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ANNOUNCEMENTS



Announcements

Last updated September 29, 2022

Course Topics and Tentative Schedule

Week | Date Topics Reading gflseignment

08/23/22 | Introduction and Overview (I) Ch. 1

: 08/25/22 | Basic Concepts of Thermodynamics (I) Ch. 2

5 08/30/22 | Basic Concepts of Thermodynamics (IT) Ch. 2
09/01/22 | Basic Concepts of Thermodynamics (III) Ch. 2

3 09/06/22 | Energy, Energy Transfer, and General Energy Analysis (I) Ch.3 Assignment 1
09/08/22 | Energy, Energy Transfer, and General Energy Analysis (II) Ch.3

4 09/13/22 | Properties of Pure Substances (I) Ch. 4 Assignment 2
09/15/22 | No Class — Recording Ch. 4
09/20/22 | Properties of Pure Substances (II) Ch. 4 Assignment 3

> 09/22/22 | Properties of Pure Substances (III) Ch. 4

6 09/27/22 | Properties of Pure Substances (IV) Ch. 4
09/29/22 | Energy Analysis of Closed Systems (I) Ch. 5 Assignment 4

. 10/04/22 | Energy Analysis of Closed Systems (II) Ch. 5
10/06/22 | Mass and Energy Analysis of Control Volumes (I) Ch. 6

2 10/11/22 | Mass and Energy Analysis of Control Volumes (II) Ch. 6 Assignment 5
10/13/22 | Exam 1
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Announcements

« Let’'s find a few potential times for the online problem-solving
session?



RECAP



Recap

« During a vaporization process, a substance exists as part

liquid and part vapor

_ Myapor
Por TA . :
Critical point

x =
Mtotal

Sat. vapor

Sat. liquid

S




Recap

« Compared to the saturated vapor, superheated vapor is
characterized by

Lower pressures (P < Py, atagiven 1)

Higher temperatures (7" > T, at a given P)

Higher specific volumes (v > v cata given PorT)
Higher internal energies (i > uy ata given Por 7')

Higher enthalpies (A > h, ata given Por T)



Recap

« Compressed liquid tables are not as commonly available
(Table A-7)

* In the absence of compressed liquid data, a general
approximation is to treat compressed liquid as saturated
liquid at the given temperature

Given: Pand T

U=Vrar

u = Ll/' @T

h = /? F@T




Recap

* |In general, a compressed liquid is characterized by:

Higher pressures (P > Py, ata given 7T')

Lower temperatures (T < T, at a given P)
Lower specific volumes (U < v, ata given P or T)
Lower internal energies (# < wy ata given Por 7))
Lower enthalpies (i < iy at a given Por T))

10



Recap

« Sometimes interpolation is needed

TABLE A-7

Compressed liquid water

T v u h s
°C mlkg kJ/kg kJ/kg kl/kg - K

P =5 MPa (263.94°C)

Sat. 0.0012862 1148.1 1154.5 2.9207

0 0.0009977 0.04 5.03  0.0001

20  0.0009996 83.61 88.61 0.2954

40  0.0010057 166.92 171.95 0.5705

60  0.0010149 250.29 255.36  0.8287

80  0.0010267 333.82 338.96 1.0723

100 0.0010410 417.65 422.85 1.3034




THE IDEAL-GAS EQUATION OF STATE



The Ideal-Gas Equation of State

* Property tables provide very accurate information about the
properties, but they are

1 Bulky
 Vulnerable to typographical errors

* |t would be nice to have a simple relationship



The Ideal-Gas Equation of State

* Any equation that relates the pressure, temperature, and
specific volume of a substance is called an equation of state
(there are simple and complex ones)

* We used vapor and gas often interchangeably in the first
three chapters



The Ideal-Gas Equation of State

* The simplest and best-known equation of state for
substances in the gas phase is the ideal-gas equation of
state (assuming the intermolecular attraction between
molecules is zero).

T
P =R(;)

Pv = RT

Ideal—gas equation of state



The Ideal-Gas Equation of State

* We can define gas constant for each gas:

Ry,

3
R — kj kPa.m
M kg.K or kg.K )

R, is the universal gas constant

(8.31447 kJ/kmol - K
8.31447 kPa - m*/kmol - K
0.0831447 bar - m*/kmol - K
1.98588 Btu/lbmol - R
10.7316 psia - ft*/lbmol - R

| 1545.37 ft - Ibf/lbmol - R

R,

16



The Ideal-Gas Equation of State

« Examples of gas constant for a few known gases:

Substance R, kl/kg-K

Air 0.2870
Helium 2.0769
Argon 0.2081
Nitrogen 0.2968




The Ideal-Gas Equation of State

* Mis the molar mass

 The mass of one mole of a substance in grams or the mass of
kmol in kilograms

1 Or, the mass of 1 Ibmol in Ibm

TABLE A-1

Molar mass, gas constant, and critical-point properties

Critical-p

Substance Formula Molar mass, M kg/kmol Gas constant, R kl/kg - K*
Temperature, K Pressur
Air - 28.97 0.2870 132.5 3
Ammonia NH; 17.03 0.4882 405.5 11.
Argon Ar 39.948 0.2081 151 4,
Benzene CgHg 78.115 0.1064 562 4,
Bromine Br; 159.808 0.0520 584 10.
n-Butane CsHyjo 58.124 0.1430 425.2 3.
Carbon dioxide CO, 44.01 0.1889 304.2 1.
Carbon monoxide (6(0] 28.011 0.2968 133 3
Carbon tetrachloride CCly 153.82 0.05405 556.4 4,
Chlorine Cl, 70.906 0.1173 417 7
Chloroform CHCl; 119.38 0.06964 536.6 5.
Dichlorodifluoromethane (R-12) CCILF; 120.91 0.06876 384.7 4




The Ideal-Gas Equation of State

« Several variations of the ideal-gas equation of state

v
vV=—
m

vV
P(—)=RT — PV = mRT
m



The Ideal-Gas Equation of State

« Several variations of the ideal-gas equation of state

m
N=—
M
PV = (NM)RT
PV = NR,T

% _
P(ﬁ) =R,T — PV =R,T



The Ideal-Gas Equation of State

* Properties per unit mole are:

Per unit mass Per unit mole

v, m>/kg U, m*/kmol
u, kl/’kg u, kJ/kmol
h, kJ/kg h, kJ/kmol

4 4




The Ideal-Gas Equation of State

* By writing the equation twice for a fixed mass and simplifying
we can write:

P1V; PV,




CLASS ACTIVITY



Class Activity

« The gage pressure of an automobile tire is measure to be
210 kPa before a trip and 220 kPa after the trip at a location
where the atmospheric pressure is 95 kPa. Assuming the
volume of the tire remains constant and the air temperature
before the trip is 25 °C, determine air temperature after the

trip.



Class Activity

Solution:

Py = Pyages + Pagm = 210 + 95 = 305 kPa

Py = Pyages + Paem = 220 + 95 = 315 kPa

PV, PV, 315kPa

= 25+ 273.15K) =307.8 K = 34.8°C
T]_ T2 305 kPa ( )



Is Water an Ideal Gas?

T.°CA
108 50 2.4 0.5 0.0 0.0 0.0
600
500 0.1 0.0 0.0
Ideal gas
400 |- 0.1 0.0 0.0
300 0.2 0.0 0.0
200 0.5 0.0 0.0
\
\
\
\
\
N \
100 LR 1.6\ 0.0 0.0
10 kPa
0.8 kPa 0.0
0 ! : * , >
0.001 0.01 0.1 1 10 100 v, mYkg

FIGURE 4-46
Percentage of error [qum,— Vigeal | /U:..m.-] % 100) involved in assuming steam to be an ideal gas, and the region where steam can be treated as an ideal gas with les
percent error.



COMPRESSIBILITY FACTOR - A MEASURE
OF OF DEVIATION FROM IDEAL-GAS
BEHAVIOR



Compressibility Factor

T.°CA
108 50 2.4 0.5 0.0 0.0 0.0
600
500 0.1 0.0 0.0
Ideal gas
400 |- 0.1 0.0 0.0
300 0.2 0.0 0.0
200 0.5 0.0 0.0
\
\
\
\
\
N \
100 LR 1.6\ 0.0 0.0
10 kPa
0.8 kPa 0.0
0 ! : * , >
0.001 0.01 0.1 1 10 100 v, mYkg

FIGURE 4-46
Percentage of error [qum,— Vigeal | /U:..m.-] % 100) involved in assuming steam to be an ideal gas, and the region where steam can be treated as an ideal gas with les
percent error.



Compressibility Factor

« /Z factor for all gases is approximately the same at the same
reduced temperature and pressure due to the principle of
corresponding states

7 = Pv
" RT
Pv = ZRT
1%
7 — actual

Videal



Compressibility Factor

* We can define reduced pressure and reduced temperature

« This is based on the principle of corresponding states

P _P
P

T
TR=_



Compressibility Factor

* (Generalized compressibility chart

Py
RT

1.1

1.0

0.9

0.8

0.7

0.6

0.4

Legend:
X Methane ® [so-pentane
O Ethylene @ n-Heptane
A Ethane A Nitrogen
O Propane @ Carbon dioxide
O n-Butane e Water
Average curve based on data on
hydrocarbons
0 0.5 1.0 B 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Reduced pressure Pp,

7.0
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Compressibility Factor

A few observations:

PV

RT

1.0

0.9

0.8

0.7

0.6

0.4

0.3

0.2

0.1

-
Legend:
X Methane ® [so-pentane
O Ethylene ¢ n-Heptane
A Ethane A Nitrogen
O Propane @ Carbon dioxide
O n-Butane ® Water
Average curve based on data on
hydrocarbons
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5

Reduced pressure Pp
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CLASS ACTIVITY



Class Activity

» Determine specific volume of refrigeratnt-134a at 1 MPa and
50 °C using (a) the ideal-gas equation of state and (b) the
generalized compressibility chart. Compare the values
obtained to the actual value of 0.021796 m3/kg and
determine the error involved in each case.



Class Activity

* Solution (a):

TABLE A-1

Molar mass, gas constant, and critical-point properties

Substance Formula Molar mass, M kg/kmol
Propane C3Hg 44.097
Propylene C3Hg 42.081
Sulfur dioxide SO, 64.063
Tetrafluoroethane (R-134a) CF;CH,F 102.03
Trichlorofluoromethane (R-11) CCI1F 137.37
Water H;0 18.015
Xenon Xe 131.30

Gas constant, R kKJ/kg - K*

0.1885
0.1976
0.1298
0.08149
0.06052
0.4615

0.06332

Critical-point properties

K
- (0.0815 —]) (50 + 273.15 K)

kg.K

Temperature, K

370
365
430.7
374.2
471.2
647.1

289.8

v = =

P 1000 kPa

0.026325 — 0.021796

Error =

0.021796

Pressure, MPa  Volume, m°/kmol

4.26 0.1998
4.62 0.1810
7.88 0.1217
4.059 0.1993
4.38 0.2478
22.06 0.0560
5.88 0.1186
m 3

= 0.026325 —

kg

08
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Class Activity
 Solution (b):

( 2 1 MPa
PR = b= 2050 mpg ~ 0440
< 7 = 0.84
T 323K
R TT, T 37a2k T 0O

3

m3 m
Vactual = Zvideal — (0-84‘) 0.026325 g = 0.022113 g

0.022113 — 0.021796
0.021796

Error =



CLASS ACTIVITY



Class Activity

* Determine the specific volume of refrigerant-134a vapor at
0.9 MPa and 70°C based on
a) The ideal-gas equation
b) The generalized compressibility chart
c) Data from tables. Also, determine the error involved in
the first two cases.




Class Activity

* Solution (a):

TABLE A-1

Molar mass, gas constant, and critical-point properties

Substance

Propane

Propylene

Sulfur dioxide
Tetrafluoroethane (R-134a)
Trichlorofluoromethane (R-11)
Water

Xenon

Formula Molar mass, M kg/kmol
C3;Hg 44.097
C3:Hg 42.081
SO, 64.063
CF;CH,F 102.03
CCI3F 137.37
H;0 18.015
Xe 131.30

k]

R = 0.08149 ———
K

kg —

Gas constant, R kJ/kg - K*

0.1885
0.1976
0.1298
0.08149
0.06052
0.4615

0.06332

Critical-point properties

Temperature, K

370

365

430.7

374.2

471.2

647.1

289.8

374.2 K

4.049 MPa

Pressure, MPa

4.26
4.62
7.88
4.059
4.38
22.06

5.88

Volume, m*/kmol

0.1998

0.1810

0.1217

0.1993

0.2478

0.0560

0.1186
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Class Activity

* Solution (a):
Pv = RT

kJ
. RT (0.08149 kg—_K)(273.15 + 70 K) iy 03105m_3
P 0.9x103 kPa - kg




Class Activity

Solution (b):

P 09 T
Py = = 0.222 R=T

P, 4.049

1.0 =
Py i
; A e P L Te=200

0.9

0.8 o

0.7

2|
A=
i 06
N

0.5

0.4 Legend:
X Methane ® [so-pentane

03 O Ethylene © n-Heptane
A Ethane A Nitrogen
O Propane @ Carbon dioxide

0.2 O n-Butane ® Water
Average curve based on data on
hydrocarbons

0.1

0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Reduced pressure Py

7.0

= 3742

= 0.917

Z = 0.894

41



Class Activity
* Solution (b):

3

m3 m
V= ZVigeq = (0.894) 0.03105 E = 0.02776 E



Class Activity

« Solution (c):

TABLE A-13

Superheated refrigerant-134a

T v u h s v u h s

°C m’/kg ki/)kg  ki/kg  kl/kg-K m?>/kg kJ/)kge  kl/kg  kl/kg-K
P =080 MPa (T, = 31.31°C) P =090 MPEa(l..=3>51"C)

Sat. 0.025645  246.82  267.34  0.9185 0.022686  248.82  269.25  0.9169
40 0.027035  254.84  276.46  0.9481 0.023375  253.15 27419  0.9328
50 0.028547  263.87 286.71  0.9803 0.024809  262.46  284.79  0.9661
60 0.029973  272.85  296.82  1.011l 0.026146  271.62 29515  0.9977
70 0.031340  281.83  306.90  1.0409 0.027413  280.74  305.41  1.0280
80 0.032659  290.86  316.99  1.0699 0.028630  289.88  315.65  1.0574
90 0.033941  299.97  327.12  1.0982 0.029806  299.08 32590  1.0861




