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What is thermodynamics
Topics to be covered during the course
Application Areas of Thermal-Fluid Sciences

Grading System

10%  Homework / Design Project
20%  Quizzes/ Class tests

20% Exam |

20% Exam ll

30%  Final Exam

(For unexcused absence, 0.5 mark will be deducted)




Homework

Homework problems are 4-6 problems
every week.

All homework problems assigned during a
given week are due in class one week
later unless stated otherwise.

Late Homework will NOT be accepted

Attendance

. Attendance will be checked during each lecture.

. Excuse should be authorized by the Deanship of
Student Affairs and submitted one week later
after resumption of class attendance.

. For any unexcused absence, 0.5 marks will be

deducted from the total grade.

. Any student having more then 9 unexcused
absences will receive a grade of DN for the
course.




Review

Basic Review of
Thermodynamics |




Closed Systems vs. Open Systems

No mass can cross its Both mass and energy can

boundary But energy can. Cross the boundaries of a
control volume.

| Control surface
_________ ‘___‘r R —
o | mass  NO ::mass YES
CLOSED —g—— 1 .
SYSTEM !
| CONTROL
| VOLUME
m=constant |
|
4_“. energy YES
— > energy  YES

some common steady flow devices

Only one in and one out More than one inlet and exit

/
|

—= Mozzle —m Turbine J——

\\

—= Diffuser —= T I:‘ I—

Compressor
.
Throttling —|
valve

Heat exchanger l

H
J,




STATE 1 STATE 2 STATE 3

STATE 5
STATE 4

P=1atm
P=1atm T=300°C
T=100°C

Hear % Heat
i it

Phase Change
Processes on
a T-v diagram

Phase Change at higher P on a T-v diagram

* Repeat this experiment .«

for higher pressures.
« Similar curves will be ™"
obtained but at higher
sat. temperature.

* Note that the sat. liquid
specific volume (Vg )
will increase while the
sat. vapor specific
volume (Vg 4 ) Will
decrease

i
Saturated < |
liguid

0.003155 U, mlkg




The phase dome on a T-v diagram

*The saturated liquid "
states can be
connected by aline
called the saturated
liquid line.

*The saturated vapor
states can be
connected by
another line, called
the saturated vapor
line, to form a phase
dome.

*Three main regions
can be identified.

LIQUID
REGION

SATURATED
LIQUID-VAPOR
REGION

SUPERHEATED
VAPOR
REGION

Phase Change Processes on a P-v diagram

Decrease P
gradually but keep T
constant.

The pressure at
which a pure
substance
changes phase is

called the /

saturation
pressure P,.

At P, Liquid and
vapor phases are
in equilibrium.

LIQU

REGION

SUPERHEANED
VAPOR
REGION

COMPRESSED]

n

SA |
LIQUID-VAPOR
REGION

”
"‘if‘“ﬂsr.; P
e
""-\?}‘{'
~~ o,

o

From State 2 to
4, no weights
are removed
(P=constant)
and T is kept
constant but
heating causes
liquid to
vaporize.




Thermodynamics Tables

Critical
point

Table A7
Compresse Liquid

©
gl &QV®&® Qo\\
- g2 |a S &4'0
3|5 |3 iqui S
fa) + | & [ Saturated liquid- &
“ 1585 1|- vapor region »
;i Table A4 T entry .

Table A5 P entry

Triple line

Table A8 \
Saturated ice-vapor

Saturated Liquid-

. Saturated water—Temperature table
vaporm IXture

Specific volume, Internal energy,
Table A-4 m3/kg kifkg
Sat. Sat. Sat. Sat.
Satu rated |iquid_vapor Temp., press., liquid, Sat. liquid, Evap., vapor,

i T°C Py kPa Vi vapor, v, I Uy Uy
mixture fa”S u nder the 0.01 06113 0.001000 206.14 0.0 2375.3 23753
P-v (or T-v) dome. 5 0.8721 0.001000 147.12 2097 23613 2382.3

( ) 10 1.2276 0.001000 106.38 42.00 2347.2 2389.2

. 15 1.7051 0.001001 77.93 62.99 2333.1 2396.1

Its properties can be 20 2339 0.001002 57.79 8395 2319.0 24029
s 25 3.169 0.001003 43.36 104.88 2304.9 2409.8
obtained from Water 30 4246 0001004 3289 12578 2290.8 24166
. _ 35 5.628 0.001006 25.22 146.67 2276.7 2423.4

TableS A 4 and A 5 40 7.384 0.001008 19.52 167.56 2262.6 2430.1
45 9.593 0.001010 15.26 188.44 22484 24368

50 12.349 0.001012 12.03 209.32 2234.2 24435
55 15.758 0.001015  9.568 230.21 2219.9 2450.1

60 19.940 0.001017 7.671 251.11 2205.5 2456.6
65 25.03 0.001020  6.197 272,02 2191.1 2463.1
l: 70 31.19 0.001023 5.042 292,95 2176.6 2469.6

/ 75 38.58 0.001026  4.131 313.90 2162.0 24759
80 47.39 0.001029 3.407 33486 2147.4 24822

85 57.83 0.001033 2.828 355.84 2132.6 24884

I“ 20 70.14 0.001036 2.361 376.85 2117.7 2494.5

95 84.55 0.001040 1.982 397.88 2102.7 25006




Saturated Liquid EYEEG
Vapor miXture Saturated water—Pressure table
Specific volume, Internal energy,
Table A-5 mkg ki/kg
Sat. Sat. Sat. Sat. Sat.
In Table A_S (page Press., temp., liquid, vapor, liquid, Evap., wvapor,
2 Pr 1 P kPa Ta®C W Ve Uy Ugg Uy
832), Pressure is
F g 0.6113  0.01 0.001000 206.14 0.00 23753 2375.3
listed in the left 1.0 6.98 0.001000 129.21 29.30 2355.7 2385.0
column as the 1.5 13.03 0.001001 87.98 54,71 2338.6 2393.3
) 2.0 17.50 0.001001 67.00 73.48 2326.0 2399.5
independent 2.5 21.08 0.001002 54.25 88.48 2315.9 2404.4
iabl 3.0 24,08 0.001003 45.67 101.04 2307.5 2408.5
variaple. 4.0 28.96 0.001004 34.80 121.45 22937 24152
; _ 5.0 32.88 0.001005 28.19 137.81 22827 2420.5
Use whichever table is 7.5 40.29 0.001008 19.24 168.78 2261.7 24305
. 10 45.81 0001010 14.67 191.82 2246.1 2437.9
convenient. 15 53.97 0.001014 1002 22592 2222.8 2448.7
20 60.06 0.001017 7.649  251.38 2205.4 2456.7
25 64.97 0.001020 6.204 271.90 2191.2 2463.1
30 69.10 0.001022 5.229  289.20 2179.2 2468.4
40 75.87 0.001027 3.993  317.53 2159.5 2477.0
50 81.33 0.001030  3.240  340.44 2143.4 2483.9
75 91,78 0.001037 2.217 38431 2112.4 2496.7

Superheated Vapor Table A-6

TABLE A-6

Superheated water

T v u h 5 v u h s
°C mikg klikg kdikg kg - K mikg klikg klkg kdikg - K
P = 0.01 MPa (45.81°C)* P = (0.05 MPa (81.33°C) In the region to

sat! 14674 2437.9 25847 81502 | 3.240 24839 26459 7.5939 i
50 14.869 24439 25926 81749 the right of the
100 17.196 25155 2687.5 84479 | 3418 25116 26825 7.6947|Saturated vapor
150 19512 2587.9 27830 86882 | 3.889 25856 2780.1 7.9401|
200 21825 26613 28795 89038 | 4356 26599 28777 s.sso| lIN€, asubstance
250 24136 27360 2977.3 9.1002 | 4.820 27350 29760 8.3556| @XiStS as
300 26.445 2812.1 30765 9.2813 5284 28113 30755 85373
400 31.063 2968.9 32796 9.6077 6209 20685 32789 s.se42|Superheated
500 35679 31323 3489.1 98978 | 7.134 31320 34887 9.1546|yapor
600 40.295 33025 3705.4 10.1608 | B8.057 3302.2 37051 9.4178 :
700 44911 3479.6 3928.7 10.4028 | 8.981 3479.4 39285 9.6599
800 49526 3663.8 4159.0 10.6281 9.904 3663.6 41589 9.8852
900 54,141 3855.0 4396.4 10.8396 | 10.828 3854.9 43963 10.0967

1000 58.757 4053.0 4640.6 11.0393 | 11.751 4052.9 4640.5 10.2964

1100 63.372 4257.5 4891.2 11.2287 | 12.674 4257.4 4891.1 10.4859

1200 67.987 4467.9 5147.8 11.4091 | 13.597 4467.8 5147.7 10.6662

1300 72.602 46837 5400.7 11.5811 | 14.521 46836 5409.6 10.8382




Compressed liquid Table A-7
I METEn @ e

left of the saturated | compressed liquid water

liquid line, a T v u h s v u h s
Substance eXiStS as °C mikg klikg kdikg kdikg < K | mifkg klikg kdikg klikg - K
Compressed |IQUId P = 5 MPa (263.99°C} P =10 MPa (311.06°C)

Sat, 0.0012859 1147.8 1154.2 29202 |0.0014524 1393.0 1407.6 3.3596

0 0.0009977 0.04 5.04 0.0001 |0.0009952 0.09 10.04 0.0002
20 0.0009995 8365 88.65 0.2956 |0.0009972 83.36 93.33 0.2945
40 0.0010056 166,95 171.97 0.5705 | 0.0010034 166.35 176.38 0.5686
60 0.0010149 250.23 255.30 0.8285 |0.0010127 249.36 259.49 0.8258
80 0.0010268 333.72 338.85 1.0720 | 0.0010245 332.59 342.83 1.0688
100 0.0010410 417.52 422.72 1.3030 | 0.0010385 416.12 426.50 1.2992
120 0.0010576 501.80 507.09 1.5233 |0.001054% 500.08 510.64 1,5189
140 00010768 586.76 592.15 1.7343 |0.0010737 584.68 595.42 1.7292
160 0.0010988 672.62 678.12 1.9375 |0.0010953 670.13 681.08 1.9317
180 0.0011240 759.63 765.25 2.1341 |0.0011199 756.65 767.84 2.1275
200 0.0011530 848.1 853.9 2.3255 |0.0011480 8445 856.0 23178
220 0.0011866 9384 9444 25128 |0.0011805 934.1 9459 2.5039
240 0.0012264 1031.4 1037.5 2.6979 |0.0012187 1026.0 1038.1 2.6872
260 0.0012749 11279 11343 2.8830 |0.0012645 1121.1 1133.7 2.8699

280 0.0013216 12209 12341 3.0548
300 0.0013972 1328.4 13423 3.2469
320
340

Quality (x), derivation
V =V, 4V,

PorT
mv :mef +mng 1 mGai
mv=(m-mgN, +myv,
SV = (=X +xv H
V=V, XV, V)
U uf<b <Yy, Y, E

=V = V; +XV

where v =V -V,
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Linear Interpolation

A B
( (100 5 ] |
1130 y
. 200 10

General Equations

The general mass balance equation

Z min B Z mexit =A msystem = m2 B ml

The general energy balance equation

2 2
Q-W +>'m, (hi +V7i+ 9z, ]—Zme (he +\%+ gze]=m2u2—mlul+AKE +APE




Mo work

9] HO'T
COFFEE

Heat

Room at
25° C

Characteristics of Heat Engines..

They receive heat from
high-temperature
source.

igh-temperature
Reservoir at T,

L

(v)

vt

‘ Reservoir at T, \

They convert part of this
heat to work.

They reject the
remaining waste heat to
a low-temperature sink.

They operate on (a
thermodynamic) cycle.

VY
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Thermal efficiency

Desired output
Required input

Performance =

Thermal Efficiency

_ Wnet out Qin B Qout
T = o
Qin Qin

Refrigerators

| nlgH-temperature geservow at |H |
i
W
QL = QH = W <:I
i

Low-temperature Reservoir at T

Objective lﬁ
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Heat Pumps
Objective

| ngH-temperature Reservovr at |H |

Q,=W+Q,

Read to parts of

&
W
<:| op 259 and 260
il

Low-temperature Reservoir at T,

Coefficient of Performance of a
Refrigerator

The efficiency of a refrigerator is expressed in term of
the coefficient of performance (COPg).

‘Warm environment

atTp>T;
COP. - Desired output o
" Required input \ ~
Wnet, in

Wnet,in QH _QL QiH_l o Desired
Q L output
¢z

Cold refrigerated
space at 7'

Q. Q !
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Coefficient of Performance of a
Heat Pump

The efficiency of a heat pump is expressed in term of the
coefficient of performance (COP,).

‘Warm heated space
at 7> 7;

Desired
Desired output 0
COP,, = . : P —
Required input ] -_
QH QH 1 Required
input

Wnet,in QH _QL _I_QiL
Q, 0

Cold environment
atI;

oA reversible process is defined as a process that
can be reversed without leaving any trace on either
system or surroundings.

* Reversible processes
* |ldeal processes

* Irreversible processes
» Actual processes




Heat transfer process and finite
temperature difference process

1. For a Heat transfer

process to be revisable Q=#0

process it has to be an AT =0
Isothermal process.
2. For afinite temperature
b AT #0

difference process to be
revisable process it has to Q=0
be an adiabatic process.

Carnot cycle can be executed in many
different ways

Energy source Pi

3 Iy
2 Iy = Const,

L = congp.

=Y
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Reversed Carnot Cycle

Surrounding medium| P A
such as the kitchen air
g
CONDEMNSER
800 kPall 800 kPall
3neC 60°C
Wae, in
EXPANZION -
VALVE COMPRESSOR :A_
120 kPall 120 kPall
—25°C —207C
EVAPORATOR
%3

Refrigerated space

How do Reversible Carnot Heat Engine
compare with real engines?

77 thermal = 77 th

(<7,.., irreversible heat engine
ey =Mn.e reversibleheatengine
| >4 IMpossible heat engine
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How do Carnot Refrigerator compare with

real Refrigerator?

COP of Refrigerator

4
Qu_y
Q

(< COP

R ,rev

COPR,;y =COF,,,
\>COP

R ,rev

COP, =

COP of Carnot Refrigerator

coamFTl
;
i ]
T

L

iIrreversible refrigerator
reversible refrigerator
Impossible refrigerator

How do Carnot Heat Pump compare with

real one?

COP of real Heat Pump
1

con=1_Ch
Q.
< COPHP,reV
COPHP = COPHP,rev
>COP

HP rev

COP of Carnot Heat Pump

COPHP,rev = 7‘[‘

irreversible Heat Pump
reversible Heat Pump
impossible Heat Pump
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Derivation of Clausius Inequality
§§ <0
-

L@ Reversible Irreversible
T

Heat Engine = <0
Refrigeration = <0

The equality in the Clausius inequality holds for totally or
just internally reversible cycles and the inequality for the
irreversible ones.

The Entropy Balance (closed system)

There is some entropy generated during
an irreversible process such that

2
0
82 _Sl — J‘? + Sgen
1

— —— ——
Entropy Entropy transfer Entropy generation
change with heat due to irreversibility

This is the entropy balance for a closed
system.




Summary of the increase of
entropy principle

w

=0 reversible
<0 Imposible

gen

(>0 irreversible process
process
process

Let us now have an example on this concept.

The increase of entropy principle

Isalated system m=0
bound fary =0

Now suppose the system is not adiabatic.

We can make it adiabatic by extending the
surrounding until no heat, mass, or work are
crossing the boundary of the surrounding.

This way, the system and its surroundings
can be viewed again as an isolated system.

The entropy change of an isolated system is
the sum of the entropy changes of its
components (the system and its
surroundings), and is never less than zero.

Now, let us apply the entropy balance for an
isolated system:

S, = AS

total surr

(Isolated)

Subsystem
1 e
AS i = LAS; >0
Subsystem i=l
2
Subsystem Subsystem
3 N

=AS,, +AS,,, >0
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Thus

1nt rev

—des

This area has no meaning

Internally
reversible
process

ad =TdS
=30

2
A_reaz'[ TdS=¢Q
1

for irreversible processes!

It can be done only for a reversibl
process for which you know the
relationship between T and s duri

e

ng a

process. Let us see some of them.

T-s Diagram for the Carnot

Cycle
Isoth I
1 o 2

Isentropic

Isentropic .
expansion

compression

Temperature
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The T-ds relations:

Gibbs equations or Tds relationship Tds =du + Pdv Tds =dh —vdP
A- Entropy Change of Liquids and Solids As =C In L
T]
B- The Entropy Change of Ideal Gases T v T P
As =C, In| =% [+R In| 2 As =C_In| =2 |-RIn| 2
B1-Constant specific heats v T, v, T, P,

B2-Variable specific heats

C-The Isentropic processes of Ideal Gases
C1-Constant specific heats

1-k

Pv ¥ = constant Tv ¥ = constant TP ¥ = constant

C2-Variable specific heats Y ) Y

Entropy balance for Open
Systems

Total Total Total Change in the
Entropy |—| Entropy |+| Entropy  |=| total entropy
In Out Generated of the system

Sin - Sout + Sgen — AS — Sz o Sl

system

9+ ms,— ) ms,+S,, =AS
L A2 S

1- Heat transfer

2 —-mass 3- Entropy

(in or out) generation

(in or out)




Isentropic Efficiency of Turbines

Remember, if KE and PE are

ignored in the energy balance W = h — h
equation, then the work is 1 2

actual turbine work P,
77Turbine = . . i A Inlet state
isentropic turbine work
A nFg--r--- -Actual process
Thrurbine = [ ( \‘/
W W, : P,
L] '
T ——
77 2 a th _______ 12
: — [ - Isentropic
Tu rblne h h | process
!
Sl‘ = ‘\l E
Isentropic Efficiency of Compressors
. _ Isentropic compressor work _ w,
sncom = Actual compressor work W,
Remember, if KE and PE are b
ignored in the energy balance Iy ;

equation, then the work is

w=h —h

Iy === ——————=

Process

T
’
W ]
: I .
h _ h ‘W, _+——Isentropic
2 1 " process

~ S
T]isen comp — J
hza o hl 1 __

U7 = Mg spp = (LR 1017
Well-designed compressors.

-y
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Reversible steady-flow work Vs.
Boundary work

P

— 2
_ | Weu=o) vaP ! -
W e jin = ], vdP L“""“H--ml : e
() Steady-flow system ®1

Summary
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General Equations

The general mass balance equation

Z min B Z mexit =A msystem - m2 B ml

The general energy balance equation

2 2
Q-W +>»m|h +V—i+gz. —> m,|h +VL+gz =m,u, —mu, + AKE + APE
I I 2 I e e 2 e 22 171

The general entropy balance equation

Z%Jerisi > m.s, +S ., =(S,-S,),,




