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1. Conservation of Mass 

m

Vol

p

T

ρ

ν

CS

2

𝒅𝒎𝑪𝑽

𝒅𝒕
=෍

𝒊

ሶ𝒎𝒊 −෍

𝒆

ሶ𝒎𝒆

Continuity equation
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For steady state
𝑑𝑚𝐶𝑉
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ሶ𝒎𝑰𝒏 = ሶ𝒎𝑶𝒖𝒕

For one-stream in and 

out of a control volume
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ሶ𝒎𝟏 = ሶ𝒎𝟐 = ሶ𝒎𝟑 = ሶ𝒎𝟒

Applied to 

each control 

volume

ሶ𝒎𝟐 = ሶ𝒎𝟑

ሶ𝒎𝟏 = ሶ𝒎𝟐

ሶ𝒎𝟑 = ሶ𝒎𝟒

ሶ𝒎𝑰𝒏 = ሶ𝒎𝑶𝒖𝒕
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ሶ𝒎𝟏 = ሶ𝒎𝟐 = ሶ𝒎𝟑 = ሶ𝒎𝟒

𝒗𝟏 ≠ 𝒗𝟐 ≠ 𝒗𝟑 ≠ 𝒗𝟒

Note:  ሶ𝑚 = 𝜌 𝑉𝐴 =
(𝑉𝐴)

𝑣

Could result in



2. Conservation of Energy

2.1 First Law for Closed Systems
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CS

State 1 at time t1 State 2 at time t2
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2. Conservation of Energy 

2.1 First Law for Closed Systems

𝑬𝟐 − 𝑬𝟏 = 𝑸𝟏−𝟐 −𝑾𝟏−𝟐

Sign Convention:

Q > 0 : heat transfer to the system

Q < 0 : heat transfer from the system

W > 0 : work done by the system

W < 0 : work done on the system
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Other Formulations 
for the 1st Law of Thermodynamics

212112       WQEE 

2121     WQPEKEU 



WQEd  
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Differential Formulations

workbyenergyoftransferthe:

heatbyenergyoftransferthe:

systemtheofenergytotaltheofaldifferentithe:

where

W

Q

Ed







• Note: In this case it is more convenient to define Q and W as 

energy “in” and “out” respectively (instead of following sign 

conventions previously introduced)
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The Time Rate Formulation

𝒅𝑬

𝒅𝒕
= ሶ𝑸 − ሶ𝑾



212112 wqee 
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Specific Energy Formulation

system)theofmass:(     

/;workspecific:

/;transferheatspecific:

/;energyspecific:

where
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During the interval Δt, the 

change in the total energy 

inside the CV is given by:
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etcPEKEUE
call


:Re

2. Conservation of Energy 

2.2 First Law for Open Systems
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The variation of E in the CV can be 

expressed on a rate basis:

 
e

ee

i

ii
CV ememWQ

dt

dE

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CV the TO transfer Heat0

conventionby  Where,
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


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Replacing the energy term by 

“h”, “KE” and “PE”

The energy balance equation for open system 

becomes:

𝒅𝑬𝑪𝑽
𝒅𝒕

= ሶ𝐐𝑪𝑽 − ሶ𝑾𝑪𝑽 +෍

𝒊

ሶ𝒎𝒊 𝒉 +
𝑽𝟐

𝟐
+ 𝒈𝒛

𝒊

−෍

𝒆

ሶ𝒎𝒆 𝒉 +
𝑽𝟐

𝟐
+ 𝒈𝒛

𝒆
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𝒅𝑬𝑪𝑽
𝒅𝒕

= ሶ𝐐𝑪𝑽 − ሶ𝑾𝑪𝑽 +෍

𝒊

ሶ𝒎𝒊 𝒉 +
𝑽𝟐

𝟐
+ 𝒈𝒛

𝒊

−෍

𝒆

ሶ𝒎𝒆 𝒉 +
𝑽𝟐

𝟐
+ 𝒈𝒛

𝒆

Steady state

One inlet and one outlet

𝚫𝐊𝐄 = 𝟎 ; 𝚫𝐏𝐄 = 𝟎

𝟎 = ሶ𝑸 − ሶ𝑾 + ሶ𝒎(𝒉𝑰𝒏 − 𝒉𝑶𝒖𝒕)

𝟎 = 𝒒 − 𝒘+ (𝒉𝑰𝒏 − 𝒉𝑶𝒖𝒕)

𝑑𝑖𝑣𝑖𝑑𝑒 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒𝑠 𝑏𝑦 ሶ𝑚



RANKINE CYCLE

21:Turbine hhw
m

W
t 





32
:Condenser hhq

m

Q

out

out 




34
:Pump hhw

m

W

p

p






41
:Boiler hhq

m

Q

in

in 



Note: Expressions for qout and 

wp have been arranged to 

have positive values in the 

direction of arrows

𝟎 = 𝒒 − 𝒘+ (𝒉𝑰𝒏 − 𝒉𝑶𝒖𝒕)



122121For hhw 

434343For hhw 

233232For hhq 

141414For hhq 

NOTE: w’s and q’s are written such that all have positive values

1-2 Compression: isentropic

2-3 Heat added at constant pressure

3-4 Expansion: isentropic

4-1 Heat rejected at constant pressure
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𝟎 = 𝒒 − 𝒘+ (𝒉𝑰𝒏 − 𝒉𝑶𝒖𝒕)

BRAYTON CYCLE
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1

3

4

NOTE: w’s and q’s expressions have been rearranged to be all positive

𝑭𝒐𝒓 𝟏 − 𝟐: 𝒘𝟏−𝟐 = 𝒉𝟐 − 𝒉𝟏

𝑭𝒐𝒓 𝟐 − 𝟑: 𝒒𝟐−𝟑 = 𝒉𝟐 − 𝒉𝟑

𝑭𝒐𝒓 𝟑 − 𝟒: 𝒉𝟒= 𝒉𝟑
𝑭𝒐𝒓 𝟒 − 𝟏: 𝒒𝟒−𝟏 = 𝒉𝟏 − 𝒉𝟒

𝟎 = 𝒒 − 𝒘+ (𝒉𝑰𝒏 − 𝒉𝑶𝒖𝒕)

Vapor Compression 

Refrigeration CYCLE



3. Thermodynamics Cycles

Power Cycles

For a cycle, the initial and 

final states are the same 

Hot Reservoir

Cold Reservoir

QH

QC

Wcycle

In a cycle, the same mass 

(called the working fluid) is 

continuously recirculated
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𝑾𝒄𝒚𝒄𝒍𝒆 = 𝑸𝑯 −𝑸𝑪

𝚫𝐄𝐜𝐲𝐜𝐥𝐞 = 𝐐𝐍𝐞𝐭 −𝐖𝐍𝐞𝐭

0= 𝐐𝐍𝐞𝐭 −𝐖𝐍𝐞𝐭

𝐖𝐍𝐞𝐭 = 𝐐𝐍𝐞𝐭



Refrigeration and Heat Pump Cycles

Hot Reservoir

Cold Reservoir

QH

QC

Hot Reservoir

Cold Reservoir

QH

QC

Wcycle

Hot Reservoir

Cold Reservoir

QH

QC

Wcycle= QH - QC

20
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ሶ𝑾𝒄𝒚𝒄𝒍𝒆 = ሶ𝑸𝑯 − ሶ𝑸𝑪

ሶ(𝑾𝒕𝒖𝒓𝒃𝒊𝒏𝒆 − ሶ𝑾𝒑𝒖𝒎𝒑)

For vapor power cycles

ሶ(𝑾𝒕𝒖𝒓𝒃𝒊𝒏𝒆 − ሶ𝑾𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓 )
For gas power cycles

In the rate form:
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In the specific energy form:

ሶ𝑾𝒄𝒚𝒄𝒍𝒆 = ሶ𝑸𝑯 − ሶ𝑸𝑪

ሶ𝑾𝒄𝒚𝒄𝒍𝒆

ሶ𝒎
=

ሶ𝑸𝑯

ሶ𝒎
−

ሶ𝑸𝑪

ሶ𝒎

𝒘 = 𝒒𝑯 − 𝒒𝑪



4. Entropy Equation

4.1 Closed Systems





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 
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



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boundary system the of j part of eTemperatur  :

boundary system the of j part across transfer Heat  :

where
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j
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j
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Q
SS  

24

Other Form of Entropy Equation for 

Closed Systems



4. Entropy Equation

4.2 Open Systems

Entropy equation is expressed in similar manner



Production

Entropy
of

Rate

TransferEntropy  of Rate

onContributi
Convection

onContributi
TransferHeat 

CVin 

ChangeEntropy 
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CV
i e

eeii
j j

jCV smsm
T

Q

dt

dS


  

  








  
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4. Entropy Equation

4.2 Open Systems (continued)



Impossible

presentilities irreversibNo 

presentilities Irreversib

production entropy of Rate

smsm
T

Q
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CV

CV

CV

CV
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CV
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Convection

i e
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j

CV in

Change Entropy
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0

0

0









  





















  

  








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Carnot (Ideal) Cycle PerformanceCycle Performance

Cycle Thermal Efficiency

Refrigeration 

Cycle
𝜷𝒕𝒉,𝒓𝒆𝒗 =

𝑻𝑪
𝑻𝑯 − 𝑻𝑪

𝜷𝒕𝒉 =
𝑸𝑪

𝑾𝒄𝒚𝒄𝒍𝒆
=

𝑸𝑪

𝑸𝑯 −𝑸𝒄

Power Cycle𝜼𝒕𝒉 =
𝑾𝒄𝒚𝒄𝒍𝒆

𝑸𝑯
= 𝟏 −

𝑸𝑪

𝑸𝑯
𝜼𝒕𝒉,𝒓𝒆𝒗 = 𝟏 −

𝑻𝑪
𝑻𝑯

Heat Pump 

Cycle
𝜸𝒕𝒉 =

𝑸𝑯

𝑾𝒄𝒚𝒄𝒍𝒆
=

𝑸𝑯

𝑸𝑯 − 𝑸𝒄

𝜸𝒕𝒉,𝒓𝒆𝒗 =
𝑻𝑯

𝑻𝑯 − 𝑻𝑪
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Isentropic efficiency

& Effectiveness



Turbine Isentropic Efficiency

29

s

T
1

2s
2

𝜼𝒕𝒖𝒓𝒃 ≡
𝑨𝒄𝒕𝒖𝒂𝒍 𝑶𝒖𝒕𝒑𝒖𝒕

𝑰𝒅𝒆𝒂𝒍 𝑶𝒖𝒕𝒑𝒖𝒕

𝜼𝒕𝒖𝒓𝒃 =
𝒘𝟏−𝟐

𝒘𝟏−𝟐𝒔
=

𝒉𝟏 − 𝒉𝟐
𝒉𝟏 − 𝒉𝟐𝒔



Compressor Isentropic Efficiency

s

T

1

2s

2

30

𝜼𝑪𝒐𝒎𝒑 ≡
𝑰𝒅𝒆𝒂𝒍 𝑾𝒐𝒓𝒌 𝑰𝒏𝒑𝒖𝒕

𝑨𝒄𝒕𝒖𝒂𝒍 𝑾𝒐𝒓𝒌 𝑰𝒏𝒑𝒖𝒕

𝜼𝒕𝒖𝒓𝒃 =
𝒘𝟏−𝟐𝒔

𝒘𝟏−𝟐
=
𝒉𝟐𝒔 − 𝒉𝟏
𝒉𝟐 − 𝒉𝟏



Nozzle Isentropic Efficiency

s

T 1

2s

2

𝜼𝑵𝒐𝒛𝒛𝒍𝒆 ≡
𝑨𝒄𝒕𝒖𝒂𝒍 𝚫𝐊𝐄

𝐈𝐝𝐞𝐚𝐥 𝚫𝐊𝐄

𝜼𝑵𝒐𝒛𝒛𝒍𝒆 =
𝑽𝟐
𝟐 − 𝑽𝟏

𝟐

𝑽𝟐𝒔
𝟐 − 𝑽𝟏

𝟐

𝜼𝑵𝒐𝒛𝒛𝒍𝒆 =
𝒉𝟏 − 𝒉𝟐
𝒉𝟏 − 𝒉𝟐𝒔



Heat Exchanger (HX) Effectiveness

1 2

xy

Q

32

𝜼𝑯𝑿 =
𝑨𝒄𝒕𝒖𝒂𝒍 𝑻𝒆𝒎𝒑. 𝑪𝒉𝒂𝒏𝒈𝒆

𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝑻𝒆𝒎𝒑.𝑪𝒉𝒂𝒏𝒈𝒆



1 2

xy

Q

If HX is viewed as to heat stream 1-2

33

𝜼𝑯𝑿 =
𝑨𝒄𝒕𝒖𝒂𝒍 𝑻𝒓𝒊𝒔𝒆

𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑻𝒓𝒊𝒔𝒆

𝜼𝑯𝑿 =
𝑻𝟐 − 𝑻𝟏
𝑻𝒙 − 𝑻𝟏



If HX is viewed as to cool stream x-y

1 2

xy

Q

34

𝜼𝑯𝑿 =
𝑨𝒄𝒕𝒖𝒂𝒍 𝑻𝒅𝒓𝒐𝒑

𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑻𝒅𝒓𝒐𝒑

𝜼𝑯𝑿 =
𝑻𝒙 − 𝑻𝒚

𝑻𝒙 − 𝑻𝟏



Energy balance in HX

1 2

xy

Q

35

ሶ𝒎𝑪𝒐𝒍𝒅 𝒔𝒕𝒓𝒆𝒂𝒎 𝒉𝟐 − 𝒉𝟏 = ሶ𝒎𝑯𝒐𝒕 𝒔𝒕𝒓𝒆𝒂𝒎(𝒉𝒙 − 𝒉𝒚)

(If there is no heat losses to the surrounding)
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𝜼𝒓𝒆𝒈. =
𝒉𝒙 − 𝒉𝟐
𝒉𝟒 − 𝒉𝟐

Regenerator

Regenerator Effectiveness
(Regenerative gas turbines)

𝜼𝒓𝒆𝒈. =
𝒉𝟒 − 𝒉𝒚

𝒉𝟒 − 𝒉𝟐
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Regenerator

Regenerator Effectiveness
(Regenerative gas turbines)

(𝒉𝒙 − 𝒉𝟐) = (𝒉𝟒−𝒉𝒚)
(Assuming no 

heat losses)



Ideal Work Relationships for Open System

 
ibleIncompress

,Reversible Stream, 1

state,-Steady system, Open

12 ppv
m

W






Applied to “ideal” pumps for example

38

ሶ𝑾𝒑𝒔

ሶ𝒎
= 𝒘𝒑𝒔 = 𝒗(𝒑𝟐 − 𝒑𝟏)

(Magnitude of pump work)



Analyses of 

Thermodynamics Cycles

39



Rankine Cycle

40

T

s

4s

4
1

3 2s 2
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ℎ4𝑠 = ℎ3 + 𝑣3(𝑝4 − 𝑃3)

𝑶𝒏𝒆 𝒘𝒂𝒚 𝒕𝒐 𝒆𝒗𝒂𝒍𝒖𝒂𝒕𝒆 "𝒉𝟒𝒔"

𝑭𝒐𝒓 𝒊𝒔𝒆𝒏𝒕𝒓𝒐𝒑𝒊𝒄 𝒑𝒖𝒎𝒑 𝒑𝒓𝒐𝒄𝒆𝒔𝒔 𝟑 → 𝟒𝒔

𝑤𝑝𝑠 = ℎ4𝑠 − ℎ3

𝑤𝑝𝑠 = 𝑣3 𝑝4 − 𝑃3
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ሶ𝑾𝒄𝒚𝒄𝒍𝒆 = ሶ𝑸𝑰𝒏 − ሶ𝑸𝑶𝒖𝒕

ሶ𝑾𝒕

ሶ𝒎
−

ሶ𝑾𝒑

ሶ𝒎
=

ሶ𝑸𝑰𝒏

ሶ𝒎
−

ሶ𝑸𝑶𝒖𝒕

ሶ𝒎

𝒘𝒕 −𝒘𝒑 = 𝒒𝑰𝒏 − 𝒒𝑶𝒖𝒕

Energy balance for Rankine cycles

ሶ𝑾𝒕 − ሶ𝑾𝒑 = ሶ𝑸𝑰𝒏 − ሶ𝑸𝑶𝒖𝒕



Brayton Cycle

43
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ሶ𝑾𝒄𝒚𝒄𝒍𝒆 = ሶ𝑸𝑰𝒏 − ሶ𝑸𝑶𝒖𝒕

ሶ𝑾𝒕

ሶ𝒎
−

ሶ𝑾𝒄

ሶ𝒎
=

ሶ𝑸𝑰𝒏

ሶ𝒎
−

ሶ𝑸𝑶𝒖𝒕

ሶ𝒎

𝒘𝒕 −𝒘𝒄 = 𝒒𝑰𝒏 − 𝒒𝑶𝒖𝒕

Energy balance for Brayton cycles

ሶ𝑾𝒕 − ሶ𝑾𝒄 = ሶ𝑸𝑰𝒏 − ሶ𝑸𝑶𝒖𝒕



Vapor-Compression Refrigeration 

Systems
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