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Objectives
e Summarize the following topics
v’ Introduction and Basic Concepts of Thermodynamics
v Energy, Energy Transfer, and General Energy Analysis
v’ Properties of Pure Substances
v" Energy Analysis of Closed Systems
v’ Mass and Energy Analysis of Control Volumes
v The Second Law of Thermodynamics

v’ Entropy



Introduction and Basic Concepts of Thermodynamics

Thermodynamics is the science that primarily deals with energy.

The first law of thermodynamics is simply an expression of the «conservation of
energy» principle, and it asserts that energy is a thermodynamic property.

The second law of thermodynamics asserts that energy has quality as well as
quantity, and actual processes occur in the direction of decreasing quality of energy.

Closed system, or Control mass: A system of fixed mass.

Open system, or Control volume: A system that involves mass transfer across its
boundaries.

Extensive properties: The mass-dependent properties of a system.
Intensive properties: Independent of mass properties of a system.

Thermodynamic equilibrium: If a system maintains thermal, mechanical, phase, and

chemical equilibrium. 3



Introduction and Basic Concepts of Thermodynamics

* Process: Any change from one state to another.
* Cycle: A process with identical end states

* Quasi-static or Quasi-equilibrium process: The system remains practically in
equilibrium at all times.

» Zeroth law of thermodynamics: Two bodies are in thermal equilibrium if both have
the same temperature reading even if they are not in contact.

The temperature scales used in the Sl and the English system are the Celsius scale
and the Fahrenheit scale, respectively. They are related to absolute temperature
scales by
T(K) = T(°C) + 273.15
AT(K) = AT(CC) and AT(R) = AT(°F)
T(R) = T(°F) + 459.67



Introduction and Basic Concepts of Thermodynamics

The normal force exerted by a fluid per unit area is called pressure, and its unit is

the pascal, 1 Pa=1 N/m?.

The pressure relative to absolute vacuum is called the absolute pressure.

The difference between the absolute pressure and the local atmospheric pressure

is called the gauge pressure.

Pressures below atmospheric pressure are called
vacuum pressures.

P :Pabs_P

gage

(for pressures above P,

atm

P,. = Pun — Pu, (for pressures below P,

atm

Absolute

The pressure at a point in a fluid has the same Vacuum
magnitude in all directions.

Absolute

vacuum



Introduction and Basic Concepts of Thermodynamics

The variation of pressure with elevation is given by

ap _

A= —Ps

When the density of the fluid is constant, the pressure difference across a fluid
layer of thickness Az is

AP =P, — P, = pg Az

The absolute and gage pressures in a liquid open to the atmosphere at a depth h
from the free surface are

P=P, + pgh or P, .= pgh

gage



Introduction and Basic Concepts of Thermodynamics

 Small to moderate pressure differences
are measured by a manometer.

* The pressure in a stationary fluid remains
constant in the horizontal direction.

* Pascal’s principle: The pressure applied to
a confined fluid increases the pressure
throughout by the same amount.

* The atmospheric pressure is measured by
a barometer and is given by

Patm — pgl?

Pim v
Water
h
J
Py=Py=Pc=Pp=Pp=Pp=Pg=Pyy+pgh
Py#P,

FIGURE 1-46

Under hydrostatic conditions, the pressure is the same at all points on a horizontal plane in a given {luid regardless

of geometry, provided that the points are interconnected by the same fluid.




Energy, Energy Transfer, and General Energy Analysis
* Total energy: The sum of all forms of energy of a system (internal, kinetic and
potantial)

* Internal energy: The molecular energy of a system and may exist in sensible, latent,
chemical, and nuclear formes.

* Mass flow rate, m: The amount of mass flowing through a cross section per unit

time.
= pV =pAV

¢’ avg

The energy flow rate associated with a fluid flowing at a rate of m is

E = me



Energy, Energy Transfer, and General Energy Analysis

The mechanical energy is defined as the form of energy that can be converted to
mechanical work completely and directly by a mechanical device such as an ideal

turbine.

P V? E ; .<P n V2 n )
e..=—+ —+ 97 - =me ch m\ — Z
mech p 2 8 mech mech p 2 g

where P/p is the flow energy, V?/2 is the kinetic energy, and gz is the potential
energy of the fluid per unit mass.

Energy can cross the boundaries of a closed system in the form of heat or work. For
control volumes, energy can also be transported by mass. If the energy transfer is due
to a temperature difference between a closed system and its surroundings, it is heat;

otherwise, it is work.



Energy, Energy Transfer, and General Energy Analysis

Various forms of work are expressed as follows:

Electrical work: W, = VIAt
Shaft work: W, = 2mnT

1
Spring work: W_ . = Ek(xz2 )

spring

First law of thermodynamics: An expression of the conservation of energy principle,
also called the energy balance. The general mass and energy balances for any system
undergoing any process can be expressed as

Ein EOUt - AEsystem (kJ) ) 1n Qutj System ( )
\ J \ 4 Ve \ > J
R4 ~ . . A . .
Net energy transfer Change in internal, km.etlc. Rate of net energy transfer ~ Rate of change in internal,
by heat, work, and mass  potential, etc., energies by heat, work, and mass  kinetic, potential, etc., energies
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Energy, Energy Transfer, and General Energy Analysis

The efficiencies of various devices are defined as

. - AEmech,ﬂuid . Wpump,u Wshaft.out Wturbine
pump % B W Turbine — - L
shaft,in pump | AEmech.ﬂuid | Wturbine.e

Mechanical power output ~ Wipasi out

Desired output

Required input

T’motor — - . T 4
Electric power input W et in
Efficiency =
Electric power output W etect ont
naenerator — . . — >
Mechanical power input Wi
Welect.out

T’turbine—gen — nturbinengenerator | A E | T’pump—motor - T’pumpnmotor
mech, fluid

AEwmech.fluid
"%

elect.in
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The conversion of energy from one form to another is
often associated with adverse effects on the
environment, and environmental impact should be an
important consideration in the conversion and
utilization of energy.



Properties of Pure Substances

Pure substance: A substance that has a fixed chemical composition throughout.
Depending on its energy level a substance can be in different phases.

Compressed or subcooled liquid: A substance that is not about to vaporize is in the
liquid form.

Superheated vapor: A substance that is not about to condense is in the gas phase.

Saturation temperature: At a given pressure, the temperature at which a substance
changes phase.

Saturation pressure: At a given temperature, the pressure at which a substance
changes phase.

Saturated liquid and Saturated vapor: During a boiling process, both the liquid and
the vapor phases coexist in equilibrium, and under this condition the liquid is called
saturated liquid and the vapor saturated vapor.

13



Properties of Pure Substances
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Properties of Pure Substances
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Properties of Pure Substances

Quality: In a saturated liquid—vapor mixture, the mass fraction of vapor.

mvapor ‘ — Mass
mtotal maSStotaI

m

saturated vapor g

m; +m,

x:

Quality may have values between O (saturated
liquid) and 1 (saturated vapor). The average value of
any intensive property «y» is determined from

y =yt X

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

PorT
i

Sat. vapor

Ug

Sat. liquid
1

Gy

Saturated vapor

U}c

Saturated liquid

Saturated
liguid-vapor
mixture

) = rer h=h; o +V; (P-P,)
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Saturated Water-
Temperature Table

Y = Yt X

where y stands for v, u, or h,

Temp., Sat. Specific volume, Internal energy, Enthalpy, Entropy,
T°C Press., md/kg kdrkg kdrkg kJlkg-K
PeakPe Sat. liquid, | Sat. Sat. Evap., Sat. Sat. Evap., Sat. Sat. Evap., Sat.
Vi vapor, liquid, Upy vapor, liquid, hfg vapor, liquid, Sig vapor,
1A Uy ug hy h, St S

0.01 0.6117 0.001000 206.00 0.00 2374.9 2374.9 0.00 2500.9 2500.9 0.0000 9.1556 9.1556
5 0.8725 0.001000 147.03 21.02 2360.8 2381.8 21.02 2489.1 2510.1 0.0763 8.9487 9.0249
10 1.228 0.001000 106.32 42.02 2346.6 2388.7 42.02 2477.2 2519.2 0.1511 8.7488 8.8999
15 1.706 0.001001 77.885 62.98 2332.5 2395.5 62.98 2465.4 2528.3 0.2245 8.5559 8.7803
20 2.339 0.001002 57.762 83.91 2318.4 2402.3 83.91 24535 2537.4 0.2965 8.3696 8.6661
25 3.170 0.001003 43.340 104.83 2304.3 2409.1 104.83 24417 2546.5 0.3672 8.1895 8.5567
30 4.247 0.001004 32.879 125.73 2290.2 2415.9 125.74 2429.8 2555.6 0.4368 8.0152 8.4520
35 5.629 0.001006 25.205 146.63 2276.0 2422.7 146.64 2417.9 2564.6 0.5051 7.8466 8.3517
40 7.385 0.001008 19.515 167.53 2261.9 2429.4 167.53 2406.0 2573.5 0.5724 7.6832 8.2556
45 9.595 0.001010 15.251 188.43 2247.7 2436.1 188.44 2394.0 2582.4 0.6386 7.5247 8.1633
50 12.35 0.001012 12.026 209.33 2233.4 2442.7 209.34 2382.0 2591.3 0.7038 7.3710 8.0748
55 15.76 0.001015 9.5639 230.24 2219.1 2449.3 230.26 2369.8 2600.1 0.7680 7.2218 7.9898
60 19.95 0.001017 7.6670 251.16 2204.7 2455.9 251.18 2357.7 2608.8 0.8313 7.0769 7.9082
65 25.04 0.001020 6.1935 272.09 2190.3 2462.4 272.12 23454 2617.5 0.8937 6.9360 7.8296
70 31.20 0.001023 5.0396 293.04 2175.8 2468.9 293.07 2333.0 2626.1 0.9551 6.7989 7.7540
75 38.60 0.001026 4.1291 313.99 2161.3 2475.3 314.03 2320.6 2634.6 1.0158 6.6655 7.6812
80 47.42 0.001029 3.4053 334.97 2146.6 2481.6 335.02 2308.0 2643.0 1.0756 6.5355 7.6111
85 57.87 0.001032 2.8261 355.96 2131.9 2487.8 356.02 2295.3 2651.4 1.1346 6.4089 7.5435
90 70.18 0.001036 2.3593 376.97 2117.0 2494.0 377.04 22825 2659.6 1.1929 6.2853 7.4782
95 84.61 0.001040 1.9808 398.00 2102.0 2500.1 398.09 2269.6 2667.6 1.2504 6.1647 7.4151
100 101.42 0.001043 1.6720 419.06 2087.0 2506.0 419.17 2256.4 2675.6 1.3072 6.0470 7.3542
360 18666 0.001895 0.006950 1726.16 625.7 2351.9 1761.53 720.1 2481.6 3.9165 1.1373 5.0537
365 19822 0.002015 0.006009 1777.22 526.4 2303.6 1817.16 605.5 2422.7 4.0004 0.9489 4.9493
370 21044 0.002217 0.004953 1844.53 385.6 2230.1 1891.19 4431 2334.3 4.1119 0.6890 4.8009
373.95 22064 0.003106 0.003106 2015.8 0 2015.8 2084.3 0 2084.3 4.4070 0 4.4070
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Saturated Water -
Pressure Table

Y = Yt X

where y stands for v, u, or h,

Press. Sat. Temp., Specific volume, Internal energy, Enthalpy, Entropy,
P kPa T °C m3/kg kJ/kg kJ/kg kdrkg-K

Sat. Sat. Sat. Evap., Sat. Sat. Evap., Sat. Sat. Evap., Sat.

liquid, vapor, liquid, Uy vapor, liquid, hyy vapor, liquid, Stg vapor,

V; Vg Uy ug hy h, S; S,
0.6117 0.01 0.001000 206.00 0.00 2374.9 2374.9 0.00 2500.9 2500.9 0.0000 9.1556 9.1556
1.0 6.97 0.001000 129.19 29.30 2355.2 2384.5 29.30 2484.4 2513.7 0.1059 8.8690 8.9749
15 13.02 0.001001 87.964 54.69 2338.1 2392.8 54.69 2470.1 2524.7 0.1956 8.6314 8.8270
2.0 17.50 0.001001 66.990 73.43 23255 2398.9 73.43 2459.5 2532.9 0.2606 8.4621 8.7227
25 21.08 0.001002 54.242 88.42 23154 2403.8 88.42 2451.0 2539.4 0.3118 8.3302 8.6421
3.0 24.08 0.001003 45.654 100.98 2306.9 2407.9 100.98 2443.9 2544.8 0.3543 8.2222 8.5765
4.0 28.96 0.001004 34.791 121.39 2293.1 24145 121.39 2432.3 2553.7 0.4224 8.0510 8.4734
5.0 32.87 0.001005 28.185 137.75 2282.1 2419.8 137.75 2423.0 2560.7 0.4762 7.9176 8.3938
75 40.29 0.001008 19.233 168.74 2261.1 2429.8 168.75 2405.3 2574.0 0.5763 7.6738 8.2501
10 45.81 0.001010 14.670 191.79 22454 2437.2 191.81 2392.1 2583.9 0.6492 7.4996 8.1488
15 53.97 0.001014 10.020 225.93 22221 2448.0 225.94 2372.3 2598.3 0.7549 7.2522 8.0071
20 60.06 0.001017 7.6481 251.40 2204.6 2456.0 251.42 2357.5 2608.9 0.8320 7.0752 7.9073
25 64.96 0.001020 6.2034 271.93 2190.4 2462.4 271.96 2345.5 2617.5 0.8932 6.9370 7.8302
30 69.09 0.001022 5.2287 289.24 2178.5 2467.7 289.27 2335.3 2624.6 0.9441 6.8234 7.7675
40 75.86 0.001026 3.9933 317.58 2158.8 2476.3 317.62 2318.4 2636.1 1.0261 6.6430 7.6691
50 81.32 0.001030 3.2403 340.49 2142.7 2483.2 340.54 2304.7 2645.2 1.0912 6.5019 7.5931
75 91.76 0.001037 2.2172 384.36 2111.8 2496.1 384.44 2278.0 2662.4 1.2132 6.2426 7.4558
100 99.61 0.001043 1.6941 417.40 2088.2 2505.6 417.51 2257.5 2675.0 1.3028 6.0562 7.3589
125 105.97 0.001048 1.3750 444.23 2068.8 2513.0 444.36 2240.6 2684.9 1.3741 5.9100 7.2841
20,000 365.75 0.002038 0.005862 1785.84 509.0 2294.8 1826.59 585.5 2412.1 4.0146 0.9164 4.9310
21,000 369.83 0.002207 0.004994 1841.62 391.9 22335 1887.97 4504 2338.4 4.1071 0.7005 4.8076
22,000 373.71 0.002703 0.003644 1951.65 140.8 2092.4 2011.12 161.5 2172.6 4.2942 0.2496 45439
22,064 373.95 0.003106 0.003106 2015.8 0 2015.8 2084.3 0 2084.3 4.4070 0 4.4070
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Superheated Water Table

TABLE A-6 Superheated water

T v i I s
°C m*/kg kJ/kg kJ/kg kJ/kg-K
P =0.01 MPa (45.81°C)

Sat. 14.670 24372 2583.9 8.1488
50 14.867 24433 2592.0 8.1741
100 17.196 25155 2687.5 8.4489
150 19.513 25879 2783.0 8.6893
200 21.826 206014 2879.6 8.9049
2350 24.136 2736.1 2977.5 9.1015
300 26.446 28123 3076.7 9.2827
400 31.063 2969.3 3280.0 9.6094
500 35.680 31329 3489.7 9.8998
600 40.296 3303.3 3706.3 10.1631]
700 44911 3480.8 3929.9 10.4056
800 49.527 3665.4 4160.6 10.6312
900 54.143 3856.9 4398.3 10.8429
1000 58.758 4055.3 4642.8 11.0429
1100 63.373 4260.0 4893.8 11.2326
1200 67.989 4470.9 5150.8 11.4132
1300 72.604 4687 4 54134 11.5857

T % u h s
°C m'/kg kJ/kg KJ/kg kJ/kg-K
P =0.05 MPa(81.32°C)

Sat. 3.2403 | 24832 | 26452 7.5931
100 3.4187 | 25115 | 26824 7.6953
150 38897 | 25857 | 2780.2 7.9413
200 43562 | 2660.0 | 2877.8 8.1592
250 4.8206 | 2735.1 2976.2 8.3568
300 5.2841 2811.6 | 30758 8.5387
400 6.2094 | 2968.9 3279.3 8.8659
500 7.1338 3132.6 3489.3 9.1566
600 8.0577 | 3303.1 3706.0 9.4201
700 8.9813 3480.6 3929.7 9.6626
800 9.9047 | 36652 | 4160.4 9.8883
900 10.828 3856.8 | 43982 10.1000
1000 11.751 40552 | 4642.7 10.3000
1100 12.675 | 4259.9 | 4893.7 10.4897
1200 13.598 | 4470.8 5150.7 10.6704
1300 14.521 4687.3 5413.3 10.8429




Compressed Liquid Water Table

TABLE A-7 Compressed liguid water

T V U h s T v u h S
°C m’/kg kikg | kikg | kl/kgK °C m/kg ki/kg kl/kg kl/kg K
P = 5 MPa (263.94°C) P =10 MPa (311.00°C)
Sat. 0.0012862 | 1148.1 1154.5 2.9207 Sat. 0.0014522 | 1393.3 14079 3.3603
0 0.0009977 | 0.04 5.03 0.0001 0 0.0009952 | 0.12 [0.07 0.0003
20 0.0009996 | 83.61 | 88.61 | 0.2954 20 0.0009973 | 83.31 9328 | 0.2943
40 0.0010057 | 166.92 | 171.95 | 0.5705 40 0.0010035 | 166.33 | 176.37 | 0.5685
60 0.0010149 | 250.29 | 255.36 | 0.8287 60 0.0010127 | 24943 | 259.55 | 0.8260
80 0.0010267 | 333.82 | 338.96 | 1.0723 80 0.0010244 { 332,69 | 342.94 | 1.0691
100 0.0010410 | 417.65 | 422.85 | 1.3034 100 ] 0.0010385 | 416.23 | 426.62 | 1.2996
120 0.0010576 | 501.91 | 507.19 | 1.5236 120 0.0010549 | 500.18 | 510.73 | 1.5191
140 0.0010769 | 586.80 | 592.18 | 1.7344 140 0.0010738 | 584.72 | 595.45 | 1.7293
160 0.0010988 | 672.55 | 678.04 | 1.9374 160 0.0010954 | 670.06 | 681.01 | 1.9316
180 0.0011240 | 759.47 | 765.09 | 2.1338 180 0.0011200 | 756.48 | 767.68 | 2.1271
200 0.0011531 | 847.92 | 853.68 | 2.3251 200 0.0011482 | 844.32 | 855.80 [ 2.3174
220 0.0011868 | 938.39 944.32 | 2.5127 220 0.0011809 | 934.01 945 82 2.5037
240 0.0012268 | 1031.6 | 1037.7 [ 2.6983 240 0.0012192 | 1026.2 | 10383 | 2.6876
260 0.0012755 | 1128.5 | 11349 | 2.8841 260) 0.0012653 | 1121.6 | 1134.3 | 2.8710
280 0.0013226 | 1221.8 | 12350 | 3.0565
300 0.0013980 | 13294 | 1343.3 | 3.2488




TABLE A-8
Saturated ice-water vapor

Specific volume, Internal energy, Enthaipy, Entropy,
Temp.. | Sat. m3/kg kl/kg kl/kg kl/kg-K
T °C Press., | Sat. Sat. Sat. Subl.. | Sat. Sat. Subl.. | Sat. Sat. Subl.. | Sat.
Pu ice, vapor, | ice. Uig vapor, | ice, hig vapor, | ice. Sig vapor,
kPa Vi Ve u Uy, h; he 5 Sg
0.01 0.6117 | 0.0010909 | 206.0 | -333.40 2374.5 | -333.40 2500.5 | -1.220 9.154
0 0.6112 | 0.0010909 | 206.2 -333.43 | 27079 | 23745 | -333.43 | 2833.9 | 2500.5 | -1.220 | 10.375 | 9.154
-2 0.5177 | 0.0010905 | 241.6 -337.63 | 27094 | 2371.8 | -337.63 | 28345 | 24968 | -1.236 | 10.453 | 9.218
-4 04375 | 0,0010902 | 283.8 -341.80 | 2710.8 | 2369.0 | -341.80 | 2835.0 | 2493.2 | -1.251 | 10.533 | 9.282
-6 0.3687 | 0.0010898 | 334.3 -345.94 | 27122 | 2366.2 | -345.93 | 2835.4 | 24895 | -1.267 | 10.613 | 9.347
-8 0.3100 | 0.0010895 | 394.7 -350.04 | 2713.5 | 2363.5 | -350.04 | 28358 | 24858 | -1.282 | 10.695 | 9.413
-10 0.2599 | 0.0010892 | 467.2 -354.12 | 27148 | 2360.7 | -354.12 | 2836.2 | 24821 | -1.298 | 10.778 | 9.480
-36 0.0200 | 6.0010850 | 5460.1 | -404.40 | 27290 | 23246 | -404.40 | 28384 | 2434.0 | -1.499 | 11.969 | 10.470
-38 0.0161 | 0.0010847 | 6750.5 | -408.07 | 27299 | 2321.8 | -408.07 | 2838 4 | 24303 | -1.514 | 12.071 | 10.557
-40 00128 | 0.0010844 | 8376.7 | -411.70 | 2730.7 | 2319.0 | -411.70 | 2838.3 | 24266 | -1.530 | 12.174 | 10.644




Properties of Pure Substances

Critical point: The point at which the saturated liquid and saturated vapor states are
identical. At pressures above the critical pressure, there is not a distinct
phasechange process. The temperature, pressure, and specific volume of a
substance at the critical point are called, respectively, the critical temperature T_,
critical pressure P, and critical specific volume v

cr

Triple line: All three phases of a substance coexist in equilibrium at states along.

Equation of state: Any relation among the pressure, temperature, and specific
volume of a substance.

The simplest and best-known equation of state is the idealgas equation of state,
given as

Pv = RT where R is the gas constant.
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Properties of Pure Substances
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The triple point of water is 0.01 °C, 0.6117 kPa (See Table 3-3).

The critical point of water is 373.95 °C, 22.064 MPa (See Table A-1).
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Properties of Pure Substances

Real gases exhibit ideal-gas behavior at relatively low pressures and high
temperatures. An ideal gas is a fictitious substance.

The deviation from ideal-gas behavior can be properly accounted for by using the
compressibility factor Z, defined as
Pv Vactual

/ =— or /Z =
RT M

The Z factor is approximately the same for all gases at the same reduced
temperature and reduced pressure, which are defined as

cr Ccr

where P_.and T, are the critical pressure and temperature, respectively. This is
known as the principle of corresponding states.
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Properties of Pure Substances

Pu

=

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

03

0.2

0.1

Tol= 1.10
O =

T e GO NP WA R
=0 7,=|1.50 | "5),/
\j&‘; leiat C NN ae? 'WW//}%/
\% && N T =130 4@(’);//
X ‘{%\ Tase 0] o &g.;zfji(}//
= TRzlzo ;/W//f
. I T //
T

uﬁ?yz/ Legend: —
/ X Methane B [so-pentane
: T, =(1.00 o o
Wl Ethylene n-Heptane _
¢ /?/U A Ethane 4 Nitrogen
- © Propane &€ Carbon dioxide
- O z-Butane ® Water —
Average curve based on data on
hvdrocarbons
| | | |
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Reduced pressure Py

25



Fu
RT

COMPRESSIBILITY FACTOR, &£

{b) Intermediate pressures, () < PR <7

1.10 HH j'f HISESEEREEE
L e R B :
H 0 S0 HHHHEE T
T T e - - ESaan - i
.00 e T T TJT-_'-L_ = R = GRI)=cas sx=uus f
b R i i B *
AL S s e : EE 180 FHE e S secass saass:
ZIe2 e b= , - : = T
{:|- l;{} .-ﬁ 2y --|1\_I‘.\‘I'JIII-“ T e a——— e e — e ~
N HR IO HAGH ESES {ESEREEREE SHRTRPRNI IRERREREE: IR SEecd EmEsa
a RO SRS AT {ESERARESI IRSEERCIES o :
7] M.!'r A= [t ] 'Q-' 5‘.‘} . = | H '.F - _;@ﬂ-
- SRPANER FE 1150 2 . H
(1,50 e—— -*q-*---- i A—— _l--.\'j ‘}_gg_j ?{}-ﬂ #----ﬂ_ * = EI‘I--I IIIIﬁ" =
- . b‘ [ u 5 - -
* S 14107 :
": . Q-- \!, E =5 ] "
0.70 5 . E Sy . o — m:} = S — ’#H
i 2 H A5 a
. C lill-l{:}-- Q_.qf -""l":_\l =T BomoE E
. 1 fil : = 3 ,,-"L:-\I.Ff- E
0,60 ¥ - —— I_I-III-I--I-I-I?-IIIII-II 1) ] . : - E
A 2 1120 Hee e e .
i mEmERmEE IR T NELSON — OBERT H
.50 | —— --------_---rl_'-l__:-; mm—— d;---!-i;- GENERALIZED E
-T . - e COMPRESSIBILITY CHARTS .
.il .b 22 [T : :
. ' 110 H = REDUCED PRESSURE, P =—— H
0.40 : muma o eE: : Py, CHART H
HHE REDUCED TEMPERATURE, ?;e =5 le. F
1:{}5 " EdREE , cr v F E
a PSEUDO REDUCED VOLUME, == H
{}-3{} ! H?Ii:r'lr PI:T ;
T = L00AH -
0.20 Eii .E_ﬁ:r il?sl..?:llllllllllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

0.0 0.5 1.

=

1.5 20 2.5 30 3.5 4.0 4.5 5.0 3.5 6.0 6.5 7.0

REDUCED PRESSURE, PR



Properties of Pure Substances

* When either P or T is unknown, it can be determined from the compressibility chart
with the help of the pseudo-reduced specific volume, defined as

Vactual

V —
K RT_/P,

* The P-v-T behavior of substances can be represented more accurately by more
complex equations of state. Three of the best known are

van der Waals: (P + %)(v — b) = RT

27



Properties of Pure Substances

RT ¢\ A
Beattie-Bridgeman: P = —\ 1 — =5 |(V+ B) — =
V- vT- V-

b
A =A0(1 —ﬂ> and B = BO<1 - :)
v v

Benedict-Webb-Rubin:
R,T

CO 1 bR”T — o
T2 172 e,

PZT-I-(BOR”T—AO—

vV

C Y 5
=== e~V
v3T-( v~>

+

where R, is the universal gas constant
and v is the molar specific volume.

28



Energy Analysis of Closed Systems

Work is the energy transferred as a force acts on a system through a distance.

Boundary work: The work associated with the expansion and compression of
substances. On a P-V diagram, the area under the process curve represents the

boundary work for a quasi-equilibrium process. Various forms of boundary work are
expressed as follows:

~

General W, = J PdV
1
Isobaric process W, = Py(V, — V,) (P, = P, = P, = constant)
: PV, — PV,
Polytropic process W, = — 1‘ (n # 1) (PV" = constant)
— N
Isothermal process V %

W, = PV, lnvz = mRT, 11172 (PV = mRT, = constant)

of an ideal gas | 1
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Energy Analysis of Closed Systems

* The general energy balances for any system undergoing any process can be
expressed as

Ein Eout o AEvsystem Ein o Eout o dEsystem /dt
Net energy transfer Change in internal, kinetic,  Rate of net energy transfer Rate of change in internal,
by heat, work. and mass potential, etc., energies by heat, work, and mass  Kinetic, potential, etc., energies

* Taking heat transfer to the system and work done by the system to be positive
quantities, the energy balance for a closed system can also be expressed as

r

W= Wother + Wb
AU = m(u, — u,)
AKE — om(V: )
APE = mg(z, — z;)

Q — W= AU + AKE + APE <
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Energy Analysis of Closed Systems

* Fora constant-pressure process,

W, + AU =AH «-u Q— W, = AH + AKE + APE

The amount of energy needed to raise the temperature of a unit mass of a
substance by one degree is called the specific heat at constant volume c, for a

constant-volume process and the specific heat at constant-pressure c, for a constant
pressure process. They are defined as

(au> (ah)
c, = | — andye ="
aT ), P \oT/,
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Energy Analysis of Closed Systems

* Forideal gasesu, h, c,, and c,are functions of temperature alone. The Au and Ah of
ideal gases are expressed as

2

A —u, U — J cT)dT = ¢, (T, — T))
1

Ah = h, — hy = J c(T)dTl = ¢, (T, — T))
1

* Forideal gases, ¢,and c,arerelatedby €, = €, + R

* The specific heat ratio k is defined as k =

32



Energy Analysis of Closed Systems

* For incompressible substances (liquids and solids), both the constant-pressure and
constant-volume specific heats are identical and denoted by c:

 The Au and Ah of imcompressible substances are given by

Au (Tz o Tl)

avg

2
j c(T)dT = c,
1

Ah = Au + VAP
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Mass and Energy Analysis of Control Volumes

Conservation of mass principle: The net mass transfer to or from a system during a
process is equal to the net change (increase or decrease) in the total mass of the
system during that process, and is expressed as

= dm /dt

system

m, — m,, = Am

in 'system

and m., — m

out

An‘zsystem - rnﬁnal - nzinitial

The relations above are also referred to as the mass balance and are applicable to
any system undergoing any kind of process.

 The amount of mass flowing through a cross section per unit time is called the mass

flow rate, and is expressed as

m = pVA
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Mass and Energy Analysis of Control Volumes

The volume of the fluid flowing through a cross section per unit time is called the
volume flow rate and is expressed as

V = VA = mlp
Flow work or flow energy: The work required to push a unit mass of fluid into or out

of a control volume and is expressed as wyr,,, = Pv.

In the analysis of control volumes, it is convenient to combine the flow energy and
internal energy into enthalpy. Then the total energy of a flowing fluid is expressed as

2
9——'h+ke+pe=h+7+gz
The total energy transported by a flowing fluid of mass mis E = m@.

The rate of energy transport by a fluid with a mass flow rate of m is E = m6.
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Mass and Energy Analysis of Control Volumes

* The general energy balances for any system undergoing any process can be
expressed as

E' Eout o AEvsystem Ein - Eout _ dE s) stem /d[
Net energy transfer Change in internal, kinetic,  Rate of net energy transfer Rate of change in internal,
by heat, work. and mass potential, etc., energies by heat, work, and mass  Kkinetic, potential, etc., energies

 Thermodynamic processes involving control volumes can be considered in two
groups: steady-flow processes and unsteady-flow processes.

* Taking heat transfer to the system and work done by the system to be positive
guantities, the conservation of mass and energy equations for steady-flow processes
are expressed as

. : & V2
Em — Em 0 — W= 217’1(/1 -+ = oI gz) Em(h o —+ gz)

out 1n
out

J
R v

for each exit for each inlet 36



Mass and Energy Analysis of Control Volumes

* These are the most general forms of the equations for steady-flow processes. For
single-stream (one-inlet—one-exit) systems such as nozzles, diffusers, turbines,
compressors, and pumps, they simplify to

| |
- vav
v, vV, - 7

. . Vi — ¥:
Q- W=umlh, — h, + '2 + 2(2, — Z4)

m, = m, >

<
>
|

* Most unsteady-flow processes can be modeled as a uniform-flow process, which
requires that the fluid flow at any inlet or exit is uniform and steady, and thus the
fluid properties do not change with time or position over the cross section of an
inlet or exit. If they do, they are averaged and treated as constants for the entire
process.
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Mass and Energy Analysis of Control Volumes

* By neglecting KE and PE of the control volume, the mass and energy balance
relations for a uniform-flow system are expressed as

= Am

out system

Q— W= Emh = Emlz + (myu, — mu,)

out in

Q — Qnet.in — Qin o Qout. W — Wnet.out — Wout o “/in

m.. — m

n

system

* When solving thermodynamic problems, it is recommended that the general form of
the energy balance £, - £, = AE ., be used for all problems, and simplify it for the

particular problem instead of using the specific relations given here for different
processes.

38



The Second Law of Thermodynamics

The second law of thermodynamics states that processes occur in a certain
direction, not in any direction.

A process does not occur unless it satisfies both the first and the second laws of
thermodynamics.

Thermal energy reservoirs or heat reservoirs: Bodies that can absorb or reject finite
amounts of heat isothermally.

Work can be converted to heat directly, but heat can be converted to work only by
some devices called heat engines.

The thermal efficiency of a heat engine is defined as

W i ou 0, W et out 1S the net work output of the heat engine
N — =1 Q,, is the amount of heat supplied to the engine

QH QH Q, is the amount of heat rejected by the engine
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The Second Law of Thermodynamics

* Refrigerators and heat pumps are devices that absorb heat from low-temperature
media and reject it to higher-temperature ones.

* The performance of a refrigerator or a heat pump is expressed in terms of the
coefficient of performance, which is defined as

0, | Oy 1
) W e Wnet.in [ — QL /QH

net,in QH/QL o 1

* Kelvin—Planck statement: no heat engine can produce a net amount of work while
exchanging heat with a single reservoir only.

* Clausius statement: no device can transfer heat from a cooler body to a warmer one
without leaving an effect on the surroundings.

* Perpetual-motion machine: Any device that violates the first or the second law of
thermodynamics
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The Second Law of Thermodynamics

Desired Result
2t Ty e Required Input

Required
On input
Q.

O
@@ o @ Wi COPR; = Y
i “
0, o output QH QH

COP,, = =

Low-temperature reservoir Cold refrigerated Wn et, in QH R Q L
at Ty space at T

) ) Warm environment —
High-temperature reservoir CO P —

(Q.-Qu)—(0-W,) =AU, , =0

N = —& \Nin :Wnet,in = QH _QL
Qn
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The Second Law of Thermodynamics

Thermal energy reservoir

O, =100 kW

M\ g o= 100 KW

HEAT )
ENGINE

QL:O

Heat engine that violates the Kelvin-
Planck statement of the second law

Warm environment

QH = SkJ

\ Whet,in =0
R /3

QL = 5kJ

Cold refrigerated space

Heat pump that violates the Clausius
statement of the second law
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The Second Law of Thermodynamics

A process is said to be reversible if both the system and the surroundings can be
restored to their original conditions. Any other process is irreversible. The effects
such as friction, non-quasi-equilibrium expansion or compression, and heat transfer

through a finite temperature difference render a process irreversible and are called
irreversibilities.

Carnot cycle: a reversible cycle that is composed of four reversible processes, two
isothermal and two adiabatic.

Carnot principles: the thermal efficiencies of all reversible heat engines operating
between the same two reservoirs are the same, and that no heat engine is more
efficient than a reversible one operating between the same two reservoirs.

%) _Tu
QL rev

Thermodynamic temperature scale, (

L
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The Second Law of Thermodynamics

P-v diagram for Carnot heat
engine

=const.

P-v diagram for Carnot
refrigerator

Ty

The Carnot Cycle

Process 1-2:

Reversible isothermal heat addition at high
temperature, T, > T,, to the working fluid in a
piston-cylinder device that does some
boundary work.

Process 2-3:

Reversible adiabatic expansion during which
the system does work as the working fluid
temperature decreases from T,,to T,.

Process 3-4:

The system is brought in contact with a heat
reservoir at T, < T,, and a reversible isothermal
heat exchange takes place while work of
compression is done on the system.

Process 4-1:
A reversible adiabatic compression process
increases the working fluid temperature from
T, toT,
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The Second Law of Thermodynamics

* A heat engine that operates on the reversible Carnot cycle is called a Carnot heat
engine. The thermal efficiency of a Carnot heat engine, as well as all other reversible
heat engines, is given by

nth.l‘ev — 1 o

 The COPs of reversible refrigerators and heat pumps are given in a similar manner as

| ]
ry/T, — 1 COPyp ey = = T

COPR.rev -

* These are the highest COPs a refrigerator or a heat pump operating between the
temperature limits of T, and T can have. It is true for heat engines as well.
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Entropy

Entropy: quantitative measure of microscopic disorder for a system. It is defined as a
new property by second low of thermodynamics.

Any quantity whose cyclic integral is zero is a property, and entropy is defined as

d
is - (%)
T Int rev

For the special case of an internally reversible, isothermal process, it gives ...

a5 =<
I,

Increase of entropy principle,

50 _ 250 (/80 _ 50 ._ 00
%T_O- £7+J;<T)illtl‘e\’_o»Sz_SI_J;7 »CLS_
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Entropy

* S, Is the entropy generated during the process. Sgen = 0
* Entropy change is caused by heat transfer, mass flow, and irreversibilities.

* Heat transfer to a system increases the entropy, and heat transfer from a system
decreases it.

* The effect of irreversibilities is always to increase the entropy.

The entropy-change and isentropic relations for a process can be summarized as follows:

1- Pure substances:

Any process: As =5, — 5,

Isentropic process: 8y = 5y



Entropy

2- Incompressible substances:

Any process: So — 81 = C,.. IN —

Isentropic process: I, =1,

3- Ideal gases:

a- Constant specific heats (approximate treatment):

Any process:

I &
Sy — 51 = Cuaye ln? + R lnv—
1 1

1, P,

o)

()
|
g
|

c In— — RIn—
p,avg
T, P,
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Entropy

Isentropic process:

H..-@" G- &
Tl s = const. N V2 Tl § = const. Pl Pl § =const.

b- Vaariable specific heats (exact treatment):

Any process:

s, — 85, =55 —§] —RIn—

Isentropic process:

o o PZ PZ Pr2 Vs Vo
55 =5, + R In —— — = =
- P Pl § = const. Prl Vi/ s=const. Vi1

where P is the relative pressure and v, is the relative specific volume. The
function s° depends on temperature only.



Entropy

* The steady-flow work for a reversible process can be expressed in terms of the
fluid properties as

rev substances rev

2
W = —J vdP — Ake — Ape For Incompressible = w., = —VWP, — P) — Ake — Ape
1

* vshould be kept as small as possible during a compression process to minimize

the work input and as large as possible during an expansion process to maximize
the work output.

\

Isentropic:  w
(PVF = constant)

kR(T, — T,)  kRT, '<P2>U\'UM‘ A
The reversible work compin —p 1 k—1| |

iInputs to a compressor

I

> e nR(T, — T,)  nRT, [ (Pl)f"—“f” 1_
i i 0 y 1‘Op1CZ wcnm‘).in - — o
compressing an ideal gas P = constant) : 1 n— 1L\P, _
from T, P, to P, p

Isothermal: w = RTln —

)
“comp.in

(Pv = constant) 1




Entropy

Most steady-flow devices operate under adiabatic conditions, and the ideal process
for these devices is the isentropic process.

The parameter that describes how efficiently a device approximates a corresponding
isentropic device is called isentropic or adiabatic efficiency.

~Actual turbine work W, Ny — Iy, py  Tnletstate
I = Isentropic turbine work W, - h, — h,, T P Actual process

~ Isentropic compressor work — wy h,o — I ]V lr Py
™ " Actual compressor work  w,  h,, — h, ;%J__E____

_ Actual KE at nozzle exit B %(, ~ hl - hz(, S i Iizr;tésspic
Ui Isentropic KE at nozzle exit V2, h, — hy, i p

Ty
]
)
|
tn
T
Yy
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Entropy

 The entropy balance for any system undergoing any process can be expressed in the
general form as

S in S out i S gen A S system Si” SOU‘ T Sgen - dSSySlem/dt
\ ~ J \ J \ ~ J b V 4 M e N jr g
Net entropy transfer Entropy Change Rate ot net entropy  Rate of En.tropy Ra.te of change
Wu et and iz Genavation - emr; , transfer by heat generation in entropy
s o & ¢ PY and mass

* For a general steady-flow process it simplifies to

. ‘ . Qk
Sgen - E ’Tl(’S(’ o z 772,5, i ?
k
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