ans.
Ry 107>
Cpo2 =Cvo2 + i_,ow i.e.  Cpp2=091 kdikg. K
Ry 107>
Con2 =Cvna + fﬂ\ e, Cpny= 104 kdikg K

{mo2-Cpoz + my2-CpNa) .
CPmix = - — ' e Cpga= 0997 klkgK....Ans.

(v) Change in entropy:

."-l -;l 1- T ‘\I\.\I
AS = myy| Cvpigln) — || ....at const. volume
| | Ty

I
177
Y " -

ie. A% = 0314 kJIK....Ans.

Prob.9.9. Pressure and temperature of a mixture of 1 kg of O2 and 2 kg of N2 are 150 kPa and 20 C
respectively. If the mixture is heated at constant pressure to a temp. of 100 C, determine the following:

(i) change in enthalpy (ii) change in entropy (iii) change in int. energy.

Given: Cv of N2 = 0.743 kJ/kg.K and Cv of O2 = 0.65 kJ/kg.K. [VTU - Jan, 2005]
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Mathcad Solution:
Data:
moy=1 kg Mpo = 32
myy =2 kg Mipgo = 28
p = 150-10° Pa Ry = 83144 Jikgmole K

Th=100+273 K

Ty=20+273 K

Cvoy =06 klkgk Cvn = 0743 klkg K

Calculations:

(i) Sp. heats of mixture:

My = MO + My e

{mp2-Cvo2 + ma2-Cv)

Real and ideal gases and gas mixtures

mpm =3  kg..mass of mixture

Cvmix = 8. Cvpy=0712 kJkg.K....Ans.
M
Ry 10~ _
Crop=Cvor+ —/— e, Cppr=081 kdikg K
Mop2
Ry 10~ _
Con2 =Cvin + v ie. Cpyo=1.04 klikg K
(mp2-Cpoa + my2-Cpaa) .
Cpmix = - : 8. Cppi= 0297  klikg.K....Ans.
My
(ii) Change in enthalpy:
AH = myy Cppyise (T2 = T1) e AH=232177 kJ....Ans.
59
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(iii) Change in entropy:

£ Ty
A8 = my-| Cpminln _‘1 1 -...at const. pressure
i"\. i"\. _;'I_.l'l

ie. AR =072 kJIK....Ans.

(iv) Change in internal energy:

AT = myy-Copin I_l': - 1'1}

ie. A= 17088 kJ....Ans.

Prob.9.10. Neon, with Mol. wt :M=20.183, and critical properties: Tc = 44.5 K, pc = 2.73 MPa, Vc=
0.0416 m3/kg.mol. Reading from compressibility chart for a reduced pressure pr = 2 and reduced temp

Tr = 1.3, the compressibility factor is Z=0.7. Find corresponding sp. vol., pressure, temp and reduced

Data:
M=20183 T.=4#45 K pe=27310" kPa ve = 0.0416  m3/kmol
pr =12 T, =13 EZ:=07 By=2814 JkmolK
Calculations:
P = Pcbr e, p=546x 10" kPa...Ans.
T=T.T, ie T=578 K..Ans.
A
Mow, ZF= actual and,
Videsl
By
M . s
Videal = " IE. Videsl = 4.363 = 10 : m3/kg
p-107

60

Download free eBooks at bookboon.com



Basic Thermodynamics: Software Solutions:

PartVv Real and ideal gases and gas mixtures

and.  vaetyal = Z-Vidaal e Vactual = 3033 % 10 : m3/kg...Ans.

Reduced volume:

Vactual . Wractualz"o‘{ .
vy = e vy = —— ..volumes in m3/kg.mal
Ve Ve
e vy = 1.482 ..Ans.

Prob.9.11. Find increase in entropy when 2 kg of O2 at 60 C mixes with 6 kg of N2 at the same temp. The

initial pressure of each constituent is 103 kPa and is the same as that of the mixture. [VTU - Jan. 2005]

360°
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Mathcad Solution:
Data:
moy =2 kg Mpp = 32
myy =6 kg Mpp =28
p = 103-10° Pa B, = 83144  Jkgmole K

T =60+273 K

Calculations:

(i) Mole fractions:

me

ngy = l.e.  npo = 0063 ...Mo. of moles of 02
Moo
TI™T
N = b l.e. nyy =0214 ...Mo. of moles of N2
Mnn
n=no1+myy 18 n=0277 .Total no. of moles
bl
vOo = o2 i.e. vox=0226 ....Mole fraction of O2....Ans.
n
T
YN = At e,y =0774 ....Mole fraction of N2....Ans.
n

(ii) Change in entropy:

!;l !"-l 1 H‘l !"-l 1 I\-"ll\-"l
A5 = Ry npyln |+ ny2in I
\ VL ¥0o2) VYN2))

e AS=1220x10° Jikg.mole.K......Ans.
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Prob.9.12. Determine the sp. vol. of H2 gas at 100 K, when its pressure is 60 bar, (i) by using compressibility

chart (ii) by Van der Waals eqn. Values of critical properties Pc and Tc for H2 are given, and also the
values of a and b in Van der Waals eqn. [VTU - Jan. 2004]

Mathcad Solution:

Data:

T, =273- 23076

m=1 kg T =100

pyw = 60- 10° Pa

Pigeat = 60-10° Pa

Calculations:

P, = 1292100 Pa Ry = 83144 JkgK

K M=12 Mal. wt of H2

(i) By compressibility chart:

T, = — |E
T 1—,:
] W
Pr - P,

T, = 3.008

pr = 40644

Then, read Z from compressibility chart:
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12 Lee Kesler Slmple FIuld Compresmblllty Factar
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We get: Z=108

W

For Ideal gas: z=2Y Then, v can be calculated.
R-T
E
z-\—‘i-r
Then: Videal = ——
Pideal

Real and ideal gases and gas mixtures

LB wigeg) = 0.062  m*3...sp.vol. according to Ideal gas Law ... Ans.

(ii) By Van der Waals eqgn.:
For H2: a=25105 Nm*d/(kg.maolj"2

b= 00262 m*3'kg.mol

pywy = 60- 10° Pa

Use the Solve block of Mathcad to find vbar:

vhar =10 ... guess value
Given
By T a
PW = - -
bar — b vhar

Find(vbar) = 0.141

ie. vhar = 0.141

Mow,

b v
Yoar = ————
(m?

W)

Therefore, V= x-ba:-ﬂ

i

ie.  V=10071 m3.sp. vol. according to Van der Waals eqn....... Ans.

Download free eBooks at bookboon.com



Basic Thermodynamics: Software Solutions:
PartV Real and ideal gases and gas mixtures

Prob.9.13. Determine the compressibility factor for Oxygen at (i) 100 bar and -75 C, and (ii) 5 bar
and 35 C.

Mathcad Solution:

Data:

Faor 02, we have the critical properties:

T, =15488 K P.=306 bar R, =85144 JkgK

Calculations:
Case : P=100bar, T=-15C:

For this case, reduced pressure and reduced temp:

T=-73+1273 ke P=100 har
P
Pp=— I8 Py = 1.976
Pu:
T
Ir = — I.E Ir = 1278
Tu:

Mow, from compressihility chart, read the value of Z, the compressibility factor:
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Lee Kesler Slmple FIuld Compresmblllty Factar
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Weget: Z=07 ..compressibility factor ... Ans.

Case 2:P=5bar, T=35C

For this case, reduced pressure and reduced temp:

Real and ideal gases and gas mixtures

For this case, reduced pressure and reduced temp:

T=33+273 b P=5 bar
P )

Py = E I Py = 0.09g
T )

Tr = ? I.& Tr = 1088

Mow, from compressibility chart, read the value of Z, the compressibility factor:

Weget: F=1 _approx. ..compressibility factor ..

. Ans.

i.e. at low pressures and high temps, real gas eqgn approaches ideal gas eqn.

Prob.9.14. One kg.mol of CO2 undergoes a reversible, non-flow isothermal compression from 0.2 m~3/

kg to 0.05 mA5/kg, and the initial temp is 40 C. If the gas obeys Van der Waals eqn, determine the work

done and the final pressure.
Mathcad Solution:

Data:
Critical properties for CO2:
T,=3042 K P =73810° Pa R =83144

T=40+273 K M=44 Mol wt of COZ
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sp. volumes:

vi=02M Qe vy=88 m'Ikg.mol

1
[
[

vy = 003M  Le D) m*3/kg.mal

Van der Waals constants for CO2:

m
I

364700 Pam*3kmolp2

o
W

00428 m"3kmaol

Van der Waals egn:

I ah'l
'P+f"("_b}=Ru'T

. a .
lLe.  p{v) = - —  ...define pressure as a function of sp. volume, v.
- <

Note: the negative sign indicates that work is done on the CO2.
Note also the ease with which this integration is done in Mathcad.
(i) Final pressure, P2:
Pl = p|_v2_':. ...using the function for pressure, written above

ie. Pa=1131x10°  Pa=11.31bar .... Ans.
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9.12 Problems solved with EES:

“Prob. 9.15. An ideal gas cycle consisting of 3 processes uses Argon (M = 40) as working substance.
Process 1-2 is a reversible adiabatic process from 0.014 mA3, 700 kPa and 280 C to 0.056 mA3. Process
2-3 is a reversible isothermal process. Process 3-1 is an isobaric process. Sketch the cycle on P-v and
T-s diagrams, and find: (i) the work transfer in process 1-2, (ii) work transfer in process 2-3, (iii) net
work output from the cycle (assume gamma = 1.67), and (iv) change in enthalpy for each process.
[VTU - July 2004]:”

EES Solution:
“Data:”

M = 40 “.. Mol. wt. of Argon”

R_u = 8.314 “kJ/kg.mol -K”

R=R_u/M “kJ/kg.K .... Gas const. for Argon”
V1=0.014"m"3”

P1 =700 “kPa”

T1 =280 + 273 “K”

V2 =0.056 “m~"3”

T2 = T3 “...Process 2-3 is Isothermal”

(]
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ra I n p O W e r electricity needs. Already today, SKF's innovative know-

how is crucial to running a large proportion of the

world’s wind turbines.

Up to 25 % of the generating costs relate to mainte-
nance. These can be reduced dramatically thanks to our
stems for on-line condition monitoring and automatic
jcation. We help make it more economical to create

Therefore we'need the best employees who can
eet this challenge!

T@f Power of Knowledge Engineering

'-r?a-.i

Plug into The Power of Knowlé: ngineering.
Visit us at www.skf.com/know1edg.\¢.

70 Click on the ad to read more

Download free eBooks at bookboon.com



http://www.skf.com/knowledge

Q_12 =0 “..Process 1-2 is adiabatic”
P3 = P1 “Process 3-1 is isobaric”

gamma = 1.67

“Calculations:”

cp / cv = gamma “...by definition gamma = cp / cv”
cp - c¢v = R “Gas constant”
m_Ar = (P1*V1)/(R*TI1) “kg ... mass of Argon”

“Process 1-2:”

P1* V1Agamma = P2 * V2Agamma “..finds P2”

P1*V1/T1=P2*V2/T2“. finds T2”

W_12 = (P1 * V1 - P2*V2)/ (gamma -1) “kJ”

Q_12=dU_12 + W_12 “..finds dU_12, change in int. energy during Process 1-2”

“Process 2-3”

W_23 =m_Ar*R*T2*1In (V3 /V2) “kJ”
dU_23 = 0 “..since Isothermal”
Q_23=W_23 +dU_23 “kJ”
P2*V2=P3*V3 . finds V3~

“Process 3-1:”

W_31 =P3* (V1 - V3) “kJ ... work in process 3-1”

Q_31 =dU_31 + W_31"K]J ... heat transfer in process 3-1”

dU_31 =m_Ar * cv* (T1 - T3) “kJ...change in int. energy during 3-1”
W_net = W_12 + W_23 + W_31"Kk].... net work output”

“Check:”

Q_net = Q_12 + Q_23 + Q_31"...for a closed cycle 1-2-3, this should be equal to W_net”

“Changes in enthalpy for each process:”

dH_12 =m_Ar*cp* (T2 - T1) “kJ”
dH_23 =0 “kJ .... since T2 = T3”
dH_31 =m_Ar*cp* (T1 - T3) “kJ”
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Results:

Unit Settings: 51 C kPa kJ mass deq

cp= 05181 [kdkgK]

dHzy =0 [kJ]

dlag =0 [kJ]

b =40 [kgfkg-maole]

P2 =6

9.13 [kPa]

Qog=-8.962 [k]
R =0.2079

T2 =2
W2 =0

18.4 [K]
056 [

v = 03102 [kJkgK]

dH3y =14.78 [kJ]

oy =

-8.962 [kJ]

Thus:

dUzy =8.849 [kJ]
g, = 0.08526 [ko]

P3 =700 [kPa]
Qzp=14.78 [kJ]

Ry, =8.314 [kdkg-mole-K]
T3 =218.4 [K]

W3 =0.00553 [m7]

W = 5.929 [kJ]

Work transfer in process 1-2 = W_12 = 8.849 KJ ... Ans.

dHyz =-1478 [kJ]

dUys =-8.849 [kJ]
v=167[]

P1 =700 [kPa]
Qq2=0 [kJ]

Ot = 5815 [kd]

T1 =553 [K]
W1 o=0.014 [

Vo = 6.548 [kJ]

et = 5615 [kJ]

Work transfer in process 2-3 = W_23 = - 8.962 kJ ... negative sign showing that work is done on

the gas .

Net work output from the cycle = W_net = 5.815 K] .... Ans.

..Ans.

Check: W_net = Q_net = 5.815 kJ ....0O.K.

Changes in enthalpy:

Process 1-2: dH_12 = -14.78 kJ ... Ans.

Process 2-3: dH_23 =0K]J ... Ans.

Process 3-1: dH_31 = 14.78 kJ ... Ans.
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Plot the cycle on P-v and T-s diagrams (from TEST):

p. kPa{log Scale) {0,287, 2565674

13477

454493

0.0497 v, m*3/kg (log Scale) 0.7

With us you can
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Every single day.
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T. K (3777, T05.435

B0G .47

197.58

295 s, kJ/kKg.K 417

“Prob.9.16. Determine the pressure exerted by CO2 in a container of 1.5 m3 capacity when it contains 4

kg at 30 C (i) using Ideal gas eqn. (ii) using Van der Waal’s eqn, and (iii) using Beattie-Bridgeman eqn.”

EES Solution:

Following are the three Equations of State:

Ideal Gas eqn:
T

Pigzst = Mmass - R - — Fa
Van der Waal’s eqn:

Ry - T a
p N~ : _ h - EZ P'EI
Beattie Bridgeman eqn:

Ry - T (1-2) _ O AMA

Peg = — - (v + BBB ) - — Pa
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Constants in the above three eqns. are given below:
“Data:”

R_u = 8314.4]/kg.mol.K”

M = 44“Mol. wt”

V =15"m3”

mass = 4.0kg”

T =303 “K”

a = 3.647E05 “Nm~4/kgmolA2....const. in Van der Waal’s eqn?”

b = 0.0428“m3/kgmol....const. in Van der Waals eqn”

epsilon = cc / (v_bar * TA3)“ factor in Beattie Bridgeman eqn.”

AAA = A_0* (1-aa/ v_bar)“factor A in Beattie Bridgeman eqn.

BBB = B_0 * (1- bb / v_bar)“.factor B. in Beattie Bridgeman eqn.”

A_0=507.2836".const. in Beattie Bridgeman eqn.”

aa = 0.07132.const. in Beattie Bridgeman eqn”

B_0 = 0.10476".const. in Beattie Bridgeman eqn.”

bb = 0.07235.const. in Beattie Bridgeman eqn.”

cc = 66E04“.const. in Beattie Bridgeman eqn?”

“(i) Ideal gas eqn.:”

R = R_u/ M“..specific gas constant”

p_ideal = mass * R* T/V “Pa”

75
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“(ii) Van der Waal’s eqn.:”

v_bar = V / (mass/M) “m3/kgmole....molar volume”
p_VW = ((R_u*T)/ (v_bar - b)) - (a/ v_bar"2) “Pa’
“(iii) Beattie Bridgeman eqn.:”

p_BB = ((R_u*T*(1 - epsilon)) / (v_bar)A2) * (v_bar + BBB) - AAA / (v_bar)A2 “Pa”
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Results:

Unit Settings: 51 C kPa kJ mass deq

&= 364700 [Mr%kg-rnol?] mm =0.07132

Add, =55 1 Ag= 5073

b= 0.0428 [m¥fkgmol] bb =0.07235

BBE =0.1043 Fig=0.1048

o = GRO000 = =0.001438

b =44 mass =4 [kaq]
ppgp= 153425 [Pa] Pides = 152683 [Fa]
Moy = 151740 [Pa] R =189 [Jkgk]
Ry, = 8314 [Jkgrmolk] T =303 [K]

Y =15 [m] v=165 [m3kg-mal]
Thus:

Pressure as per Ideal Gas eqn. = p_ideal = 152683 Pa .... Ans.

Pressure as per Van der Waals eqn. = p_VW = 151740 Pa .... Ans.

Pressure as per Beattie Bridgeman eqn. = p_BB = 153425 Pa .... Ans.

“Prob.9.17. A cylinder 0.01 mA3 volume is filled with 0.727 kg of n-octane (C8H18) at 427.85 K.
Assuming that n-octane obeys the Van der Waals eqn of state, calculate the pressure of the gas in the
cylinder. Take constants a and b as 3.789 Pa (m”3/mol)/2 and 2.37 E-04 m/3/mol respectively. [VTU -
Dec. 2008-Jan. 2009]”

EES Solution:
“Data:”

R_u = 8314.4]/kg.mol.K”

M = 114.232“Mol. wt”

V =0.01“m3”

mass = 0.727“kg.”
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T =427.85 “K”

a = 3.789E05 “Nm~4/kgmolA2....const. in Van der Waal’s eqn.”

b = 2.37E-04“m3/kgmol....const. in Van der Waal’s eqn.”

“Van der Waal’s eqn.:”

v_bar = V / (mass/M) “m3/kgmol....molar volume”

p_VW = ((R_u*T)/ (v_bar - b)) - (a/v_bar"2) “Pa’

Results:

Unit Settings: 51 C kPa kJ mass deqg

a= 378900 [Nm*kgrold b= 0.000237 [rm3tkgrmol]
mass = 0.727 [ka] |pw = 2.111E+DB [Pa]‘
T =4274 [K] Wo=0.01 [md]

Thus:

Pressure = p_VW = 21.11E05 Pa = 21.11 bar .... Ans.

b =114.2
Ry = 8314 [Jkg-rmolk]
v=1571 [m3kg-mol]

“Prob.9.18. If the above gas undergoes an isothermal compression to a volume of 0.005 mA3, find out

the final pressure, and change in entropy.”

EES Solution:
“Data:”

R_u = 8314.4"/kg.mol. K”

M = 114.232“Mol. wt”

R =R_u/M “J/kg.K..Gas const. for n-octane”

V1 =0.01“m3 ... initial volume”

mass = 0.727“kg.”
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T =427.85 “K”

a = 3.789E05 “Nm~4/kgmolA2....const. in Van der Waal’'s eqn.”

b = 2.37E-04“m3/kgmol....const. in Van der Waal’s eqn.”

“Initial pressure:”

vl_bar = V1 / (mass/M) “m3/kgmole....molar volume”

pl.VW = ((R_u*T)/ (vl_bar - b)) - (a/vl_bar/2) “Pa”

“Final pressure:”

V2 =0.005 “m~3”

v2_bar = V2 / (mass/M) “m3/kgmole....molar volume”

P2_VW = ((R_u*T) / (v2_bar - b)) - (a / v2_barA2) “Pa .... final pressure”

“Change in entropy: ... at constant T:”

dS = - mass * R*In (p2_VW / p1_VW) “J/K”

Results:

Unit Settings: 51 C kPa kJ mass deq

a= 378900 [Nr¥kg-rmol?) b= 0.000237 [rm3kgmal]

dS =-32.69 [J/K] b =114.2

mass = 0.727 ki) pliny = 2.111E+06 [Pa]

P2y = 1.915E+06 [Pa) R o= 7279 [fkoK]

R, = 8314 [kgrmolk] T =427.49 [K]

Y1 =001 [ w1 = 1571 [m3kg-maol]

Ve =0.005 [m? w2 = 0.7856 [m¥kg-rmol]
Thus:

Final pressure = p2_VW = 3.915E06 Pa = 39.15 bar ... Ans.

Change in entropy - dS = -32.69 J/K ...entropy decreases in compression...

Ans.
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“Prob.9.19. If the temp of the gas in Prob.9.17 changes to 700 K, volume remaining constant at 0.01

mA3, find out the final pressure, and changes in enthalpy and entropy.

Given: sp. heat at constant pressure for n-octane is given by:

cp=C_0+ C_1 * theta + C_2 * theta”2 + C_3 * theta3 , kJ/kg.K where

theta = T(Kelvin)/1000. Values of C_0, C_1, C_2 and C_3 are given below. (Ref:2)”

EES Solution:
“Data:”

R_u = 8314.4]/kg.mol.K”
M = 114.232“Mol. wt”

R=R_u/M “J/kg.K..Gas const. for n-octane”

V1 =0.01“m3 ... initial volume”
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mass = 0.727°kg.”

T1 = 427.85 “K”

T2 =700 “K”

a = 3.789E05 “Nm~4/kgmolA2....const. in Van der Waal’s eqn.”
b = 2.37E-04“m3/kgmol....const. in Van der Waal’s eqn.”

>

“To find cp of n-octane:’

C_0=-0.053
C_1=6.75
C_2=-3.67
C_3=0.775

T_avg = (T1 + T2)/2 “...find the average temp.”

theta = T_avg/1000 “..at an average temp”

cp=C_0+ C_1 *theta + C_2 * thetar2 + C_3 * theta’3 “kJ/kg.K ... sp. heat ct const. pressure”

cp * 10A3 - cv = R “.. finds cv in J/kg.K”

“Initial pressure:”

vl_bar = V1 / (mass/M) “m3/kgmole....molar volume”

pl_VW = ((R_u*T1) / (vl_bar - b)) - (a/ vl_barA2) “Pa”

“Final pressure:”

p2_VW = ((R_u*T2) / (vl_bar - b)) - (a/ vl_barA2) “Pa .... final pressure”

“Change in internal energy:”

dU =mass * cv* (T2 - T1) “T”

81
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“Change in enthalpy:”
dH = mass * cp * (T2 - T1) “J”

“Change in entropy: ... at constant volume:”

dS = mass * cv * In (T2/T1) “J/K”

Results:

Unit Settings: 51 C kPa kJ mass deq

a=378900 [Nrm¥kg-rmol? b=0.000237 [m¥kgmal]

ov = 2653 [JikgK] Cq=-0.053

Co=-367 C3=0.775

dS = 949.4 [J/K] dl = 524823 [J]

mass = 0.727 [k pliay = 2.111E+06 [Pa]

R o= 72.79 [Jfkgk] Ry, = 8314 [Jikg-molk]

T2 =700 [K] 6=05639

W1 o= 001 [m7] w1 =1.571 [m3tkg-mal]
Thus:

Final pressure = p2_VW = 3.551E06 Pa = 35.51 bar ... Ans.

cp = 2.725 kJ/kg.K ... sp. heat at const. pressure.

cv =2.653 kJ/kg.K ... sp. heat at const. vol.

Change in internal energy = dU = 524.823 k] ... Ans.

Change in enthalpy = dH =539.2] .... Ans.

Change in entropy = dS = 949.4 J/K ... Ans.

cp= 2725 [kdkgK]

C1=6.75

dH =539.2 [J]

b =114.2

P2y = 3.551E+06 [Pa]

T1 =427.9 [K]
Tavg = 563.9 [K]

“Prob.9.20. A vessel of capacity 3 m/3 contains 1 kgmole of N2 at 90 C.

Calculate: (i) the pressure and sp. volume of the gas (ii) If the ratio of sp. heats is 1.4, obtain cp and cv

(iii) Subsequently, the gas cools to atm. temp of 20 C; evaluate the final pressure of gas (iv) Evaluate the

increase in sp. internal energy, the increase in sp. enthalpy, increase in sp. entropy and heat transfer.

[VTU - Dec. 2009-Jan. 2010]:”
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EES Solution:
“Data:”

M = 28 “.. Mol. wt. of N2”

R_u = 8314 “J/kg.mol -K”

R=R_u/M “J/kg.K .... Gas const. for N2”
V1 =3“mAr3”

T1 =90+ 273 “K”

T2 =20+ 273 “K”

gamma = 1.4 “..ratio of sp. heats”

mass_N2 = 28 “kg..mass of N2..since one kmol = M kg”

DUKE

= THE FUQUA
SCHOOL
OF BUSINESS

e

Learn More »

83 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/fuqua

Basic Thermodynamics: Software Solutions:
PartV Real and ideal gases and gas mixtures

“Calculations:”

cp / cv = gamma “..by definition gamma = cp / cv”

cp - cv=R"“.findscpandcv

mass_N2 = (P1* V1) /(R *T1) “finds Pressure P1 of N2, in Pa”

“Therefore: sp. vol. of N2”

v_N2 = V1/mass_N2 “m~3/kg ... sp. vol. of N2”

“Pressure of gas when temp is T2 (=20 C):”

P1/ T1 = P2 / T2 “by Ideal gas Law at const. vol....finds P2”

“Increase in specific internal energy: i.e. for 1 kg”

du=cv*(T2-T1) T

“Increase in sp. enthalpy:”

dh=cp*(T2-T1)“T”

“Increase in sp. entropy: ... at const. vol.”

ds=cv *1n (T2/T1) “J/K”

“Heat transfer:”

Q=dU + W “ J/kg ..by I Law”

W =0 “..since it is a const. vol. process”

84
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Results:

Unit Settings: 51 C kPa kJ mass deq

cp=1039 [Jfkg-K] ov = 7423 [Ifkg-K] dh=-72747 [Jfkg]
ds =-159 [JfkogK] du=-51962 [J/ka] v=14[]
b =28 [kgfkg-mole] massya =28 [kag] F1 =1.006E+06 [Fa]
P2 =&12001 [Pa] 0 =-51962 [Jika] R =296.9 [Jfko-K]
Ry = 8314 [kl/kg-mole+] T1 =363 [K] T2 =293 [K]
W1 =3 [m7] iz = 01071 [mdfk] W=0 [J]
Thus:

Pressure of gas = P1 = 10.06 bar , sp. vol. = v_N2 = 0.1071 m/3/kg .... Ans.

cp = 1039 J/kg.K and cv = 742.3 J/kg.K .... Ans.

Pressure of gas when temp is 20 C = P2 = 8.12 bar ... Ans.

Change in sp. int. energy = du = -51962 J/kg ... decrease since —ve,.... Ans.

Change in sp. enthalpy = dh = -72747 J/kg ... decrease since -ve,.... Ans.

Change in sp. entropy = ds = -159 J/kg.K ... decrease since —ve,.... Ans.

Heat transfer = Q = du = -51962 J/kg ... decrease since -ve,.... Ans.

“Prob. 9.21. Find the gas constant and apparent molar mass of a mixture of 2 kg O2 and 3 kg of N2,
given that universal gas constant is 8314.3 J/kgmol.K, molar masses of O2 and N2 are respectively 32

and 28. [VTU - July 2006]:”

EES Solution:
“Data:”

M_N2 =28 “.. Mol. wt. of N2”

M_02 = 32 “.. Mol. wt. of 0O2”

mass_N2 = 3 “kg...mass of N2”
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mass_O2 = 2 “kg ... mass of 02”
R_u = 8314.3 “J/kg.mol -K”

“Calculations:”

mass_mix = mass_N2 + mass_0O2

n_N2 = mass_N2 / M_N2 “..no. of moles of N2”
n_02 =mass_02/ M_0O2 “..no. of moles of 02”
n_tot =n_N2 + n_0O2 “..total no. of moles in mixture”
“Avg. Mol. wt”

M_mix = mass_mix / n_tot

“Sp. gas const. of mixture:”

R_mix = R_u/ M_mix “J/kg.K.”
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Results:

Unit Settings: 51 C kPa kJ mass deq

Massme =5 [kg] massyz =3 [ka] massgz =2 [ko]
bl i = £9.47 bz = 28 bgz = 32
nyz = 01071 npz = 0.0625 Mgt = 01696
Finiw = 2821 [Jfkgk] Ry =68314 [kdkg-mole-K]

Thus:

Mol. wt. of mixture = M_mix = 29.47 .... Ans.

Gas const. of mixture = R_mix = 282.1 J/kg.K .... Ans.

“Prob. 9.22. A gaseous mixture consists of 1 kg of Oxygen and 2 kg of Nitrogen initially at a pressure
of 150 kPa and temp of 20 C. It is heated at constant pressure until its temp reaches 100 C. Determine:
(i) change in enthalpy, (ii) change in entropy and (iii) change in internal energy. Given: Cp of N2 = 1.04
kJ/kg.K and Cp of O2 = 0.922 kJ/kg.K [VTU - Jan.-Feb. 2005]:”

EES Solution:
“Data:”

M_N2 =28 “.. Mol. wt. of N2”

M_02 =32 “.. Mol. wt. of 02”

mass_N2 = 2 “kg...mass of N2”

mass_0O2 =1 “kg ... mass of 02”

R_u = 8314.3 “J/kg.mol -K”

cp_02 = 0.922 “kJ/kg.K”

cp_N2 = 1.04 “kJ/kg.K”

P1 =150 “kPa ... initial pressure”
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T1 =20 + 273 “K ... initial temp”

T2 =100 + 273 “K ... final temp”

P2 = P1 “..by data”

“Calculations:”

mass_mix = mass_N2 + mass_0O2 “kg .... mass of mixture”

“Sp. heats of mixture:”

cp_mix = (mass_N2 * cp_N2 + mass_O2 * cp_02) / (mass_N2 + mass_02) “kJ/kg.K”

cv_N2 = cp_N2 - R_u * 10~(-3)/ M_N2 “kJ/kg.K”

cv_02 =cp_02 - R_u* 10A(-3)/ M_0O2 “kJ/kg.K”

“Therefore: cv of mixture:”

cv_mix = (mass_N2 * cv_N2 + mass_O2 * cv_02) / (mass_N2 + mass_02) “kJ/kg.K”

“Change in enthalpy:”

dH = mass_mix * cp_mix * (T2 - T1) “kJ”

“Change in Int. energy:”

dU = mass_mix * cv_mix * (T2 - T1) “kJ”

“Change in entropy:”

dS = mass_mix * cp_mix * In (T2 / T1) “kJ/K .... for constant pressure process”
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Results:

Unit Settings: 51 C kPa kJ mass deg

P = 1.007 [kdfbgk] cppz=1.04 [kdfko-k] cpnz= 0922 [klfo-k]
i = 07167 [kdfkgk] oy = 07437 [kdfagK] oo = DBR22 [kdMog-K]
dH = 240.2 [kJ] dS = 07247 [k/K] dl =171.9 [kJ]
Massmy =3 [kl massyz =2 [ka] massgz =1 [ka]
by =28 bz =32 F1 =150 [kPa]
F2 =150 [kFa) R, =8314 [klkg-mole-k] T1 =293 [K]
T2 =373 [K]

Thus:

Change in enthalpy = dH = 240.2 KJ ... Ans.

Change in entropy = dS = 0.7247 kJ/K .... Ans.

Change in Int. energy = dU = 171.9 K] ... Ans.
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“Prob.9.23. 0.1 mA3 of H2, initially at 1.2 MPa and 200 C, undergoes a reversible isothermal expansion
to 0.1 MPa. Determine: (i) the work done during the process (ii) heat transferred, and (iii) the change
in entropy of gas. Take R = 8.3143 kJ/kg.K, cp = 14.4 kJ/kg.K and Mol. wt = 2.016. [VTU - Dec. 2010]”

EES Solution:
“Data:”

M_H2 =2.016 “.. Mol. wt. of H2”

R_u = 8.3143 “J/kg.mol -K .... universal gas const”

cp_H2 =144 “kJ/kg.K .... sp. heat of H2 at const. pressure”

P1 = 1200 “kPa ... initial pressure”

V1 =0.1 “mA3 ... initial volume”

T1 =200 + 273 “K ... initial temp.”

T2 =T1 “K ... final temp .... since isothermal expansion”

P2 =100 “kPa...final pressure”

“Calculations:”

R_H2 =R_u/M_H2 “kJ/kg.K .... gas const. for H2”

mass_H2 = (P1* V1) / (R_H2 * T1) “kg .... mass of H2”

“To find final volume, V2:”

P1* V1 = P2 * V2 “ at const. temp .... finds V2”

“Work done, W:”

W=R_H2*T1*In (V2/V1) “kJ ... work done”

“Change in Int. energy:”

dU =0 “KJ .... since temp is constant”
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“Therefore: heat transferred:”
Q=dU + W “KJ .... by I Law for the process”
“Change in entropy:”

dS = mass_H2 * R_H2 * In (V2/V1) “kJ/K .... for isothermal process”

Results:

Unit Settings: 51 C kPa kJ mass deq

cpHo=14.4 [kfkg-K] dS = 06304 [kJ/K] di =0 [kJ]
massyy = 0.06152 [ko] byz = 2.016 P1 =1200 [kPa]

P2 =100 [kPa] 0 =4847 [kJ] Fipz = 4.124 [kdfkgK]
Ry = 8.314 [kdkg-rnole-k] T1 =473 [K] T2 =473 [K]

W1 =01 [m7 W2 =12 [m7] W = 4347 [kJ]

Thus:

Work done = W = 4847 kJ ...work done by the gas, so +ve... Ans.
Heat transferred = Q = 4847 KkJ ...heat supplied, since +ve .... Ans.

Change in entropy = dS = 0.6304 kJ/K .... Ans.

“Prob.9.24. Determine the pressure of water vapor at 350 C and 0.03524 m~3/kg, using (i) ideal gas eqn
(ii) generalized compressibility chart. Take for water vapor: R = 0.4615 kJ/kg.K. [VTU - Dec. 2010]”

EES Solution:
“Data:”

T1 =350 + 273 “K”

V1 =0.03524 “mA3”

mass = 1 “kg”

R_H20 = 0.4615 “kJ/kg.K”

M_H20 = 18 “.Mol. wt. of H20”
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“(i) Using Ideal gas eqn.:”

P1 *V1 = mass * R_H20 * T1 .. finds P1 in kPa”
“(ii) Using compressibility chart:”

“We have for Water vapor:”

P_c =22090 “kPa,

T_c=647.3 “K”

“Now:”

“P=(2*R*T/v).and
pr=p/pc=Z*R*T/(p_c*v)=A*Z>
A=R_H20*TL/(P_c*Vl)

“We get: A = 0.3693
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ie. P_r=0.3693*72"

T_r=T1/T_c “.reduced temp”

“We get T_r = 0.9625”

“Now, go to the Generalized compressibility chart and by trial and error, find Pr and Z on
Tr = 0.9625 line:

. Lee Veeler S|mple F|UId Compreee|bll|ty Fector

1:!1;; ZRT Z [_] Redueed temperature
: T ]zt Rl

Setureted gae

Compressibility factor 2

: : A : F'l'z'tt'ﬁ"|22|
0.0s 0.1 0z 03 0.5 1.0 2 3 5 1e

Reduced pressure Pr

We get: Pr = 0.34, Z = 0.84”

“i.e. P=0.34*P_c =7510 kPa”

Results:

Unit Settings: 51 C kPa kJ mass deq

A =0.3693 mass =1 [kg] Myan = 18
P1 =8158 [kPa] P, = 22080 [kPa] Ryog = 04615 [kdfkoK]
T1 =623 [K] T.=647.3 [K] T, = 0.9625

W1 =0.03524 [m7]
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Thus:

Pressure according to Ideal gas eqn = P1 = 8158 kPa .... Ans.

Pressure from generalized compressibility chart, = 7510 kPa ... Ans.

“Prob.9.25. A vessel of 1.5 m”3 volume containing oxygen at 8 bar and 50 C is connected to another
vessel of 3.5 mA3 volume containing CO at 1 bar and 25 C. A connecting valve is opened and the gases
mix adiabatically. Calculate: (i) final temp and pressure of the mixture, and (ii) change in entropy of the

system. Take for O2: Cv = 21.07 kJ/mole.K, for CO, Cv = 20.86 kJ/mole.K”

EES Solution:
“Data:”

P_0O2 = 8E05 “Pa”

P_CO = 1E05 “Pa”

V_02 = 1.5 “mA3”

R_u = 8314"J/kg.mole.K”

T_02 =50+273 “K”

T_CO =25+273 “K”

V_CO = 3.5 “mA3”

Cv_02 = 21.07"k]/mole.K”

CV_CO = 20.86 “kJ/mole.K”

“Calculations:”

“No. of moles:”

n_02=(P_02*V_02)/R_u*T_02) “..no. of moles of 02”

n_CO=(P_CO*V_CO)/(R_u*T_CO) “..no. of moles of CO”
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“Final temp and pressure:”

Ul=n_02*Cv_02*T_0O2+n_CO * Cv_CO * T_CO “KJ ...initial int. energy”
U2=T_f*(n_02*Cv_02+n_CO*Cv_CO) “KJ ... final int. energy, where T_fis the final mixture temp”
“But, Ul = U2 for this case:”

Ul = U2 “..determines mixture temp T_f”

“Then, final, mixture pressure, P_f:”

P f=(n_02+n_CO)*R u*T_f)/(V_O2+ V_CO) “Pa...final, mixture pressure”

V_f=V_02 + V_CO “..final vol. of mixture”

“Changes in entropy:”

“For 02:”

dS_02=n_02*Cv_O2*In(T_f/ T_O2) + n_02 * R_u*10~(-3) * In(V_f / V_0O2)“kJ/K”
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“For CO:”

dS_CO=n_CO*Cv_CO*In(T_f/ T_CO) + n_CO * R_u *10/(-3)* In(V_f / V_CO)“kJ/K”

“Total change in entropy for the system:”

dS_sys = dS_02+dS_CO “kJ/K”

Results:

Unit Settings: 51 C kPa kJ mass deq
Cvep = 20.86 [k/maole-] Cwpa = 21.07 [kl/mole-K] dSppg = 06014 [kJ/K]

dSgs =4.298 [kJ/K] dS s = 4.899 [kJ/K] heg=0.1413
hoz = 0.4469 Pcg = 100000 [Pa] Pf = 310045 [Pa]
Pgz = 800000 [Pa] Ry, = 8314 [kdkg-molek]  Tpg =298 [K]
Ty =317 [K] Toz =323 [K] U1 =3919 [kJ]
U2 =3919 [kJ] Weg =35 [ Wi =5 [md]

Yoz =1.5 [m

Thus:

Final temp of mixture = T_f=317 K ... Ans.

Final pressure of mixture = P_f = 310045 Pa = 3.1 bar ... Ans.

Entropy change for O2 = dS_0O2 = 4.298 kJ/K ... Ans.

Entropy change for CO = dS_CO = 0.6014 kJ/K ... Ans.

Entropy change for the system = dS_sys = 4.899 kJ/K .. Ans.

“Prob.9.26. 4 kg of CO2 at 40 C and 1.5 bar are mixed with 8 kg of N2 at 150 C and 1 bar to form a
mixture at a final pressure of 0.8 bar. The process occurs adiabatically in a steady flow apparatus. Calculate:

(i) the final temp of mixture, and (ii) change in entropy.
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Take: cp for CO2 = 0.85 kJ/kg.K and cp for N2 = 1.04 kJ/kg.K”

Mixture of
CO2 + N2

Fig.Prob.9.26

EES Solution:
“Data:”

P1_CO2 = 1.5E05 “Pa”

ml_CO2 =4 “kg”

T1_CO2 =40 + 273 “K”

P1_N2= 1E05 “Pa”

ml_N2 =8 “kg”

T1_N2 =150 + 273 “K”

P_f=0.8E05“Pa”

R_u = 8314“]/kg.mole.K”

cp_CO2 = 0.85k]/kg.K”

cp_N2 = 1.04 “kJ/kg.K”

_‘_,_

M_CO2 = 44 “..Mol. wt. of CO2”

M_N2 =28 “..Mol.wt. of N2”
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“Calculations:”

“No. of moles of CO2 and N2:”

n_CO2=ml CO2/M_CO2 “.no. of moles of CO2”

n_N2 =ml N2/ M_N2 “no. of moles of N2”

n_tot = n_CO2 + n_N2 “..total no. of moles”

y_CO2 =n_CO2 / n_tot “..mole fraction of CO2”

y_N2 =n_N2/n_tot “..mole fraction of N2”

p_CO2 =y_CO2 * P_f “.Pa ... partial pressure of CO2 in final mixture”

p_N2 =y N2*P_f“ Pa.. partial pressure of N2 in final mixture”

R_CO2=R_u/M_CO2 “J/kg.K ... Gas const. for CO2”

R_N2=R_u/M_N2 “J/kgK ... Gas const. for N2”

“Final temp is calculated by applying the steady flow energy eqn.:”

“Here Q =0 and W = 0.

Therefore:”

ml_CO2 * ¢p_CO2 * T1_CO2 + m1_N2 * cp_N2 * T1_N2 =ml_CO2* cp_CO2* T_f+ ml_N2*
cp_N2 * T_f “.finds final temp, T_{”

“Changes in entropy:”

“For CO2:”

dS_CO2 = m1_CO2 * (cp_CO2 * In (T_f / T1_CO2)) - m1_CO2 * R_CO2 *10A(-3) * In(p_CO2 /
P1_CO2)'kJ/K”

“For N2:”

dS_N2=ml N2 * (cp_N2*In (T_f/ T1_N2)) - m1_N2* R_N2 * 107(-3) * In(p_N2 / P1_N2)“kJ/K”
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“For the system of (CO2 + N2):”

dS_sys = dS_CO2 + dS_N2 “kJ/K”

Results:

Unit Settings: 51 C kPa kJ mass deqg

cponz=0.85 cppz=1.04 [kdfkoK] dSrgz = 2.307 [kJAK]
dSN2 = 05337 [kJ/K] dSgys = 2.84 [kJ/K] micoz =4 [kl
miyz =8 [ko] Moz = 44 bz =28

hopz = 0.09097 hyz = 0.2857 At = 0.3766

Flegz =150000 [Pa] Plyz =100000 [Pa] prgz= 19310 [Pa]
Pr = 80000 [Pa] pz=B06I0 [Pa] Froz =189 [JikoK]
Fiyz = 296.9 [J/kgK] Ry =8314 [kdkg-maleK]  Tippz =313 [K]
Tl =423 [K] Ti=391.1 [K] wrgs = 0.2414

w2 = 07586
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Thus:

Final temp of mixture = T_f=391.1 K ... Ans.

Entropy change for CO2 = dS_CO2 =2.307 kJ/K ... Ans.

Entropy change for N2 = dS_N2 = 0.5337 kJ/K ... Ans.

Entropy change for the system = dS_sys = 2.84 kJ/K .. Ans.

9.13 Problems solved with TEST:

Prob.9.27. An ideal gas cycle consisting of 3 processes uses Argon (M = 40) as working substance.
Process 1-2 is a reversible adiabatic process from 0.014 mA3, 700 kPa and 280 C to 0.056 mA3.
Process 2-3 is a reversible isothermal process. Process 3-1 is an isobaric process. Sketch the cycle on P-v
and T-s diagrams, and find: (i) the work transfer in process 1-2, (ii) work transfer in process 2-3, (iii)
net work output from the cycle (assume gamma = 1.67), and (iv) change in enthalpy for each process.
[VTU - July 2004]

This problem is the same as Prob.9.15, which was solved with EES.

But, see how easily it is solved in TEST:
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TEST Solution:
Following are the steps:

1. After going to TEST, in the Daemon tree choose System Analysis —
Colsed _Uniform System:

Hovering the mouse pointer over Uniform System brings up the following explanatory pop-up:
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2. For Material model, select Ideal Gas (IG) Model, as shown below:
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3. Choose Argon for the substance, enter p1, T1, Voll for State 1. Hit Enter. Remaining

properties are calculated immediately. We get:

4. For State 2, enter s2 = sl (since isentropic), Vol2 and m2 = m1. Hit Enter. We get:

5. For State 3: enter p3 = pl, T3 = T2, m3 = m2 and press Enter. We get:
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6. Now, go to Process Panel. For Process A, enter State 1 and State 2 for b-State and f-State,
W_O = 0 (i.e. work other than Boundary work) and Q = 0. Press Calculate (or, hit Enter).
We get:

See that: W_B for Process 1-2 is calculated as 8.867 k]J.....Ans.

7. Now, for Process B i.e. Process 2-3: Enter State 2 and State 3 for b-State and f-State
respectively. And W_O = 0. Hit Enter. We get:

Note that for Process 2-3, W_B = -8.986 kJ, Q = -8.986 k] ... Ans.
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8. Now, for Process 3-1, i.e. Process C: Enter State 3 and Statel3 for b-State and f-State
respectively. And W_O = 0. Hit Enter. We get:

i.e. For Process 3-1: W_B =5.9106 kJ, Q = 14.777 KJ ... Ans.

And, net work output of cycle = 8.867 + (-8.986) + 5.916 = 5.797 K] ... Ans.
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Change in enthalpy for Process 1-2: (h2 - h1) = -173.581 kJ/kg .... Ans.
Change in enthalpy for Process 2-3: (h3 - h2) = h3-h2 = 0 kJ/kg .... Ans.

Change in enthalpy for Process 3-1: (h3 - h1) = -173.581k]J/kg .... Ans.
9. Get the p-v and T-s plots by electing accordingly from the Plots widget:

p. kPa {log Scale) [ 0.287, 2666.674)

13477

454493
0.0497 v, m*3/Kg (log Scale) 0.7
T.K (3777, 705435
60847
P=C
197 58
2.95 s, ku/kg.K 417
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10. Click on SuperCalculate and get the TEST code etc. from the I/O Panel:

Homm OUTPUT OF SUPER-CALCULATE

#Daemon Path: Systems>Closed>Process>Generic>Uniform>IG-Model; v-10.ca08

States {

State-1: Ar;
Given: { pl= 700.0 kPa; T1= 280.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; Voll= 0.014 m~3; }

State-2: Ar;
Given: { s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; m2= “m1” kg; Vol2= 0.056 m~3; }

State-3: Ar;

Given: { p3= “P1” kPa; T3= “T2” deg-C; Vel3= 0.0 m/s; z3= 0.0 m; m3= “m2” kg; }
}

Analysis {

Process-A: b-State = State-1; f-State = State-2;
Given: { Q= 0.0 kJ; W_O= 0.0 kJ; T_B=298.15 K; }

Process-B: b-State = State-2; {-State = State-3;
Given: { W_O=0.0 kJ; T_B=298.15K; }

Process-C: b-State = State-3; f-State = State-1;
Given: { W_O= 0.0 kJ; T_B=298.15K; }
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- Property spreadsheet starts:

h(kJ/kg)
132.68
-40.9
-40.9

s(kJ/kg)
3.795
3.795
3.314

#

# State p(kPa) T(K) v(m~A3/kg) u(kJ/kg)

# 1 700.0 553.2 0.1645 17.56

# 2 69.45 2195 0.6578 -86.59

# 3 700.0 219.5 0.0653 -86.59

#

e Property spreadsheet ends--------------=--moommm oo

# Mass, Energy, and Entropy Analysis Results:

#

# Process-A: b-State = State-1; f-State = State-2;

# Given: Q= 0.0 kJ; W_O= 0.0 kJ; T_B=298.15 K;
#

Calculated: W_B=8.86658 kJ; S_gen= -0.0 k]J/K; n=1.6666132 UnitLess; Delta_E= -8.86658 kJ;

Delta_S=-0.0 kJ/K;

Process-B: b-State = State-2; f-State = State-3;
Given: W_O= 0.0 kJ; T_B=298.15 K;

Delta_E= -0.0 kJ; Delta_S= -0.040932987 kJ/K;

Process-C: b-State = State-3; {-State = State-1;
Given: W_O= 0.0 kJ; T_B=298.15 K;

H O O OB B O ¥ B H

Delta_E= 8.86658 kJ; Delta_S= 0.040932987 kJ/K;

Calculated: Q=-8.986182 kJ; W_B=-8.986182 kJ; S_gen=-0.010793186 k]J/K; n= 1.0 UnitLess;

Calculated: Q= 14.777159 kJ; W_B=5.910579 kJ; S_gen= -0.008629847 k]/K; n= 0.0 UnitLess;

Prob.9.28. 1 kg of air at a pressure of 8 bar and temp 100 C undergoes a reversible, ploytropic process

following the law p.vA1.2 = constant. If the final pressure is 1.8 bar, determine: (i) final sp. volume, temp

and increase in entropy, and (ii) work done and heat transfer. [VTU - BTD - Dec. 06-Jan. 07]
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TEST Solution:

Following are the steps:

1. From the Daemons tree, select System Analysis — Closed — Uniform System:

2. For the Material model, select IG Model:

109
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3. Select Air as the substance, enter for State 1 values of p1, T1 and m1, and hit Enter. We get:

4. For State 2: enter p2, m2 = m1 and v2 = (pl * v1A1.2 / p2) and hit Enter. We get:

5. Go to Process Panel. For Process A, enter State 1 and State 2 for b-State and f-State, and
W_O = 0 and hit Enter. We get:
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6. Note that Heat transfer, Q = 58.576 kJ, Work done, W_B = 117.86 kJ. . Ans.

At State 2:

sp. vol. v2 = 0.464 m~3, temp, T2 = 17.864 C, and

change in entropy = (s2 - s1) = 0.177kJ/K .... Ans.

7. Draw the T-s diagram from the Plots widget:

T. K [ 6.7E5, 435 448 )

41047

261.91

5.86 5, KJ/kg.K 7.38

8. Click on SuperCalculate, and get the TEST code etc from the I/O panel:

oottt OUTPUT OF SUPER-CALCULATE

#Daemon Path: Systems>Closed>Process>Generic>Uniform>IG-Model; v-10.ca08
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States {

State-1: Air;
Given: { pl= 800.0 kPa; T1= 100.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 1.0 kg; }

State-2: Air;
Given: { p2= 180.0 kPa; v2= “(p1*v1A1.2/p2)~(1/1.2)” mA3/kg; Vel2= 0.0 m/s; z2= 0.0 m; m2=
((ml,’ kg; }

Analysis {
Process-A: b-State = State-1; f-State = State-2;

Given: { W_O= 0.0 kJ; T_B=298.15 K; }

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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#oeee*DETAILED OUTPUT:

# Evaluated States:

#
# State-1: Air > IG-Model;
# Given: pl= 800.0 kPa; T1= 100.0 deg-C; Vell= 0.0 m/s;
# z1= 0.0 m; m1= 1.0 kg;
# Calculated: rhol= 7.4704 kg/m~3; vl= 0.1339 mA3/kg; ul= -31.3787 kJ/kg;
# h1=75.7103 kJ/kg; s1= 6.5163 kJ/kg.K; el= -31.3787 kJ/kg;
# jl=75.7103 kJ/kg; Voll= 0.1339 mA3; MM1= 28.97 kg/kmol;
# R1=0.287 kJ/kg.K; c_pl= 1.0152 kJ/kg.K;
#
# State-2: Air > IG-Model;
# Given: p2= 180.0 kPa; v2= “(p1*v1A1.2/p2)"(1/1.2)” mA3/kg; Vel2= 0.0 m/s;
# z2= 0.0 m; m2= “m1” kg;
# Calculated: T2= 17.864 deg-C; rho2= 2.1552 kg/m~3; u2= -90.6619 kJ/kg;
# h2= -7.1448 kJ/kg; s2= 6.6937 k/kg.K; e2= -90.6619 kJ/kg;
# j2= -7.1448 kJ/kg; Vol2= 0.464 mA3; MM2= 28.97 kg/kmol;
# R2= 0.287 kJ/kg.K; c_p2= 1.0035 kJ/kg.K;
#
e Property spreadsheet starts: #
State  p(kPa) T(K) v(m~3/kg) u(kJ/kg) h(kJ/kg) s(kJ/kg)
# 1 800.0 373.2 0.1339 -31.38 75.71 6.516
# 2 180.0 291.0 0.464 -90.66 -7.14 6.694
#
Hommme- Property spreadsheet ends--------------=- oo oo
#
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# Mass, Energy, and Entropy Analysis Results:

#

# Process-A: b-State = State-1; {-State = State-2;

# Given: W_O= 0.0 kJ; T_B=298.15 K;

# Calculated: Q= 58.57645 kJ; W_B= 117.85965 kJ; S_gen= -0.019103007 kJ/K; n= 1.2 UnitLess;
# Delta_E= -59.2832 kJ; Delta_S= 0.17736337 kJ/K;

#

Prob.9.29. 0.5 kg of air is compressed reversibly and adiabatically from 80 kPa, 60 C to 0.4 MPa and
is then expanded at const. pressure to the original volume. Sketch these processes on the p-v and T-s

planes. Compute the heat transfer and work transfer for the whole path. [VTU - BTD - June-July 08:]

This e-book Y o N
ismadewith SETASIGN

SetaPDF h Y 4

\7\‘ PDF components for PHP developers

www.setasign.com

114 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/Setasign

Basic Thermodynamics: Software Solutions:
PartV Real and ideal gases and gas mixtures

TEST Solution:

1. From the Daemon tree, select System Analysis — Closed — Uniform System:

2. For the Material model, choose IG model:

115
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3. Select Air as the working substance, and for State 1, enter values of p1, T1 and m1, and hit
Enter. We get:

4. For State 2: enter p2, m2 = ml, and s2 = sl (since isentropic), hit Enter. We get:

5. For State 3: enter p3 = p2, m3 = m2 and Vol3 = Voll. Hit Enter. We get:
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6. Now, go to Process Panel. For Process A: enter State 1 and State 2 for b-State and f-State,
W_O = 0 (i.e. Work other than Boundary work), and hit Enter. We get:

We see that: Work done in Process 1-2 = W_B = -70.09 K] ...(-ve sign means work is done on the
gas)... Ans.

7. For Process B: enter State 2 and State 3 for b-State and f-State, W_O = 0 (i.e. Work other
than Boundary work), and hit Enter. We get:
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We see that: Work done in Process 2-3 = W_B = 163.95 KkJ ...(+ve sign means work is done by the
gas)... Ans.

Heat transfer, Q = 655.85 kJ ... Ans.

Therefore, for the whole cycle:

W_net = -70.08 + 163.95 = 93.86 kJ .. Ans.

Q_net =0 + 655.85 = 655.85 kJ ... Ans.
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8. Draw the p-v and T-s diagrams from the Plots widget:

p, kPa (log Scale)

7282
3
1
516156
0.3403 v, m*3/kg (log Scale) 1.2
T, K
1832.535
3
2
28984 1
6.36 5, KJ'/kg.K 9.2
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9. Click on SuperCalculate and get the TEST code etc from the I/O panel:

B OUTPUT OF SUPER-CALCULATE (

#Daemon Path: Systems>Closed>Process>Generic>Uniform>IG-Model; v-10.ca08

#
 nnEE R Start of TEST-code----------nnmmmm oo
States {
State-1: Air;
Given: { pl= 80.0 kPa; T1= 60.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 0.5 kg; }
State-2: Air;
Given: { p2= 400.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; m2= “m1” kg; }
State-3: Air;
Given: { p3= “P2” kPa; Vel3= 0.0 m/s; z3= 0.0 m; m3= “m2” kg; Vol3= “Vol1” mA3; }
}
Analysis {
Process-A: b-State = State-1; f-State = State-2;
Given: { Q= 0.0 kJ; W_O= 0.0 kJ; T_B=298.15 K; }
Process-B: b-State = State-2; {-State = State-3;
Given: { W_O= 0.0 kJ; T_B=298.15 K; }
}
R End of TEST-code---------==mmmmm oo
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#ommmmme- Property spreadsheet starts: #

# State  p(kPa) T(K) v(mA3/kg) u(kJ/kg) h(k]/kg) s(kJ/kg)

# 1 80.0 333.2  1.1951 -60.38 35.23 7.062

# 2 400.0 523.2 0.3754 79.79 229.93 7.062

# 3 400.0 1665.8 1.1951 1063.58 1541.62 8.37

#

fommmme- Property spreadsheet ends----------=-----omommmmm oo

#

# Mass, Energy, and Entropy Analysis Results:

Process-A: b-State = State-1; f-State = State-2;
Given: Q= 0.0 kJ; W_O= 0.0 kJ; T_B=298.15 K;
Calculated: W_B= -70.08581 kJ; S_gen= -0.0 kJ/K; n= 1.3896776 UnitLess; Delta_E= 70.08581
kJ; Delta_S= -0.0 k]J/K;
#

#
#
#
#
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# Process-B: b-State = State-2; {-State = State-3;

# Given: W_O= 0.0 kJ; T_B=298.15 K;

# Calculated: Q= 655.84515 kJ; W_B= 163.95354 kJ; S_gen= -1.5460639 kJ/K; n= 0.0
UnitLess;

# Delta_E= 491.8916 kJ; Delta_S= 0.6536515 k]J/K;

Prob.9.30. A quantity of air at a pressure of 100 kPa, 27 C, occupying a volume of 0.5 m/3 is compressed
to a pressure of 500 kPa and volume of 0.12 mA3 according to the law p.vAn = const. Find: (i) value of
index n (ii) mass of air (iii) work transfer (iv) heat transferred during the process, and (iv) change in
entropy. [VTU - BTD - July 2007.]

TEST Solution:

Following are the steps:

1. Select the System Analysis-Closed-Uniform System daemon:
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2. For Material model, choose IG model:

3. Select Air as working substance, and for State 1, enter values of p1, T1 and Voll. Hit Enter.

Immediately, other properties are calculated:

Observe that: mass of air m1 = 0.58046 kg ... Ans.
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4. For State 2: enter p2, m2 = m1, and Vol2. Hit Enter. We get:
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5. Now, go to Process Panel: For Process A, enter State 1 and State 2 for b-State and f-State.
Also, W_O = 0. Hit Enter. We get:

Thus:

n = 1.12776, Mass of air = 0.58046 kg .... Ans.

Q =-53.14 kJ...heat rejected by the system... Ans.

W =-78.27 KJ ....work done on the system ....Ans.

Change in entropy of gas = Delta_S =-0.1614 kJ/K ...Ans.

Download free eBooks at bookboon.com



6. Get the T-s diagram from the Plots widget:

396.2

27014

T.K (629, 4244961 )

5.895 s, kd'kg.K 7.58

7. Click on SuperCalculate. Get the TEST code etc from the I/O panel:

o OUTPUT OF SUPER-CALCULATE

#Daemon Path: Systems>Closed>Process>Generic>Uniform>IG-Model; v-10.ca08

{

State-1: Air;
Given: { pl= 100.0 kPa; T1= 27.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; Voll= 0.5 m~3; }

State-2: Air;
Given: { p2= 500.0 kPa; Vel2= 0.0 m/s; z2= 0.0 m; m2= “m1” kg; Vol2= 0.12 mA3; }

}
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Analysis {

Process-A: b-State = State-1; f-State = State-2;

Given: { W_O= 0.0 kJ; T_B=298.15K; }

}

Frommmm s End of TEST-code----====----mmmmmmm oo
#
#ommmmo Property spreadsheet starts: #
# State  p(kPa) T(K) v(mA3/kg) u(kJ/kg) h(k]/kg) s(kJ/kg)
# 1 100.0 300.2 0.8614 -84.12 2.02 6.893
# 2 500.0 360.2 0.2067 -40.81 62.56 6.615
#
oo Property spreadsheet ends--------------ommommm oo
#
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# Mass, Energy, and Entropy Analysis Results:

#

# Process-A: b-State = State-1; f-State = State-2;

# Given: W_O= 0.0 kJ; T_B=298.15 K;

# Calculated: Q= -53.13758 kJ; W_B= -78.27469 kJ; S_gen= 0.01682128 kJ/K;
# n=1.1277552 UnitLess;

# Delta_E= 25.137112 kJ; Delta_S= -0.16140303 kJ/K;

#

Prob.9.31. Pressure and temperature of a mixture of 1 kg of O2 and 2 kg of N2 are 150 kPa and 20 C
respectively. If the mixture is heated at constant pressure to a temp. of 100 C, determine the following:
(i) change in enthalpy (ii) change in entropy (iii) change in int. energy.

Given: Cv of N2 = 0.743 kJ/kg.K and Cv of O2 = 0.65 kJ/kg.K. [VTU - BTD-Jan. 2005]

Note: This prob. Is the same as Prob.9.9 solved with Mathcad.

However, now we shall solve it with TEST. Appreciate how easy it is to solve ideal gas mixture problems
in TEST.

Download free eBooks at bookboon.com



TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:

Hovering the mouse pointer on ‘Uniform System’ brings the following explanatory pop-up:
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2. For Material model, select Binary mixtures - IG + IG model as shown below:

3. Select O2 for Gas-A and N2 for Gas-B. For Statel, enter pl, T1, m1 (=3 kg for mixture), and
x_Al = mass fraction of Gas-A = 1/3 = 0.333. Remember that we have to enter either mass
fraction x_A1 or mole fraction y_A1 for Gas-A only. Hit Enter. Immediately, all mixture

properties are calculated.

Note from the above screen shot that mixture properties such as Mean Mol. wt. MM1, sp. heat of mixture,

c_p1, Total volume of mixture, Voll, entropy of mixture, sl etc are immediately presented.
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4. Now, go to State 2. Enter p2 = pl, T2, m2 = m1, x_A2 = x_Al, and hit Enter. We get for

State 2 of the mixture:
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5. Click on SuperCalculate and get the TEST code etc from the I/O panel:

Frmmmm v OUTPUT OF SUPER-CALCULATE

#

# Daemon Path: States>System>IG-BinMixModel; v-10.ca08

#

 nnEE R R Start of TEST-code---------mmmmmm oo
States {

State-1: 02, N2;

Given: { pl= 150.0 kPa; T1= 20.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 3.0 kg; x_Al= 0.333

fraction; }
State-2: 02, N2;

Given: { p2= “P1” kPa; T2=100.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; m2= “m1” kg; x_A2="“x_A1"

fraction; }

#eoeeDETAILED OUTPUT:

# Evaluated States:

State-1: 02, N2 > IG-BinMixModel;
Given: pl= 150.0 kPa; T1= 20.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; m1= 3.0 kg; x_A1l= 0.333 fraction;

H O H H R
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# Calculated: vl= 0.5561 m~3/kg; ul=-88.819 kJ/kg; h1= -5.3976 kJ/kg;

# s1= 6.7431 kJ/kg K; el= -88.819 kJ/kg; j1= -5.3976 kj/kg;

# Voll= 1.6684 m"3; MM1= 29.2161 kg/kmol; R1= 0.2846 k]J/kg.K;

# c_pl=0.9895 kJ/kg.K; y_A1l= 0.304 fraction;

#

# State-2: 02, N2 > IG-BinMixModel;

# Given: p2= “P1” kPa; T2= 100.0 deg-C; Vel2= 0.0 m/s;

# z2= 0.0 m; m2= “m1” kg; x_A2= “x_A1" fraction;

#

# Calculated: v2= 0.7079 mA3/kg; u2= -31.6493 kJ/kg; h2= 74.5376 kJ/kg;

# s2= 6.9843 kJ/kg K; e2= -31.6493 kJ/kg; j2= 74.5376 k] /kg;

# Vol2=2.1237 mA3; MM2= 29.2161 kg/kmol; R2= 0.2846 k]/kg.K;

# c_p2=1.0102 kJ/kg.K; y_A2= 0.304 fraction;

#

Fommmoee Property spreadsheet starts: #

#State x A y_A  p(kPa) T(K) v(m3/kg) u(kJ/kg) h(kJ/kg) s(kJ/kg)
#1 0.33 0.3 150.0 293.1 0.5561 -88.82 -5.4 6.743
#2 0.33 0.3 150.0 373.1 0.7079 -31.65 74.54 6.984
#

#*CALCULATE VARIABLES: Type in an expression starting with an ‘=" sign (‘= mdot1*(h2-h1);
‘= sqrt(4*A1/PI)) etc.) and press the Enter key) et

# Calculate change in enthalpy etc. in the I/O panel, using it as a calculator:

Change in enthalpy = m1*(h2-h1) = 239.80544471740723 = 239.81 kJ ... Ans.

Change in entropy = m1*(s2-s1) = 0.7235612869262695 = 0.724 kJ/K ... Ans.

Change in int. energy = m1*(u2-ul) = 171.50891876220703 = 171.51 kJ ... Ans.

Prob.9.32. A gas mixture consists of 6 kmol of H2 and 4 kmol of N2. Determine the mass of each gas
and the Gas const. of the mixture. [VTU - BTD - Jan. 2004]
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TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:

2. For Material model, select Binary mixtures - IG + IG model as shown below:

Download free eBooks at bookboon.com



Basic Thermodynamics: Software Solutions:
PartVv Real and ideal gases and gas mixtures

3. Select H2 for Gas-A and N2 for Gas-B. For Statel, enter y_Al = 0.6 (i.e. mole fraction for
Gas-A), and hit Enter. Immediately, Gas const. for mixture (i.e. R1) and Mol. wt. for the

mixture, MM1 are calculated.

Note from the above screen shot that for the mixture:
Mean Mol. wt. MM1 = 12.409 kg/mol ... Ans.

Gas const. for mixture, R1 = 0.66997 kJ/kg.K.... Ans.
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Mass of H2 and N2:

We see that mass fraction, x_A1 for H2 is 0.09746.
i.e. If the mixture mass is 1 kg,

Mass of H2 in the mixture = 0.09746 kg ... Ans.

Mass of N2 in the mixture = 1 - 0.09746 = 0.9025 kg .... Ans.

Prob.9.33. The gravimetric analysis of dry air is: O2 = 23%, and N2 = 77%. Calculate for air at 100 kPa
and 15 C: (i) Mole fractions of components, (ii) The Gas const. (iii) Mol. wt. (iv) The respective partial

pressures. [VTU - BTD - July 2003]

TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:
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2. For Material model, select Binary mixtures — IG + IG model as shown below:
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3. Select O2 for Gas-A and N2 for Gas-B. For Statel, enter values of p1, T1, and mass fraction
of O2 = x_A1 = 0.23 and hit Enter. Immediately, mole fraction y_A1 for O2, Gas const. for

mixture (i.e. R1) and Mol. wt. for the mixture, MM1 are calculated.

We see from the above screen shot that:

Mole fraction of O2 =y_A1l = 0.20721 = 20.72% ... Ans.

Therefore, mole fraction of N2 =1 - 0.20721 = 0.79279 = 79.28%

Gas const. for the mixture = R1 = 0.28839 kJ/kg.K ... Ans.

Partial pressures:

For 02: p_02 = 0.20721 * 100 = 20.721 kPa ... Ans.

For N2: p_N2 =0.79279 * 100 = 79.279 kPa ... Ans.
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4. Click on SuperCalculate to get the TEST code etc:

S OUTPUT OF SUPER-CALCULATE

#

# Daemon Path: States>System>IG-BinMixModel; v-10.ca08

#

 nnEE R Start of TEST-code---------mmmm oo
States {

State-1: 02, N2;

Given: { pl= 100.0 kPa; T1= 15.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; x_A1l= 0.23 fraction; }

#eoe*DETAILED OUTPUT:

# Evaluated States:

State-1: 02, N2 > IG-BinMixModel;
Given: pl= 100.0 kPa; T1= 15.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; x_A1l= 0.23 fraction;
Calculated: vl= 0.831 mA3/kg; ul=-93.5517 kJ/kg; h1=-10.4516 kJ/kg;
s1= 6.8583 kJ/kg.K; el=-93.5517 kJ/kg; j1= -10.4516 k]/kg;
MM1= 28.8288 kg/kmol; R1= 0.2884 kJ/kg.K; c_p1= 1.002 k]/kg.K;
y_Al=0.2072 fraction;

H OB ¥ O B O H W H B
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Prob.9.34. Determine the sp.vol.of H2 gas when its pressure is 60 bar and temp is 100 K, by using the
compressibility chart. [VTU - BTD - Jan. 2003]

TEST Solution:

Result of using the compressibility chart is obtained very easily with TEST:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:
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2. For Material model, select Gases — RG (Real Gas) model as shown below. Observe that it is

based on generalized compressibility chart.
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3. Select H2 for the substance. For Statel, enter values of p1, T1 hit Enter. Immediately, many

properties of H2 are calculated:

Observe that sp. volume = vl = 0.07265 m"3/kg ... Ans.

4. Click on SuperCalculate, and get the TEST code etc from the I/O panel:

B s sttt 1 0 OUTPUT OF SUPER-CALCULATE
# Daemon Path: States>System>RG-Model; v-10.ca08
#
Fommmm - Start of TEST-code--------===-mmmm oo
States {
State-1: H2;

Given: { pl= 60.0 bar; T1= 100.0 K; Vell= 0.0 m/s; z1= 0.0 m; }
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#oe*DETAILED OUTPUT:

#

# Evaluated States:

#

# State-1: H2 > Superheated Vapor;

# Given: pl= 60.0 bar; T1= 100.0 K; Vell= 0.0 m/s;

# z1= 0.0 m;

# Calculated: p_rl=4.6154 UnitLess; T_rl= 3.012 UnitLess; Z1= 1.057 UnitLess;

# Z_h1= 0.3866 UnitLess; Z_s1= 0.1706 UnitLess; vl= 0.0727 m~3/kg;
# ul=-3304.394 kJ/kg; h1= -2868.4888 kJ/kg; s1= 31.7647 kJ/kg.K;
# el= -3304.394 kJ/kg; j1= -2868.4888 k]/kg;

#

DUKE

= THE FUQUA
SCHOOL
OF BUSINESS

Learn More »

143 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/fuqua

Prob.9.35. A mixture of H2 and O2 is in the ratio 2 to 1 by volume. Find the mass of H2 required and
the volume of container per kg of O2 if the temp and pressure of the mixture are to be 300 K and 100
kPa respectively. [VTU - BTD - July 2002]

TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:
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2. For Material model, select Binary mixtures - IG + IG model as shown below:

3. Select H2 for Gas-A and O2 for Gas-B. For Statel, enter values of p1, T1, and mole fraction
of H2 =y_A1l = 2/3 = 0.6667 and hit Enter. Immediately, mass fraction x_A1 for H2, Gas

const. for mixture (i.e. R1) and Mol. wt. for the mixture, MM1 are calculated.

We observe that:

Mass fraction of H2 =x A1 =0.11191

Then, mass fraction of 02 =1 - 0.11191 = 0.88809

Therefore, for 1 kg of O2:

Mass of mixture = 1/0.88809 = 1.126 kg.

And, Mass of H2 = 1.126 - 1 = 0.126 kg .... Ans.
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Now, go to the above State panel, and enter mass of mixture, m1 = 1.126 kg, and hit Enter.

We get:

Thus:

Volume of mixture (i.e. volume of container required) = Voll = 2.33853 m~3 ... Ans.
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Prob.9.36. A mixture of 0.5 kg of CO2 and 0.3 kg of N2 is compressed from P1 = 1 bar, T1 = 20 C to
P2 = 5 bar in a polytropic process for which n = 1.3. Find (i) the final temp (ii) work (iii) heat transfer
(iv) change in entropy of the mixture. [VTU - BTD - Dec. 2012]

TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:

Download free eBooks at bookboon.com



2. For Material model, select Binary mixtures - IG + IG model as shown below:

3. Select CO2 for Gas-A and N2 for Gas-B. For Statel, enter values of p1, T1, and mass
fraction of CO2 = x_Al = 5/8 , and mass of mixture, m1 = 0.8 kg, and hit Enter.
Immediately, mole fraction y_A1 for CO2, Gas const. for mixture (i.e. R1) and Mol. wt. for

the mixture, MM 1, mixture volume, Voll are calculated:
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4. For State 2, enter values of p2, v2 = [(p1/p2) * v1A1.3]A(1/1.3), m2 = m1, x_A2 = x_Al, and
hit Enter. We get:

Thus:

Final temp = T2 = 151.85 C .... Ans.

Work done = (p1*Voll - p2*Vol2) / (1.3 - 1) = -80.664 kJ ...work done on the system, since -ve... Ans.
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Heat transfer:

ByILaw: Q=dU + W

Now, dU = m1*(u2 - ul) = 76.458 kJ

Therefore, Q = 76.458+(-80. 664) = -4.206 kJ....heat rejected.... Ans.

Change in entropy: dS = m1 * (s2 - s1) = 0.0128 kJ/K ... Ans.

5. Click on SuperCalculate and get the TEST code etc from the I/O panel:

Frommm s OUTPUT OF SUPER-CALCULATE

#

# Daemon Path: States>System>IG-BinMixModel; v-10.ca08

#

oo Start of TEST-cOd@------==--mmm oo
States {

State-1: CO2, N2;

Given: { pl= 100.0 kPa; T1= 20.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 0.8 kg; x_Al= “5/8”

fraction; }

State-2: CO2, N2;

Given: { p2= 500.0 kPa; v2= “((p1/p2)*v1~1.3 )A(1/1.3)” mA3/kg; Vel2= 0.0 m/s; z2= 0.0 m;
m2= “ml” kg; x_A2= “x_A1" fraction; }
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#ooee*DETAILED OUTPUT:

# Evaluated States:

#

# State-1: CO2, N2 > IG-BinMixModel;

# Given: pl= 100.0 kPa; T1= 20.0 deg-C; Vell= 0.0 m/s;

# z1= 0.0 m; m1= 0.8 kg; x_Al= “5/8” fraction;

#

# Calculated: vl= 0.6725 m~3/kg; ul=-5660.5386 kJ/kg; h1= -5593.285 kJ/kg;

# sl= 5.7476 kJ/kg K; el= -5660.5386 kj/kg; j1= -5593.285 k]/kg;
# Voll=0.538 mA3; MM1= 36.2395 kg/kmol; R1= 0.2294 k]/kg.K;
# c_pl=0.9159 kJ/kg.K; y_Al= 0.5147 fraction;

#

# State-2: CO2, N2 > IG-BinMixModel;

# Given: p2= 500.0 kPa; v2= “((p1/p2)*v1A1.3 )A(1/1.3)” mA3/kg; Vel2= 0.0 m/s;
# z2= 0.0 m; m2= “m1” kg; x_A2= “x_A1" fraction;

#

# Calculated: T2= 151.8519 deg-C; u2= -5564.966 kJ/kg; h2= -5467.4624 kJ/kg;

# s2= 57323 kJ/kg K; e2= -5564.966 kJ/kg; j2= -5467.4624 k] /kg;
# Vol2= 0.156 mA3; MM2= 36.2395 kg/kmol; R2= 0.2294 k]/kg K;
# c_p2=0.9945 kJ/kg.K; y_A2= 0.5147 fraction;

#

fommmeee- Property spreadsheet starts:

#State x A y_A p(kPa) T(K) v(m3/kg) u(kJ/kg)h(kJ/kg)s(k]/kg)

#1 0.62 0.51 100.0 293.1 0.6725 -5660.54 -5593.29 5.748
#2 0.62 0.51 500.0 425.0 0.195 -5564.97 -5467.46 5.732

Prob.9.37. A mixture of ideal gases consists of 3 kg of N2 and 5 kg of CO2 at a pressure of 300 kPa
and temp of 20 C. Find: (i) mole fraction of each component (ii) equivalent mol. wt. of the mixture
(iii) equivalent gas constant of the mixture, and (iv) the partial pressure and partial volume. [VTU - BTD -
June-July 2008]
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TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:

2. For Material model, select Binary mixtures — IG + IG model as shown below:
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3. Select N2 for Gas-A and CO2 for Gas-B. For Statel, enter values of p1, T1, and mass
fraction of N2 = x_A1l = 3/8 , and mass of mixture, m1 = 8 kg, and hit Enter. Immediately,
mole fraction y_A1 for N2, Gas const. for mixture (i.e. R1) and Mol. wt. for the mixture,

MM1, mixture volume, Voll are calculated:
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Thus:

Mole fraction of N2 = y_A1l = 0.48535 C .... Ans.

Therefore, Mole fraction of CO2 =1 - 0.4853 = 0.5147.... Ans.

Equiv. mol. wt. of mixture = MM1 = 36.2395 kg/kmol... Ans.

Equiv. Gas const. of mixture = R1 = 0.22942 kJ/kg.K ... Ans.

Partial pressure of N2 =y_Al * p1 = 145.6 kPa .... Ans.

Partial pressure of CO2 = 300 - 145.6 = 154.4 kPa .... Ans.

Partial volume of N2 =y_A1l * Voll = 0.87 mA3 .... Ans.

Partial volume of CO2 = Voll - 0.87 = 0.923 mA3.... Ans.

4. Click on SuperCalculate and get the TEST code etc from the I/O panel:

fommmmmm v~ OUTPUT OF SUPER-CALCULATE

#

# Daemon Path: States>System>IG-BinMixModel; v-10.ca08

#

Fommmm - Start of TEST-code-------====mmmmm oo
States {

State-1: N2, CO2;

Given: { pl= 300.0 kPa; T1= 20.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 8.0 kg; x_Al= “3/8”

fraction; }
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#oeee*DETAILED OUTPUT:

# Evaluated States:

#

# State-1: N2, CO2 > IG-BinMixModel;

# Given: pl= 300.0 kPa; T1= 20.0 deg-C; Vell= 0.0 m/s;

# z1=0.0 m; m1= 8.0 kg; x_Al= “3/8” fraction;

#

# Calculated: v1=0.2242 m~3/kg; ul= -5660.5386 kJ/kg; h1=-5593.285 kJ/kg;
# s1= 5.4955 kJ/kg.K; el= -5660.5386 kJ/kg; j1= -5593.285 k]/kg;

# Voll=1.7934 mA3; MM1= 36.2395 kg/kmol; R1=0.2294 k]/kg.K;

# c_pl=0.9159 kJ/kg.K; y_A1= 0.4854 fraction;

#
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- Property spreadsheet starts:

#
#State x A y_A  p(kPa) T(K) v(m3/kg) u(kJ/kg)h(kJ/kg)s(kJ/kg)
#1 0.38 0.49 300.0 293.1 0.2242 -5660.54 -5593.29 5.496

Prob.9.38. A mixture of gases has the following volumetric composition: CO2 = 12%, O2 = 4%, N2 =
82% and CO = 2%. Calculate: (i) the gravimetric composition (ii) Mol. wt. of mixture (iii) Gas const. R
for the mixture [VTU - BTD - March, 2001]

TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:
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2. For Material model, select General mixture — n- IG model as shown below. It can contain an

unlimited number, n, of species.

3. Now, form the mixture: To do this, Instructions are given in the blue window:

4. i.e. To form the mixture, go to the lower blue portion of the window, and select the gas from
the widget, enter its % by volume or mass etc. as shown and click on Add/Modify. Then
that gas gets entered in the blue window below. Do this for each component, and click on

Calculate. We get:
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Thus:

Gravimetric composition, i.e. x_A1 etc. See the x_k column in the blue window above:

We get: 02: 0.0426, N2: 0.7633, C0O2:0.1756, and CO:0.0186 .... Ans.

Mol. wt. of mixture = MM1 = 30.0814 kg/kmol... Ans.

Gas const. for mixture = R1 = R_u /MM1 = 8.314 / 30.0814 = 0.27638 kJ/kg.K ... Ans.

5. Click on SuperCalculate and get the TEST code etc from the I/O panel:

o OUTPUT OF SUPER-CALCULATE
#

# Daemon Path: States>System>IG-GenMixModel; v-10.ca08
#
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States {
State-1: mixture, ;
Given: { Vell= 0.0 m/s; z1= 0.0 m; }

}
Fommmm s End of TEST-code---------mmmmmm oo e
#
#roeDETAILED OUTPUT:
#

# Mixture composition:

#

#k MM_k(kg/kmol) m_k(kg) n_k(kmol) x_k(m_k/m) y_k(n_k/n)
#

#02 320 128.0 4.0 0.04255 0.04

#N2 28.0 2296.0 82.0 0.76326 0.82

#CO2 44.01 528.12 12.0 0.17556 0.12

#CO 28.01 56.02 2.0 0.01862 0.02

# Total 30.08 3008.14 100.0

#

# Evaluated States:

#

# State-1: mixture, > ;

# Given: Vell= 0.0 m/s; z1= 0.0 m;

# Calculated: MM1= 30.0814 kg/kmol;
#

Prob.9.39.A 2 kg mixture of 25% N2, 50% O2 and 25% CO2 by mass is at 150 kPa and 300 K. Find the

mixture gas const. and the total volume. [Ref: 2]
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TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:

2. For Material model, select General mixture — n- IG model as shown below. It can contain an

unlimited number, n, of species.
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3. Now, form the mixture: To do this, Instructions are given in the blue window:

DO YOU WANT TO KNOW:

What your staff really want?

The top issues troubling them?

How to make staff assessments
work for you & them, painlessly?

How to retain your
top staff

FIND OUT NOW FOR FREE

Get your free trial

Because happy staff get more done

161 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/performancereviewpro-bookboonlp

4. i.e. to form the mixture, go down to the lower blue window, and select the gas from the
widget, enter its % by mass or volume etc. as shown and click on Add/Modify. Then that gas
gets entered in the blue window below. Do this for each component, and also enter for State
1 (in the State panel) values for p1, T1 and m1. Then, click on Calculate. Many properties of

the mixture are calculated immediately:

Thus:

Mixture Mol. wt. = MM1 = 33.07524 kg/kmol .... Ans.
Mixture Gas Const. = R_u/ MM1 = 0.2514 kJ/kg.K ... Ans.
Mixture volume = Voll = 1.00547 mA3 ... Ans.

5. Click on SuperCalculate and get the TEST code etc from the I/O panel:

I T e OUTPUT OF SUPER-CALCULATE:
#

# Daemon Path: States>System>IG-GenMixModel; v-10.ca08
#
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States {
State-1: mixture, ;
Given: { pl= 150.0 kPa; T1= 300.0 K; Vell= 0.0 m/s; z1= 0.0 m; m1= 2.0 kg; }

#ooee*DETAILED OUTPUT:

# Mixture composition:

#

# k MM_k(kg/kmol)  m_k(kg) n_k(kmol) x_k(m_k/m)  y_k(n_k/n)
#

#02 32.0 1.0 0.03125 0.5 0.5168

# N2 28.0 0.5 0.01786 0.25 0.29531

#CO2 44.01 0.5 0.01136 0.25 0.18788

# Total 33.08 2.0 0.06047

# Evaluated States:

#

# State-1: mixture, > ;

# Given: pl= 150.0 kPa; T1= 300.0 K; Vell= 0.0 m/s;

# z1= 0.0 m; m1= 2.0 kg;

# Calculated: v1= 0.5027 mA3/kg; ul= -2309.525 kj/kg; h1= -2234.115 kJ/kg;
# s1=6.291 kJ/kg.K; gl= -4121.404 kJ/kg; el= -2309.525 kJ/kg;

# jl=-2234.115 kJ/kg; Voll= 1.0055 m~3; MM1= 33.0752 kg/kmol;
# c_pl=0.9237 kJ/kg.K;

#
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e Property spreadsheet starts:

#

# State p(kPa) (K) v(m3/kg) u(kJ/kg) h(kJ/kg) s(kJ/kg)

#1 150.0 300.0 0.5027 -2309.52 -2234.11 6.291

Prob.9.40. A mixture of ideal gases has the following composition by mass: N2 = 75%, O2 = 13%,
CO2 = 12%. 2 kg of the mixture, initially at 3 bar and 127 C is compressed polytropically to 10 bar. The

index of compression is 1.3. Calculate: (i) work done (ii) change in enthalpy, and (iii) change in internal
energy. [M.U. — April 1996]
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TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:

2. For Material model, select General mixture — n- IG model as shown below. It can contain an

unlimited number, n, of species.
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3. Now, form the mixture: To do this, follow Instructions given in the blue window:
i.e. to form the mixture, go down to the lower blue window, and select the gas from the widget, enter
its % by mass or volume etc. as shown and click on Add/Modify. Then that gas gets entered in the blue

window below. Do this for each component, and also enter for State 1 (in the State panel) values for

pl, T1 and m1. Then, click on Calculate. Many properties of the mixture are calculated immediately:

Note from the above that Mixture vol. = 0.74466 m/ 3, Mixture Mol. wt. = 29.78418 kg/kmol, Mixture
cp = 1.02308 kJ/kg.K.

4. Enter p2, m2 = ml and v2 = [(pl * v1A1.3) / p2]~(1/1.3) for State 2, and hit Enter:
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We see from the above that properties in State 2 are calculated.

5. Now, click on SuperCalculate and go to I/O panel. TEST code etc are available there. Also,
we can use the I/O panel as a calculator to calculate the required quantities. Here, the
advantage of using I/O panel is that you can transfer the quantities from the States panel just
by entering the names of variables:

i.e. We get:
# Work done: W = m1 * (p1 * vl - p2 *v2)/(1.3 - 1) = -238.495 KJ ...work
done on the gas, so —ve.... Ans.

#Change in Enthalpy: dH = m1 * (h2 - h1) = 266.831 KkJ...Ans.

#Change in Internal energy: dU = m1 * (u2 - ul) = 195.283 KkJ .... Ans.
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6. From the Plots widget, get T-s diagram, shown below:

T, K { 7 EES, B37 207 )
a81.14
p=c
36013
5.0 5, KJ/Kg.K 7.39

And, the p-v diagram:

p, kPa(log Scale) (0105, 347 495

19953

169.5935

01218 v, m*3/Kkyg (log Scale) 04
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7. Also, get the TEST code etc from the I/O panel:

S OUTPUT OF SUPER-CALCULATE

#

# Daemon Path: States>System>IG-GenMixModel; v-10.ca08

#

 nnEE R Start of TEST-code---------mmmm oo
States {

State-1: mixture, ;
Given: { pl= 3.0 bar; T1= 127.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 2.0 kg; }

State-2: mixture, ;
Given: { p2=10.0 bar; v2= “((p1*v1/1.3)/p2)A(1/1.3)” m~3/kg; Vel2= 0.0 m/s; z2= 0.0 m; m2=
((ml” kg; }

#eoeeXDETAILED OUTPUT: #

# Mixture composition:

#k MM_k(kg/kmol) m_k(kg) n_k(kmol) x_k(m_k/m)y_k(n_k/n)

#

#02 32.0 0.26 0.00812 0.13 0.12

# N2 28.0 1.5 0.05357 0.75 0.79779
#CO2 44.01 0.24 0.00545 0.12 0.08121
# Total 29.78 2.0 0.06715

#
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# Evaluated States:

#

# State-1: mixture, > ;

# Given: pl= 3.0 bar; T1= 127.0 deg-C; Vell= 0.0 m/s;

# z1= 0.0 m; m1= 2.0 kg;

# Calculated: vl= 0.3723 m~3/kg; ul= -1082.2665 kJ/kg; h1=-970.568 k]/kg;
# s1= 6.7187 kJ/kg.K; gl= -3659.0637 kJ/kg; el= -1082.2665 k]/kg;

# j1=-970.568 kJ/kg; Voll= 0.7447 m"3; MM1= 29.7842 kg/kmol;
# c_pl=1.0231 kJ/kg.K;

#

# State-2: mixture, > ;

# Given: p2=10.0 bar; v2= “((p1*v1/1.3)/p2)~(1/1.3)” mA3/kg; Vel2= 0.0 m/s;
# z2= 0.0 m; m2= “m1” kg;

# Calculated: T2= 255.1579 deg-C; u2= -984.6251 kJ/kg; h2= -837.1525 kJ/kg;
# s2= 6.6718 kJ/kg.K; g2= -4361.908 kJ/kg; e2= -984.6252 kJ/kg;

# j2=-837.1525 kJ/kg; Vol2= 0.295 m"3; MM2= 29.7842 kg/kmol;

# c_p2=1.0584 kJ/kg.K;

#

oo Property spreadsheet starts:

#

# State p(kPa) T(K) v(m3/kg) u(kJ/kg) h(kJ/kg) s(kJ/kg)

#1 300.0 400.1 0.3723 -1082.27 -970.57 6.719

#2 1000.0 528.3 0.1475 -984.63 -837.15 6.672

#

#0o*CALCULATE VARIABLES: Type in an expression starting with an ‘=" sign (‘= mdot1*(h2-h1);
‘= sqrt(4*A1/PI)) etc.) and press the Enter key)*++oxt*

# Work done: W

=ml * (pl *vl - p2*v2)/(1.3-1)

ml* (pl* vl - p2 * v2)/(1.3 - 1) = -238.4946396594271 k] .... Ans.
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#Change in Enthalpy: dH:

=ml * (h2 - hl)

ml * (h2 - hl) = 266.8309326171875 k] .... Ans.

#Change in Internal energy: dU:

=ml * (u2 - ul)

ml* (u2 - ul) = 195.28271484375 k]

Prob.9.41. Natural gas as a mixture of 75% Methane and 25% Ethane by mass, is flowing to a compressor
at 17 C and 100 kPa. The reversible adiabatic compressor brings the flow to 250 kPa. Find the exit temp
and the needed work per kg flow. [Ref: 2]
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TEST Solution:

Following are the steps:

1. Go to Daemons tree, select States & Properties — Uniform System:

2. For Material model, select General mixture — n- IG model as shown below. It can contain an

unlimited number, n, of species.
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3. Now, form the mixture: To do this, follow Instructions given in the blue window:

i.e. to form the mixture, go down to the lower blue window, and select the gas from the widget, enter
its % by mass or volume etc. as shown and click on Add/Modify. Then that gas gets entered in the blue
window below. Do this for each component, and also enter for State 1 (in the State panel) values for

pl, T1 and m1. Then, click on Calculate. Many properties of the mixture are calculated immediately:

Note from the above that Mixture vol. = 1.32851 m#3, Mixture Mol. wt. = 18.15803 kg/kmol, Mixture
cp = 2.14139 kJ/kg.K.

4. For State 2, enter p2, m2 = ml, and s2 = s (since rev. adiabatic process is an isentropic

process), m2 = ml. Hit Enter:

We see from the above that properties in State 2 are calculated.

Download free eBooks at bookboon.com



Basic Thermodynamics: Software Solutions:
PartV Real and ideal gases and gas mixtures

5. Now, click on SuperCalculate and go to I/O panel. TEST code etc are available there. Also,
we can use the I/O panel as a calculator to calculate the required quantities. Here, the
advantage of using I/O panel is that you can transfer the quantities from the States panel just

by entering the names of variables:

i.e. We get:

#Exit temp. T2 = 77.64 C = 350.790 K ... Ans.

#Work needed per kg flow, W = m1 * (h2-h1) = 134.168 kJ/Kkg .... Ans.
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6. From the Plots widget, get T-s diagram, shown below:

T.K

385.87

261.14

860 s, KJ'Kg.K 11.83

7. And, the TEST code etc from the 1/O panel:

Frommmmmvm v~ OUTPUT OF SUPER-CALCULATE
#
# Daemon Path: States>System>IG-GenMixModel; v-10.ca08
#

175
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States {

State-1: mixture, ;
Given: { pl= 100.0 kPa; T1= 17.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 1.0 kg; }

State-2: mixture, ;

Given: { p2= 250.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; m2= “m1” kg; }

#oeee*DETAILED OUTPUT:

# Mixture composition:

#k MM_k(kg/kmol) m_k(kg) n_k(kmol) x_k(m_k/m) y_k(n_k/n)
#

# Methane(CH4) 16.04 0.75  0.046760.75  0.84904
# Ethane(C2H6) 30.07 0.25 0.008310.25  0.15096
# Total 18.16 1.0 0.05507

#

# Evaluated States:

State-1: mixture, > ;

Given: pl=100.0 kPa; T1= 17.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; m1= 1.0 kg;

Calculated: v1=1.3285 m~3/kg; ul= -4347.518 kJ/kg; h1= -4214.667 k]/kg;
s1= 10.7559 kJ/kg K; gl= -7335.483 kJ/kg; el= -4347.518 k] /kg;
jl=-4214.667 Kk]J/kg; Voll= 1.3285 m/3; MM1= 18.158 kg/kmol;
c_pl=2.1414 kJ/kg.K;

HOoH O H O B OB B H R
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# State-2: mixture, > ;

# Given: p2= 250.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s;

# z2= 0.0 m; m2= “m1” kg;

# Calculated: T2= 77.6401 deg-C; v2= 0.6425 m/3/kg; u2= -4241.1143 kJ/kg;
# h2= -4080.4985 kJ/kg; g2= -7853.552 k]/kg; e2= -4241.1143 KJ/kg;
# j2=-4080.4985 kJ/kg; Vol2= 0.6425 m~3; MM2= 18.158 kg/kmol;
# c_p2=2.3029 kJ/kg.K;

#

fommmeee- Property spreadsheet starts:

#

# State p(kPa) T(K) v(m3/kg) u(kJ/kg)h(kJ/kg)s(kJ/kg)

#1 100.0 290.2 1.3285 -4347.52 -4214.67 10.756

#2 250.0 350.8 0.6425 -4241.11 -4080.5 10.756

#

#00*CALCULATE VARIABLES: Type in an expression starting with an ‘=" sign (‘= mdot1*(h2-h1);
‘= sqrt(4*A1/PI)) etc.) and press the Enter key)*++x**

#
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#Exit temp. T2:

T2 =350.7901306152344 K ... Ans.

#Work needed per kg flow, W:

m1l * (h2-h1) = 134.16845703125 kJ/kg .... Ans.

REFERENCES:

Y.A. Cengel and M.A.Boles. Thermodynamics — An Engineering Approach. 4th ed. New
Delhi: Tata McGraw-Hill, 2003
Sonntag et.al. Fundamentals of Thermodynamics. 5 ed. Singapore: John Wiley & Sons, 1999

3. http://www.lon-capa.org/~mmp/applist/pvt/pvt.htm (Java Applet for Ideal gas)

b

v % N W

http://antoine.frostburg.edu/chem/senese/javascript/realgas.shtml

(Van der Waals eqn_calculator)

http://en.wikipedia.org/wiki/Equation_of_state

http://en.wikipedia.org/wiki/Table of thermodynamic equations

http://www.ecourses.ou.edu/
http://www.ent.ohiou.edu/~thermo/me321/Potter/Chapter2b.html

http://hyperphysics.phy-astr.gsu.edu/hbase/Kinetic/waal.html#cl

10. http://en.wikipedia.org/wiki/Van_der Waals_constants_(data_page)

11. http://www.science.uwaterloo.ca/~cchieh/cact/c123/phasesdgm.html

12. http://www.eng.usf.edu/~campbell/Thermol/Proptut/tutl.html

13. http://hyperphysics.phy-astr.gsu.edu/Hbase/thermo/pvtexp.html#cl

14. http://www.sbu.ac.uk/water/index2.html (Water phase diagram etc)

15. www.thermofluids.net

16. http://athena.ecs.csus.edu/~reardonf/ ThermoNotesl/
17. Moran, Shapiro, Munson and DeWitt. Introduction to Thermal Systems Engineering.

John Wiley & Sons, 2003

18. R.K. Rajput. A Text Book of Engineering Thermodynamics. Laxmi Publications.

New Delhi, 1998
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Appendix

EES Function to find out the compressibility Factor, Z when Tr and Pr are given:

Recall that we have the compressibility factor chart as shown below:

Now, in computer calculations, it is not very convenient to refer to the above graph as and when required.

Also, interpolation in this graph is difficult because the x-axis is in logarithmic scale.

Therefore, it is preferable to have an EES Function to calculate Z when Tr and Pr are given. It makes the

calculations very easy and simple.

To write the EES Function, following are the steps:

1. Digitize each curve in the above plot using the ‘free’ software “Plot Digitizer” available from
http://plotdigitizer.sourceforge.net. It is a Java based program, which is very easy to use.
2. Copy the x-y data produced in PlotDigitizer to EXCEL.

3. Use EES to re-cast the data such that x-axis (i.e. Pr) values are common for all the curves i.e.

for Tr = 5, 2, 1.5, .....0.8, by linear interpolation.
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4. Setup the final Table in EXCEL as shown below. Table is shown only partially, to conserve space.

5. Now, copy this Table as a Lookup Table in to EES and name it as ‘CompressibilityFactor’
6. Now, this Table is in a format suitable for 2D interpolation in EES, i.e. top horizontal row
gives Tr values: 5, 2, 1.5 .... 0.8, and left vertical column gives Pr values: 0.05, 0.1, 0.15

.....10. Rest of the numbers in the Table are corresponding Z values.
7. Z value for given Tr and Pr is found out by 2D interpolation in EES using the built-in
Function interpolate2DM.

8. The simple EES Function to find Z when Tr and Pr are given is now written:

$UnitSystem SI Pa CJ

FUNCTION Compressibility_Factor_Z(Tr,Pr)

{ Compressibility_Factor_Z ... finds the compressibility factor, given Tr (=T/Tc) and Pr (=P/Pc)}

Compressibility_Factor_Z = Interpolate2DM(‘CompressibilityFactor,Tr,Pr)
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Example
Tr=15
Pr=5

“Then, Z is found out by:”

Z = Compressibility_Factor_Z(Tr,Pr)

Result:

tain Enmpressihilit_l,l_Fac:tn:nr_Z]

Unit Settings: 51 C Pa J mass deg
Pr=5 Tr=15 Z=08212

Use of the above Function is demonstrated with the following example:
Example: Calculate the density of Nitrogen at 260 bar and 15 C using the compressibility chart.

Following is the EES program:

“Data:”
P =260 “bar”
T =15+273 “K”

R = 8314/28 “J/kg.K ... Gas const. for N2”

P_c = 33.947bar...critical pressure for N2....from Table on page 18”

T_C = 126.2"K...critical temp. for N2..from Table on page 18”
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“Calculations:”

Pr = P/P_c “..reduced pressure”

Tr = T/T_c “...reduced temp”

Z = Compressibility_Factor_Z(Tr,Pr)”...finds compressibility factor, Z .... Using the EES Function written

above”

“And, density, rho:”

“rho = P/(Z* R*T) ... where rho is in kg/mA3, P in Pa, R in J/kg.K and T in Kelvin”

“Therefore:”

rho = P *10A5 / (Z* R* T) “...finds rho in kg/mA3”

Results:

Unit Settings: 51 C Pa J mass deqg

F =260 [bar] Fr =7 BE1
Fo= 3394 [bar] R o=296.9 [Jkok]
p= 2858 [kg/mA] T =288 [K]
Tr=2.282 To =126.2 [K]
Z£=1.064

Thus:

Compressibility Factor, Z = 1.064 .... Ans.

Density of N2 = rho = 285.8 kg/m~3 ... Ans.
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To continue...

As we mentioned in the Preface in Part-I, generally, the subject of Thermodynamics is taught over two

semesters, under the titles Basic Thermodynamics and Applied Thermodynamics.

Now, in this book entitled Basic Thermodynamics: Software Solutions, presented in four parts, we
have solved problems on the topics such as: Units, Pressure, Temperature, Properties of Pure substances,
Zeroth Law, Heat and Work, First Law of Thermodynamics for a closed system and for flow processes,
Second Law of Thermodynamics, Heat engines, Refrigerators and Heat Pumps, Entropy, Availability and

Irreversibility, Real and Ideal gases and Gas mixtures etc.

In the next series of books entitled Applied Thermodynamics: Software Solutions, we shall solve
problems on the following topics: Thermodynamic relations, Vapour power cycles, Gas power cycles,

Refrigeration cycles, Psychrometrics, Reactive Systems and Compressible fluid flow.
At the beginning of each chapter, definitions, Statements and Formulas used are presented. Then,

problems are solved using Mathcad, Engineering Equation Solver (EES) or The Expert System on
Thermodynamics (TEST).
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