
ME 24-221
ThermodynamicsI

SomeUsefulFormulae

1 Control Mass

Continuity Equation

m � constant

First Law

U2
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� m
�
V2
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�
mg
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Z2
� Z1 � � 1 Q2
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1W2

Compression-expansionwork

1W2
��� 2

1
PdV

For polytropicprocees,PV n � c ,

1W2
� P2V2

� P1V1

1 � n
n �� 1

� P1V1ln
V2

V1
n � 1

SecondLaw

S2
� S1

��� 2

1

δQ
T
�

1 S2 gen

For isothermalprocess

� 2

1

δQ
T
� 1Q2

T

For reversibleprocess

1S2 gen
� 0

For adiabaticprocess

1Q2
� 0

Therefore,for a reversibleadiabaticprocess

S2
� S1

� 0

s2
� s1

� 0

Therefore,a reversibleadiabaticprocessis anisentropicprocess.
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2 Control Volume

2.1 SteadyStateSteadyFlow (SSSF)

Continuity

∑
i

ṁi
� ∑

e
ṁe
� 0

First Law

∑
i

ṁi 	 hi
� V2

i

2
�

gZi 
 � ∑
e

ṁe 	 he
� V2

e

2
�

gZe 
 � Q̇cv
� Ẇcv

� 0

SecondLaw

∑
i

ṁisi
� ∑

e
ṁese

� ∑
j

Q̇ j

Tj

�
Ṡgen
� 0

Reversibleprocess

Ṡgen
� 0

Adiabaticprocess

Q̇ � 0

For oneinlet-oneoutletdevice,a reversibleadiabaticprocessis thereforeanisentropicprocess,with

si
� se

2.2 Uniform StateUniform Flow (USUF)

Continuity �
m2
� m1 � � ∑

i

mi
� ∑

e
me

First Law

m2 	 u2
� V2

2

2
�

gZ2 
 � m1 	 u1
� V2

1

2
�
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i
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i

2
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 � ∑
e

me 	 he
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2
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 � Qcv
� Wcv

SecondLaw

m2s2
� m1s1

� ∑
i
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� ∑

e
mese

� � t

0

Q̇cv

T
dt
�

1 S2 gen

3 Gibbs Equation

T ds � du
�

Pdv� dh � vdP

Thisequationholdstruefor all simplecompressiblesubstances.
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4 Propertiesof PureSubstances

4.1 Vapor-Liquid PhaseEquilibrium

For aspecificpropertyφ (suchash,u,v,setc)underthedome

φ � φ f
�

xφ f g

4.2 Ideal Gas

Ideal GasEquationsof State

Pv � RT

du � CvdT

u2
� u1

� � 2

1
CvdT� Cv
�
T2
� T1 � if Cv is constant

dh � CpdT

h2
� h1

� � 2

1
CpdT� Cp
�
T2
� T1 � if Cp is constant

SpecificHeatsand Ideal GasConstants

Cp
� Cv

� R

R � R � M
Cp

Cv

� k

Entr opy Relationships

ds � Cp
dT
T
� R

dP
P

s2
� s1

� � 2

1
Cp

dT
T
� Rln

P2

P1� Cpln
T2

T1

� Rln
P2

P1
if constantCp

� s0
T2
� s0

T1
� Rln

P2

P1
otherwise

ds � Cv
dT
T
�

R
dv
v

s2
� s1

� � 2

1
Cv

dT
T
�

Rln
v2

v1� Cvln
T2

T1

�
Rln

v2

v1
if constantCv
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Isentropic Processfor Ideal Gas
For variablespecificheats

P1

P2

� Pr1

Pr2
v1

v2

� vr1

vr2

For constantspecificheats

Pvk � constant

P1

P2

� 	 v2

v1

 k

T2

T1

� 	 P2

P1

 k � 1

k

T2

T1

� 	 v1

v2

 k 
 1

Theabovefour relationshipsalsohold for a reversiblepolytropicprocesswith thepolytropicexponentn replacingk.

4.3 IncompressibleSubstance

Equation of State

du � dh � CdT

u2
� u1

� h2
� h1

� � 2

1
CdT� C
�
T2
� T1 � if C is constant

Entr opy Relationships

ds � du
T

s2
� s1

� � 2

1
C

dT
T� Cln

T2

T1
if C is constant

C=constantcanusuallybeassumedfor incompressiblesubstances.
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5 Heat Engines,Heat Pumpsand Refrigerators

Thermalefficiency of heatengine

ηth
� Wnet

QH� QH
� QL

QH

Coefficientof Performance(C.O.P)of HeatPump

β � � QH

Wnet� QH

QH
� QL

Coefficientof Performance(C.O.P)of Refrigerator

β � QL

Wnet� QL

QH
� QL

Carnot Cycle

QH

QL

� TH

TL

ηth
� 1 � TL

TH

β � � TH

TH
� TL

β � TL

TH
� TL

6 Isentropic Efficiency of EngineeringDevices

ηturbine
� w

ws

ηcompressor
� ws

w

ηnozzle
� V2

e � 2
V2

es � 2
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7 Irr eversibility and Availability

Availability:

Ψ ��� h � T0s � ��� hre f
� T0sre f �

Irreversibility:

İ � T0Ṡgen

Work in anSSSFprocesswith heatgainQ̇H from TH andheatlossQ̇0 to T0:

Ẇnet
� Q̇H 	 1 � T0

TH

 � ṁ � Ψi

� Ψe � � İ

SecondLaw Efficiency (Effectiveness)

Turbine:

η2
� Ẇnet

ṁ � Ψi
� Ψe �

Compressor:

η2
� ṁ � Ψi

� Ψe �
Ẇnet

8 Power and Refrigeration Cycles

8.1 Ideal Rankine Cycle

T

s

1

2

3

4

p=c

p=c

� 1-2:Isentropiccompressionin pump� 2-3: Constantpressureheatadditionin boiler� 3-4: Isentropicexpansionin turbine� 4-1: Constantpressureheatrejectionin condenser� Working fluid is usuallywateror othertwo-phasesubstance
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Work andheattransferformulae:

wp
� h1

� h2� v1

�
P1
� P2 �

qb
� h3

� h2

wT
� h3

� h4

qc
� h1

� h4

Also

s1
� s2

s3
� s4

8.2 Ideal Air Standard Brayton Cycle

T

s

p=c

p=c

4

3

1

2

� 1-2:Isentropiccompressionin compressor� 2-3: Constantpressureheatadditionin heatexchanger� 3-4: Isentropicexpansionin turbine� 4-1: Constantpressureheatrejectionin heatexchanger� Working fluid idealizedto beair

Work andheattransferformulae:

wC
� h1

� h2

qh
� h3

� h2

wT
� h3

� h4

qc
� h1

� h4

Also

s1
� s2

s3
� s4
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For constantCp

wC
� Cp

�
T1
� T2 �

qh
� Cp

�
T3
� T2 �

wT
� Cp

�
T3
� T4 �

qc
� Cp

�
T1
� T4 �

Also

T2

T1

� 	 P2

P1

 k � 1

k

T4

T3

� 	 P4

P3

 k � 1

k

For variableCp

Pr2

Pr1

� P2

P1

Pr4

Pr3

� P4

P3

Thermalefficiency of Braytoncycle (For constantCp)

ηth
� 1 � T1

T2� 1 � 	 P1

P2

 k � 1

k

8.3 Ideal Air Standard Otto Cycle

T

s

4

3

1

2

v =c

v = c

� Ottocycle is apiston-cylindercycle (controlmass)� Modelssparkignition (SI) engines� 1-2:Isentropiccompression
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� 2-3: Constantvolumeheataddition� 3-4: Isentropicexpansion� 4-1: Constantvolumeheatrejection� Working fluid idealizedto beair

Process1-2:

s1
� s2

T2

T1

� 	 P2

P1

 k � 1

k

i f Cp constant

T2

T1

� 	 V1

V2

 k 
 1

i f Cp constant

u2
� u1

� �
1w2� Cv
�
T2
� T1 � i f Cp constant

Process2-3:

u3
� u2

�
2q3� Cv
�
T3
� T2 � i f Cp constant

Process3-4:

s3
� s4

T4

T3

� 	 P4

P3

 k � 1

k

i f Cp constant

T4

T3

� 	 V3

V4

 k 
 1

i f Cp constant

u4
� u3

� �
3w4� Cv
�
T4
� T3 � i f Cp constant

Process4-1:

u1
� u4

�
1q4� Cv
�
T1
� T4 � i f Cp constant

Thermalefficiency of Otto cycle (For constantCp)

ηth
� 1 � T1

T2� 1 � 	 V1

V2

 1 
 k

� 1 � � rv � 1 
 k

whererv is thecompressionratio.

MeanEffectivePressure:

mep � wnet

v1
� v2
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8.4 Ideal Air Standard DieselCycle

T

s

4

1

v = c

2

3 p=c

� Dieselcycle is a piston-cylindercycle (controlmass)� Modelscompressionignition (CI) engines� 1-2:Isentropiccompression� 2-3: Constantpressureheataddition� 3-4: Isentropicexpansion� 4-1: Constantvolumeheatrejection� Working fluid idealizedto beair

Process1-2:

s1
� s2

T2

T1

� 	 P2

P1

 k � 1

k

i f Cp constant

T2

T1

� 	 V1

V2

 k 
 1

i f Cp constant

u2
� u1

� �
1w2� Cv
�
T2
� T1 � i f Cp constant

Process2-3:

h3
� h2

�
2q3� Cp
�
T3
� T2 �

Process3-4:

s3
� s4

T4

T3

� 	 P4

P3

 k � 1

k

i f Cp constant

T4

T3

� 	 V3

V4

 k 
 1

i f Cp constant

u4
� u3

� �
3w4� Cv
�
T4
� T3 � i f Cp constant
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Process4-1:

u1
� u4

�
1q4� Cv
�
T1
� T4 � i f Cp constant

Thermalefficiency of Otto cycle (For constantCp)

ηth
� 1 � Cv

�
T4
� T1 �

Cp
�
T3
� T2 �

8.5 Ideal Vapor Refrigeration Cycle

T

s

p=c

p=c

3

4

1

2

� SimplyRankinecycle run backwards� Notehow points1,2,3,4havebeenshifted� 1-2:Isentropiccompressionin compressor� 2-3: Constantpressureheatlossat high-temperaturesource� 3-4: Isentropicexpansionin expansionvalve� 4-1: Constantpressureheatgainin evaporator� Working fluid is usuallyrefrigerantor othertwo-phasesubstance
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