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CHAPTER 4  

ENERGY ANALYSIS OF CLOSED SYSTEMS 

OUTCOME: 
 Develop and Apply the conservation of energy principle 

(the First Law) to a closed system. 

 Determine the work associated with a moving boundary. 

 Define the constant pressure and constant volume 
specific heats and relate them to changes in internal 
energy and enthalpy.   

 Solve energy balance problems for closed systems that 
involve heat and work interactions for pure substances, 
ideal gases and incompressible substances. 
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The First Law of 

Thermodynamics 

Energy is Conserved 
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Ein – Eout = D Esystem 

(Qin + Win + Emass,in) - (Qout + Wout + Emass,out) = D Esystem 

(Qin + Win + Emass,in) - (Qout + Wout + Emass,out) =  

                                                   DU + DKE + DPE  

(Qin + Win + Emass,in) - (Qout + Wout + Emass,out) =  

                   m (u2 – u1) + ½ m (V2
2 – V1

2) + m g (z2 – z1) 



The First Law of Thermodynamics 

for a CLOSED SYSTEM 

No mass crosses the boundary of the system: 
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(Qin + Win) - (Qout + Wout) =  

m (u2 – u1) + ½ m (V2
2 – V1

2) + m g (z2 – z1) 

 
(Qin - Qout) + (Win- Wout) =  

m (u2 – u1) + ½ m (V2
2 – V1

2) + m g (z2 – z1) 

Qnet,in – Wnet,out =  

m (u2 – u1) + ½ m (V2
2 – V1

2) + m g (z2 – z1) 



The First Law of Thermodynamics 

for a CLOSED SYSTEM 
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       Qnet,in – Wnet,out =  

          m (u2 – u1) + ½ m (V2
2 – V1

2) + m g (z2 – z1) 

If subscripts indicating directions of Q and W are removed; the sign 

convention must be used:   

 heat input and work output are positive 

 heat output and work input are negative 

W = Wout – Win = Wnet,out Q = Qin – Qout = Qnet,in  



The First Law of Thermodynamics 

for a STATIONARY CLOSED SYSTEM 

  Q – W =  

       m (u2 – u1) + ½ m (V2
2 – V1

2) + m g (z2 – z1) 
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0 0 

Q – W = m (u2 – u1) 

Q – W = DU 



STATIONARY CLOSED SYSTEM 

UNDERGOING A CYCLE 

   

  Q – W = m (u2 – u1) 

 

 
 For a closed system operating continuously in a cycle, 

above equation can be written as a rate equation 
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0 

Q = W 

Q = W Qnet, in = Wnet, out 

. . . . 



The First Law of Thermodynamics 

for a CLOSED SYSTEM 

Other Forms: 
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The First Law of Thermodynamics 

for a CLOSED SYSTEM 

  (Qin + Win) - (Qout + Wout) =  

   m (u2 – u1) + ½ m (V2
2 – V1

2) + m g (z2 – z1) 
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 “W” can be calculated from equations given earlier for different 

types of work (shaft, electrical, etc.) 

 Only one type of work has not been covered yet (moving 

boundary work) – will be covered in this Chapter 

 “u” can be obtained from tables for pure substances 

 Evaluation of “u” for ideal gases will be covered in this 

Chapter 



Moving Boundary Work 

The work associated with a moving boundary 
(due to expansion or contraction of the system) 
is called boundary work, Wb 

Work is the result of a force (F) acting on an 
object for a distance (s): 
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Moving Boundary Work 

Consider gas in cylinder/piston system 

To expand, gas will have to do work 

Wb = F ds = P A ds = P dV 

 

 

 



Moving Boundary Work 

 If the system is expanding, the fluid inside the system is 
pushing out the boundary 

 The system is exerting work on the surroundings 

Work is going out of the system 

 

 If the system is being compressed, the surroundings are 
pushing the boundary in 

 The surroundings are exerting work on the system 

Work is going into the system 
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Moving Boundary Work  

W
b 

= P dV 

Expansion:  dV > 0  Wb > 0                      
[work done by the system (gas) on the surroundings; 
work output]            

 

Compression: dV < 0  Wb < 0                   
[work done on the system (gas) by the surroundings; 
work input] 
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Moving Boundary Work 

 If process can be drawn on P-V diagram 
(sequence of equilibrium states): 

Wb = 1 P dV 
 

 Area under the P-V diagram for a                                              
quasi-equilibrium process represents                                          
boundary work done during the process 

 Expansion (positive work, i.e. work out) 

 Compression (negative work, i.e. work in)  

2 



Moving Boundary Work 

 System can follow different 
paths from state “1” to 
state “2” 

Area under the curve will 
depend on the path          
WA  WB  WC  

Work is a “Path Function” 
 The boundary work done during a 

process depends on the path 
followed as well as the beginning 
and end states. 
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Moving Boundary Work -- 

Examples 

Constant Pressure (Isobaric) process 

 

 

 

Constant volume process 

Wb = zero (V is constant) 
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Moving Boundary Work -- 

Examples 

Isothermal process for an ideal gas 

P V = m R T = C (constant) 

 Wb = 1 P dV  

        = 1 [C / V] dV   

          = C ln (V2 / V1) = m R T ln (V2 / V1)  
          = P1V1 ln (V2 / V1) = P2V2 ln (V2 / V1)  

              

2 

2 
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Moving Boundary Work -- 

Examples 

“Polytropic” process for an ideal gas 

P Vn = constant = C (n  1) 

Wb = 1 P dV   = 1 [C . V-n] dV   

= C [(V2)
-n+1 - (V1)

-n+1] / (-n + 1) 

= [P2 V2 - P1 V1] / (1 - n)  

= m R (T2 - T1) / (1 - n) 

 

2 2

  



Application of the First Law – Closed Stationary 

System Undergoing an Isobaric Process 

(Qin + Win) - (Qout + Wout) =  

                   m (u2 – u1) + ½ m (V2
2 – V1

2) + m g (z2 – z1) 
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0 0 



Application of the First Law – Closed Stationary 

System Undergoing an Isobaric Process 

  (Qin – Qout) + Win - Wout = DU 

 

     Wout = Wb =  1 P dV 

 

       (Qin – Qout) + Win = P (V2 – V1) + (U2 – U1) 

 

       (Qin – Qout) + Win = H2 – H1 
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Wout = P (V2 – V1) 

2 
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Specific Heat 

 Energy required to raise the temperature of 
a unit mass of a substance by one degree 

In general, depends on how the process is 
executed 

 Specific heat at constant volume, Cv 

 Specific heat at constant pressure, Cp  



Specific Heat at Constant 

Volume 

Specific heat at constant 
volume (Cv) is the energy 
required to raise the 
temperature of a unit mass 
of a substance by one 
degree as the volume is 
maintained constant. 
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Specific Heat at Constant 

Pressure 

Specific heat at constant 
pressure (Cp) is the energy 
required to raise the 
temperature of a unit mass 
of a substance by one 
degree as the pressure is 
maintained constant. 
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Formal Definition of Cv and Cp 

 

 

Relations result directly from application of first law 
to a closed stationary system 

 At constant volume, the amount of energy added to the 
system equals the change in internal energy 

 At constant pressure, the amount of energy added to the 
system equals the change in enthalpy (see example on 
slide #20) 
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LECTURE # 12 

Chapter 4 (Session #2):   

Energy Analysis of Closed 

Systems 
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Relation Between C
v
 and 

Specific Internal Energy 

Qnet,in – Wnet,out = m (u2 – u1)  

       + ½ m (V2
2 – V1

2) + m g (z2 – z1) 

For a stationary closed system at 
constant volume, Wb is zero 

 

 

 

Cv ≡ (qin/dT)v = (∂u/∂T)v 
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0 

0 0 

Qin = m (u2 – u1)  or qin = u2 – u1 



Relation Between C
p
 and 

Specific Enthalpy 

Qnet,in – Wnet,out = m (u2 – u1)  

       + ½ m (V2
2 – V1

2) + m g (z2 – z1) 

For a stationary closed system at constant 
pressure, the boundary work Wb = P (V2 – V1) 

 

 

 

 

  Cp ≡ (qin/dT)p = (∂h/∂T)p 
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0 0 

Qin –  P (V2 – V1) = m (u2 – u1) 

Qin – m P (v2 – v1) = m (u2 – u1) 

Qin = m [ (u2 + P v2) – (u1 + P v1) ] = m (h2 – h1) 
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The Specific Heats C
v
 and C

p 

From energy conservation (First Law) we 
showed that: 

Cv = (∂u/∂T)v  and Cp = (∂h/∂T)P 

 Since (u, T & v) and (h, T & P) are properties, 

the Specific heats (Cv and Cp) are also 
properties, i.e. they have unique values at 
each equilibrium state [point functions] 



Notes on C
v
 and C

p
 

 Cv and Cp are properties. 

 Cp is always larger than Cv 

 Recall the State Postulate:  The properties of matter are 
functionally related --  The specific heat of a substance can be 

determined from any two independent intensive properties 
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Ideal Gas Specific Heats 

 In 1843, Joule showed that the internal energy of 

an ideal gas is a function of temperature ONLY;           

u = u(T); therefore:   

Cv = (∂u/∂T)v  = (du/dT) = f(T) only  

 

By definition:  h = u + P v = u + R T; 

therefore: h = h(T);  

Cp = (∂h/∂T)P = (dh/dT) = f(T) only 



Ideal Gas Internal Energy 

& Enthalpy 

Since Cv and Cp for an ideal gas are 
functions of Temperature only 
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Ideal Gas Specific Heats 

 Real gases behave as ideal gases in the  “zero-
density limit” (i.e. zero pressure) 

 Specific heats of real gases at low pressures 
[denoted Cp0(T) and Cv0(T)] are called the Ideal Gas 
Specific Heats   

 Analytical expressions  of Cp0 and Cv0 for different 
gases are given in Table A-2c 
 Can Integrate to determine ∆u and ∆h between T1 & T2 (Cumbersome) 

 Values of u and h are tabulated relative to a reference of Zero K       



Ideal Gas Internal Energy 

& Enthalpy 

 For an ideal gas, u = u(T) & h = h(T) 

 There are tables showing values of u and h for different 
temperatures (Reference Temperature = zero K): 

Copyright Hany A. Al-Ansary and 

S. I. Abdel-Khalik (2014) 34 



Ideal Gas Internal Energy 

& Enthalpy 

 An alternative is to find Cv and Cp and apply: 

 

 

 There are tables showing the values of Cv and Cp for 
different gases at different temperatures: 
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Ideal Gas Internal Energy 

& Enthalpy 

 Yet another alternative is to 
use average values of Cv and Cp 
and consider them constant. 

 For small temperature intervals, 
this assumption is acceptable. 
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Specific Heat Relations for 

an Ideal Gas 

By definition:  h = u + P v 

For an Ideal Gas:  h = u + R T 

dh/dT = du/dT + R  [h & u are functions of T only] 

 

                              (kJ/kg K)     

      

OR      Cp = Cv + Ru  (kJ/kmol K) 
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Ideal Gas Specific Heat 

Relations 

Define:  Specific heat ratio 

 

 

 

k is a ‘‘weak” function of temperature 

For monatomic gases : k = 1.667 

For diatomic gases: k  1.4 (at Tamb) 

 

 



Internal Energy, Enthalpy and 

Specific Heats of Solids & Liquids 
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Incompressible substance: A substance whose specific volume 

(or density) is constant. Solids and liquids can be approximated 

as incompressible substances. 

The cv and cp values of 

incompressible substances are 

identical and are denoted by c. 

The specific volumes of 

incompressible substances remain 

constant during a process. 
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Specific Heats – 

Incompressible Substances 

For incompressible substances: 

Cp = Cv = C 

C is a function of temperature only 

 

 



Internal Energy – 

Incompressible Substances 

Du = u2 - u1 = 1 C (T) dT     (kJ/kg) 

For small temperature intervals: 

Du = u2 - u1  Cavg (T2 - T1)      (kJ/kg) 

 

Copyright Hany A. Al-Ansary and 

S. I. Abdel-Khalik (2014) 41 

2 
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Enthalpy --  Incompressible 

substances 

h = u + P v  dh = du + P dv + v dP  

v = constant  dh = du + v dP 

Dh = Du + v DP 

For solids: v DP insignificant  Dh = Du ≈ Cavg ∆T 

For Liquids, two cases are encountered: 

Constant Pressure process (e.g. heaters)              

  Dh = Du ≈ Cavg ∆T  

Constant temperature process (e.g. pumps)         

  Dh = v DP 



CHAPTER 4  

ENERGY ANALYSIS OF CLOSED SYSTEMS 

OUTCOME: 
 Develop and Apply the conservation of energy principle 

(the First Law) to a closed system. 

 Determine the work associated with a moving boundary. 

 Define the constant pressure and constant volume 
specific heats and relate them to changes in internal 
energy and enthalpy.   

 Solve energy balance problems for closed systems that 
involve heat and work interactions for pure substances, 
ideal gases and incompressible substances. 

Copyright Hany A. Al-Ansary and 

S. I. Abdel-Khalik (2014) 43 


