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LECTURE 4



Objectives:

1. Introduce the first law of thermodynamics (energy balance).

2. Mechanisms of energy transfer in open and closed systems.

3. Energy conversion efficiency.

4. The concept of a pure substance.

5. The physics of phase-change processes.

6. p-v, T-v, and p-T property diagrams.
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 The first law of thermodynamics, also known as the 
conservation of energy principle.

 Energy Balance
𝐓𝐨𝐭𝐚𝐥 𝐞𝐧𝐞𝐫𝐠𝐲

𝐞𝐧𝐭𝐞𝐫𝐢𝐧𝐠 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦
−

𝐓𝐨𝐭𝐚𝐥 𝐞𝐧𝐞𝐫𝐠𝐲
𝐥𝐞𝐚𝐯𝐢𝐧𝐠 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦

=
𝐂𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐭𝐡𝐞 𝐭𝐨𝐭𝐚𝐥
𝐞𝐧𝐞𝐫𝐠𝐲 𝐨𝐟 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦

𝐄𝐢𝐧 − 𝐄𝐨𝐮𝐭 = ∆𝐄𝐬𝐲𝐬𝐭𝐞𝐦
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 Energy Change of a System, 𝐄𝐬𝐲𝐬𝐭𝐞𝐦

Energy change = Energy at final state - Energy at initial state

∆𝐄𝐬𝐲𝐬𝐭𝐞𝐦 = 𝐄𝐟𝐢𝐧𝐚𝐥 − 𝐄𝐢𝐧𝐢𝐭𝐢𝐚𝐥 = 𝐄𝟐 − 𝐄𝟏

∆𝐄𝐬𝐲𝐬𝐭𝐞𝐦 = ∆𝐔 + ∆𝐊𝐄 + ∆𝐏𝐄

∆𝐔 = 𝐦 𝐮𝟐 − 𝐮𝟏

∆𝐊𝐄 =
𝟏

𝟐
𝐦 𝐯𝟐

𝟐 − 𝐯𝟏
𝟐

∆𝐏𝐄 = 𝐦𝐠(𝐳𝟐 − 𝐳𝟏)
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 Mechanisms of Energy Transfer, 𝐄𝐢𝐧 and 𝐄𝐨𝐮𝐭
Energy can only transfer through the system boundary in the 
form of:
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• Heat gain (Qin)

• Heat loss (Qout)

Heat 
Transfer

• Work done on the system (Win)

• Work done by the system (Wout)

Work 
Transfer

• Mass enters the system (Emass,in)

• Mass leaves the system (Emass,out)

Mass 
Transfer



𝐄𝐢𝐧 − 𝐄𝐨𝐮𝐭 = 𝐐𝐢𝐧 − 𝐐𝐨𝐮𝐭 + 𝐖𝐢𝐧 −𝐖𝐨𝐮𝐭 + 𝐄𝐦𝐚𝐬𝐬,𝐢𝐧 − 𝐄𝐦𝐚𝐬𝐬,𝐨𝐮𝐭

where the subscripts “in” and “out” denote quantities that enter

and leave the system, respectively. All six quantities on the right 

side of the equation represent “amounts,” and thus they are 

positive quantities. The direction of any energy transfer is 

described by the subscripts “in” and “out”.
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 Energy Balance for closed system
𝐓𝐨𝐭𝐚𝐥 𝐞𝐧𝐞𝐫𝐠𝐲

𝐞𝐧𝐭𝐞𝐫𝐢𝐧𝐠 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦
−

𝐓𝐨𝐭𝐚𝐥 𝐞𝐧𝐞𝐫𝐠𝐲
𝐥𝐞𝐚𝐯𝐢𝐧𝐠 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦

=
𝐂𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐭𝐡𝐞 𝐭𝐨𝐭𝐚𝐥
𝐞𝐧𝐞𝐫𝐠𝐲 𝐨𝐟 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦

𝐄𝐢𝐧 − 𝐄𝐨𝐮𝐭 = ∆𝐄𝐬𝐲𝐬𝐭𝐞𝐦

𝐐𝐢𝐧 − 𝐐𝐨𝐮𝐭 + 𝐖𝐢𝐧 −𝐖𝐨𝐮𝐭 = ∆𝐔 + ∆𝐊𝐄 + ∆𝐏𝐄

For stationary systems:

𝐐𝐢𝐧 − 𝐐𝐨𝐮𝐭 + 𝐖𝐢𝐧 −𝐖𝐨𝐮𝐭 = ∆𝐔

For stationary and adiabatic systems:

𝐖𝐢𝐧 −𝐖𝐨𝐮𝐭 = ∆𝐔
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 Energy Balance for open system
𝐓𝐨𝐭𝐚𝐥 𝐫𝐚𝐭𝐞 𝐨𝐟 𝐞𝐧𝐞𝐫𝐠𝐲
𝐞𝐧𝐭𝐞𝐫𝐢𝐧𝐠 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦

−
𝐓𝐨𝐭𝐚𝐥 𝐫𝐚𝐭𝐞 𝐨𝐟 𝐞𝐧𝐞𝐫𝐠𝐲
𝐥𝐞𝐚𝐯𝐢𝐧𝐠 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦

=
𝐂𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐭𝐡𝐞 𝐭𝐨𝐭𝐚𝐥

𝐫𝐚𝐭𝐞 𝐨𝐟𝐞𝐧𝐞𝐫𝐠𝐲 𝐨𝐟 𝐭𝐡𝐞 𝐬𝐲𝐬𝐭𝐞𝐦

 𝐄𝐢𝐧 −  𝐄𝐨𝐮𝐭 =
𝐝𝐄𝐬𝐲𝐬𝐭𝐞𝐦

𝐝𝐭

 𝐐𝐢𝐧 −  𝐐𝐨𝐮𝐭 +  𝐖𝐢𝐧 −  𝐖𝐨𝐮𝐭 +  𝐄𝐦𝐚𝐬𝐬,𝐢𝐧 −  𝐄𝐦𝐚𝐬𝐬,𝐨𝐮𝐭 = 𝟎

Or

 𝐐𝐢𝐧 +  𝐖𝐢𝐧 +  𝐄𝐦𝐚𝐬𝐬,𝐢𝐧 =  𝐐𝐨𝐮𝐭 +  𝐖𝐨𝐮𝐭 +  𝐄𝐦𝐚𝐬𝐬,𝐨𝐮𝐭
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Zero, for steady-state 

steady-flow process



Example:

A fan that consumes 9 W of electric power when operating. It is 
claimed to discharge air at a rate of 0.5 kg/s at a discharge 
velocity of 8 m/s. Determine if this claim is reasonable.
 𝐐𝐢𝐧 +  𝐖𝐢𝐧 +  𝐄𝐦𝐚𝐬𝐬,𝐢𝐧 =  𝐐𝐨𝐮𝐭 +  𝐖𝐨𝐮𝐭 +  𝐄𝐦𝐚𝐬𝐬,𝐨𝐮𝐭

𝟎 + 𝟗 + 𝟎 = 𝟎 + 𝟎 +  𝐦
𝐯𝟐

𝟐

𝟗 = 𝟎. 𝟓
𝐯𝟐

𝟐
∴ 𝐯 = 𝟔𝐦/𝐬

Therefore, the claim is false.
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For a closed system undergoing a cycle, the initial and final 
states are identical, and thus,  Esystem = E2 - E1 = 0

Then the energy balance for a cycle simplifies to:

Ein = Eout = 0   Or  Ein = Eout

𝐐𝐢𝐧 − 𝐐𝐨𝐮𝐭 = 𝐖𝐢𝐧 −𝐖𝐨𝐮𝐭

𝐐𝐧𝐞𝐭 = 𝐖𝐧𝐞𝐭

Similarly, for a open system undergoing a cycle:

 𝐐𝐧𝐞𝐭 =  𝐖𝐧𝐞𝐭

Dr. Walid A. Torky
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𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 𝛈 =
𝐔𝐬𝐞𝐟𝐮𝐥 𝐨𝐮𝐭𝐩𝐮𝐭

𝐓𝐨𝐭𝐚𝐥 𝐢𝐧𝐩𝐮𝐭
 Pump efficiency:

𝛈𝐩 =
𝐍𝐞𝐭 𝐜𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐩𝐨𝐰𝐞𝐫 𝐩𝐨𝐭𝐞𝐧𝐭𝐢𝐚𝐥 𝐨𝐟 𝐭𝐡𝐞 𝐟𝐥𝐮𝐢𝐝

𝐌𝐞𝐜𝐡𝐚𝐧𝐢𝐜𝐚𝐥 𝐩𝐨𝐰𝐞𝐫 𝐢𝐧𝐩𝐮𝐭

𝛈𝐩 =
∆  𝐄𝐦𝐞𝐜𝐡

 𝐖𝐬𝐡𝐚𝐟𝐭

=

 𝐦
𝐩𝟐 − 𝐩𝟏

𝛒
+
𝐯𝟐
𝟐 − 𝐯𝟏

𝟐

𝟐
+ 𝐠 𝐳𝟐 − 𝐳𝟏

𝐌𝐞𝐜𝐡𝐚𝐧𝐢𝐜𝐚𝐥 𝐩𝐨𝐰𝐞𝐫 𝐢𝐧𝐩𝐮𝐭
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 Turbine efficiency:

𝛈𝐭 =
𝐌𝐞𝐜𝐡𝐚𝐧𝐢𝐜𝐚𝐥 𝐩𝐨𝐰𝐞𝐫 𝐨𝐮𝐭𝐩𝐮𝐭

𝐍𝐞𝐭 𝐜𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐩𝐨𝐰𝐞𝐫 𝐩𝐨𝐭𝐞𝐧𝐭𝐢𝐚𝐥 𝐨𝐟 𝐭𝐡𝐞 𝐟𝐥𝐮𝐢𝐝

𝛈𝐭 =
 𝐖𝐬𝐡𝐚𝐟𝐭

∆  𝐄𝐦𝐞𝐜𝐡

=
𝐌𝐞𝐜𝐡𝐚𝐧𝐢𝐜𝐚𝐥 𝐩𝐨𝐰𝐞𝐫 𝐨𝐮𝐭𝐩𝐮𝐭

 𝐦
𝐩𝟏 − 𝐩𝟐

𝛒
+
𝐯𝟏
𝟐 − 𝐯𝟐

𝟐

𝟐
+ 𝐠 𝐳𝟏 − 𝐳𝟐
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A substance that has a fixed chemical 
composition is called a pure substance. Water 
is a pure substance.

A mixture of various chemical elements or 
compounds also qualifies as a pure substance 
as long as the mixture is homogeneous.

Air gas, for example, is a mixture of several 
gases, but it is often considered to be a pure 
substance because it has a uniform chemical 
composition.
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 There are three principal phases: solid, liquid, and gas.

 Intermolecular bonds are strongest in solids and weakest in 
gases. 

 The molecules in a solid are arranged in a three-dimensional 
pattern (lattice). The mutual attractive forces of molecules are 
large enough to keep the molecules at fixed positions.

 The molecules in the liquid phase are no longer at fixed 
positions relative to each other and they can rotate and 
translate freely. In a liquid, the intermolecular forces are 
weaker relative to solids.
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 In the gas phase, the molecules are far apart from each other. Gas 
molecules move randomly and continuously colliding with each other and the 
walls of the container. The intermolecular forces are very small, and collisions 
are the only mode of interaction between the molecules. Molecules in the gas 
phase are at a considerably higher energy level than they are in the liquid or 
solid phases. Therefore, the gas must release a large amount of its energy before 
it can condense or freeze.
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When two phases of a pure substance coexist in equilibrium, 
phase-change process occurs.

 Example: Water-boiling process at the atmospheric pressure:
Consider a weightless piston–cylinder device containing liquid water at 20°C and 1 atm pressure 
which is continuously heated to 300oC.
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o State 1

Water exists in the liquid phase, and it is called a compressed liquid, 
or a subcooled liquid. Water is not about to vaporize.

o State 2

Water is about to vaporize at 100oC. A liquid that is about to 
vaporize is called a saturated liquid.

o State 3

The temperature stops rising. Saturated liquid and saturated vapor 
coexist in equilibrium in the form of saturated mixture.

Dr. Walid A. Torky
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o State 4

All the liquid vaporizes and the entire cylinder is filled with 
saturated vapor that is on the borderline of the liquid phase. The 
vapor is about to condense.

o State 5

Back to a single-phase region again (this time vapor). Further 
transfer of heat results in an increase in temperature to 300oC. The 
vapor that is not about to condense is called superheated vapor.
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 Saturation temperature: is the temperature at which a pure substance 
changes phase.

 Saturation pressure: is the pressure at which a pure substance 
changes phase.

 Latent heat: is the amount of energy absorbed or released during a 
phase-change process.

 Latent heat of vaporization: is the energy absorbed during 
vaporization process and it is equal to the energy released during 
condensation process.

 Latent heat of fusion: is the energy absorbed during melting process 
and it is equal to the energy released during freezing process.
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3. PHASE-CHANGE PROCESSES OF A PURE SUBSTANCE



A. T-v diagram
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4. PROPERTY DIAGRAMS FOR PHASE-CHANGE PROCESSES
The point at which the 

saturated liquid and saturated 

vapor states are identical



B. p-v diagram
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4. PROPERTY DIAGRAMS FOR PHASE-CHANGE PROCESSES



C. p-T diagram
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4. PROPERTY DIAGRAMS FOR PHASE-CHANGE PROCESSES


