
CHAPTER-4

FIRST LAW OF 
THERMODYNAMICS
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ENERGY BALANCE
The net change(increase or decrease) in the total energy of the

system during a process is equal to:

 referred to as the energy balance and is applicable for any kind of
system undergoing any kind of process.

Note that energy is a property, and the value of a property does
not change unless the state of the system change.

2



ENERGY BALANCE
The energy change of a system is zero if the state of the system

does not change during the process.
Energy can exist in numerous forms such as:-

Internal energy (Sensible, latent, chemical, nuclear) U;
Kinetic energy KE;
Potential Energy PE;
Electric Energy E;
Magnetic M.

For compressible systems, electric, magnetic and surface tension
energy are negligible.
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ENERGY BALANCE
The change in total energy of a system during a process

is the sum of the changes in U, PE and KE.

Most systems encountered in practice are stationary,
that is, they do not involve any change in their velocity
or elevation during a process.

Energy can be transferred to or from a system in three
forms:- heat, work and mass.
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ENERGY BALANCE
The net transfer of a quantity is equal to the difference

between the amounts transferred in and out.
 The energy balance can be written more explicitly as:-

Heat is zero for adiabatic process,
Work is zero for systems that involve no work

interactions,
Energy transport with mass is zero for closed

systems.
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ENERGY BALANCE
Energy balance for any system undergoing any kind of

process can be expressed more compactly as:-

In the rate form
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ENERGY BALANCE
For closed system undergoing a cycle
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ENERGY BALANCE
The first law or energy balance relation in that case for a

closed system becomes

Summary
Generally
Stationary system
Differential
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ENERGY BALANCE
Closed systems undergoing a process

When a system undergoes a process, a change in state of a system will
be:

 For path AB

 For path AC

 Subtracting the two equation will get

Rearranging the above equation
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ENERGY BALANCE
The resulting equation indicates that the expression is

independent of the path.
 The given expression, an energy term represents a property.
 It represents a change in energy of the system and denoted by

dE:-

 Integration of the above equation will give

Equation above is therefore the expression for the first law of
thermodynamics for a closed system undergoing a process.
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ENERGY BALANCE
The total energy is a combination of internal energy,

kinetic, potential energy.

The individual terms that makes up the properties must
be a property themselves, hence

The first law becomes

Integrating the above equation gives

For negligible changes in KE and PE 11



ENERGY BALANCE
The first law as a rate equation
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INTERNAL ENERGY AND ENTHALPY
A. Internal energy
The internal energy includes some complex forms of

energy show up due to translation, rotation and
vibration of molecules, electronics spin and rotation.
Designated by U- extensive; u-intensive
If we take two phases as liquid and vapor at a given

saturation pressure and temperature, then

13



INTERNAL ENERGY AND ENTHALPY
Example
A vessel of 5m3 contains liquid and vapor water with a

mixture specific volume of 0.003155 m3/kg at 0.1 Mpa.
Heat is transferred until the pressure reaches 22.09 Mpa.
Determine the:-

a. volume and mass of liquid and vapor initially
b. heat transfer.
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INTERNAL ENERGY AND ENTHALPY
B. Enthalpy
Is another extensive property which has a unit of

energy.
Denoted by H and is defined as

Per unit mass of the system

Consider a piston-cylinder assembly where we have a
continuous supply of heat so that the boundary
changes. 15



INTERNAL ENERGY AND ENTHALPY
For the process

If we are assuming, the process is at constant pressure.

If we take two phase at a given saturation state

Following the same procedure as for internal energy
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INTERNAL ENERGY AND ENTHALPY
Example
10L of water is contains is a piston-cylinder

arrangement initially at 2Mpa and quality of 10%. It is
heated slowly to 3000C. Determine

a) the work done,
b) the heat input,
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SPECIFIC HEAT
It is an intensive property. SI unit (kJ/kgC; kJ/kgK;

kJ/kmolK)
A substance that will enables us to compare the energy

storage capability of various substances.
Defined
The energy required to raised the temperature of one

kilogram of a substance by one degree centigrade.
Where the substance may be solid, liquid or gaseous

phase:
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SPECIFIC HEAT
This energy(heat) is dependant on the type of process executed.
 In engineering thermodynamics, we focus on two types of

specific heat.
A. Constant Volume process
The boundary work is zero and the specific heat is identified by

subscript v.
From first law of thermodynamics for closed systems:-

Change in internal energy with temperature at constant volume.
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SPECIFIC HEAT
B. Constant Pressure process
From first law of thermodynamics

Change in enthalpy with temperature at constant
pressure.
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INTERNAL ENERGY,ENTHALPY AND SPECIFIC 
HEAT

A. IDEAL GAS
From the ideal gas equation

Experimental observation shows that U=U(T)
Combining

From the specific heat relation
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INTERNAL ENERGY,ENTHALPY AND SPECIFIC 
HEAT

Taking average value of specific heat for narrow
temperature:-

And

Hence
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INTERNAL ENERGY,ENTHALPY AND SPECIFIC 
HEAT

Relation of specific heat for ideal gases
It can be obtained by differentiating the relation

Where
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INTERNAL ENERGY,ENTHALPY AND SPECIFIC 
HEAT

We introduce other ideal gas property called specific
heat ratio K, defined as

B. Solid and Liquid (incompressible substance)
The specific volume is constant during a process

A substance whose specific volume(density) is constant
is called an incompressible substance.
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INTERNAL ENERGY,ENTHALPY AND SPECIFIC 
HEAT

INTERNAL ENERGY

ENTHALPY

Integrating will give

For solids, the term is insignificant
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INTERNAL ENERGY,ENTHALPY AND SPECIFIC 
HEAT

For liquid
I. Constant pressure process

II. Constant temperature process
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=0(p=constant)
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Thermodynamics Solution Method
1. Sketch the system and show energy interactions across the

boundaries.
2. Determine the property relation. Is the working substance

an ideal gas or a real substance? Begin to set up and fill in a
property table.

3. Determine the process and sketch the process diagram.
Continue to fill in the property table.

4. Apply conservation of mass and conservation of energy
principles.

5. Bring in other information from the problem statement,
called physical constraints, such as the volume doubles or
the pressure is halved during the process.

6. Develop enough equations for the unknowns and solve. 27



Example
1. A rigid tank contains nitrogen at 27°C. The temperature

rises to 127°C by heat transfer to the system. Find the
heat transfer and the ratio of the final pressure to the
initial pressure.

2. Air is expanded isothermally at 100°C from 0.4 MPa to
0.1 MPa. Find the ratio of the final to the initial
volume, the heat transfer, and work.
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Example
3. A two-liter bottle of your favorite beverage has just

been removed from the trunk of your car. The
temperature of the beverage is 35°C, and you always
drink your beverage at 10°C.

A. How much heat energy must be removed from your
two liters of beverage?

B. You are having a party and need to cool 10 of these
two-liter bottles in one-half hour. What rate of heat
removal, in kW, is required? Assuming that your
refrigerator can accomplish this and that electricity
costs 8.5 cents per kW-hr, how much will it cost to cool
these 10 bottles?
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Example
4. Air is contained in a vertical piston-cylinder assembly fitted with

an electrical resistor. The atmospheric pressure is 100 kPa and
piston has a mass of 50 kg and a face area of 0.1 m2 . Electric
current passes through the resistor, and the volume of air slowly
increases by 0.045 m3 . The mass of the air is 0.3 kg and its
specific energy increases by 42.2 kJ/kg. Assume the assembly
(including the piston) is insulated and neglect the friction
between the cylinder and piston, g = 9.8 m/s2.Determine the heat
transfer from the resistor to air for a system consisting a) the air
alone, b) the air and the piston.
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Example
5. Two tanks are connected by a valve. One tank contains

2 kg of CO2 at 77°C and 0.7 bar. The other tank has 8
kg of the same gas at 27°C and 1.2 bar. The valve is
opened and gases are allowed to mix while receiving
energy by heat transfer from the surroundings. The
final equilibrium temperature is 42°C. Using ideal gas
model, determine a) the final equilibrium pressure b)
the heat transfer for the process.
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The first law of thermodynamics for control 
volumes

In general, any arbitrary region in space can be selected
as a control volume.
The boundaries of a control volume are called a control

surface and they can be real or imaginary.
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The first law of thermodynamics for control volumes
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The first law of thermodynamics for control 
volumes

The terms steady and uniform are used extensively in
this chapter and thus it is important to have a clear
understanding of their meanings.
The term steady implies no change with time. The

opposite of steady unsteady, or transient.
The term uniform, however, implies no change with

location over a specific region.
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The first law of thermodynamics for control volumes
Conservation of mass principle:-
The conservation of mass is one of the most

fundamental principles in nature.
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The first law of thermodynamics for control 
volumes

The mass flow rate through a differential area can be
expressed as:

Where Vn = the velocity component normal to dA.
The mass flow rate through the entire cross-sectional

area of the pipe or duct is obtained by integration:

Vav = average fluid velocity normal to A, m/sec
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The first law of thermodynamics for control 
volumes

The volume of the fluid flowing through a cross-section
per unit time is called the volume flow rate and is give
by

The mass and volume flow rates are related by
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The first law of thermodynamics for control 
volumes

The conservation of mass principle for a general
steady-flow system with multiple inlets and exits can
be expressed in the rate form as:-

For devices with only one inlet and one outlet:
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The first law of thermodynamics for control 
volumes
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The first law of thermodynamics for control 
volumes

Conservation of energy principle:-
The change in the energy of a closed system during a process is

equal to the net heat and work transfer across the system
boundary. This was expressed as

For control volumes, however, an additional mechanism can
change the energy of a system: mass flow in and out of the
control volume.

When mass enters a control volume, the energy of the control
volume increases because the entering mass carries some energy
with it.
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The first law of thermodynamics for control 
volumes

The energy required to push fluid into or out of a control
volume is called the flow work or flow energy.
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The first law of thermodynamics for control 
volumes

Flow work
Unlike closed systems, control volumes involve mass

flow across their boundaries, and some work is required
to push the mass into or out of the control volume.
This work is known as the flow work or flow energy

and is necessary for maintaining a continuous flow
through a control volume.
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The first law of thermodynamics for control 
volumes

Total energy of a flowing fluid:-

The fluid entering or leaving a control volume possesses
an additional form of energy-the flow energy Pv.
The total energy of a flowing fluid on a unit-mass basis

become:-
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The first law of thermodynamics for control 
volumes

The combination Pv+u has been previously defined as
enthalpy h. So the above relation reduces to:-

The steady-flow process
A large number of engineering devices such as

turbines, compressors, and nozzles operate for long
periods of time under the same conditions, and they are
classified as steady-flow devices.
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The first law of thermodynamics for control 
volumes

The conservation of energy principle for a general
steady-flow system with multiple inlets and exists can
be expressed verbally as
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The first law of thermodynamics for control 
volumes

For single-stream(one-inlet, one-outlet) the mass flow
rate through the entire control volume remains
constant.
The conservation of energy for single stream steady

flow-systems becomes:
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The first law of thermodynamics for control volumes
Some steady-flow engineering devices.
1. Nozzles and diffusers

Nozzles and diffusers are commonly utilized in jet engines,
rockets, spacecraft, and even garden hoses.

A nozzle is a device that increases the velocity of a fluid at the
expense of pressure.

A diffuser is a device that increases the pressure of a fluid by
slowing it down.
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The first law of thermodynamics for control 
volumes

The relative importance of the terms appearing in the
energy equation for nozzles and diffusers is as follows:
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The first law of thermodynamics for control 
volumes

Example
1. Steam at 0.4Mpa, 3000C enters on adiabatic nozzle

with a low velocity and leaves at 0.2Mpa with a
quality of 90%. Find the exit velocity in m/sec.

2. Steam enters a converging-diverging nozzle operating
at steady state with P1 =0.05MPa, T1 = 400°C and a
velocity of 10m/s. The steam flows through the nozzle
with negligible heat transfer and no significant change
in potential energy. At the exit, P2=0.01MPa, and the
velocity is 665 m/s. The mass flow rate is 2 kg/s.
Determine the exit area of the nozzle, in m2.
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The first law of thermodynamics for control 
volumes

2. Turbines and Compressors
In steam, gas or hydroelectric power plants, the device

that drives the electric generator is the turbine.
As the fluid passes through the turbine, work is done

against the blades, which are attached to the shaft.
As a result, the shaft rotates, and the turbine produces

work.
The work done in a turbine is positive since it is done

by the fluid.
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The first law of thermodynamics for control 
volumes

Compressor, as well as pumps and fans, are devices
used to increase the pressure of a fluid.
Work is supplied to these devices from an external

source through a rotating shaft.
The work term for compressor is negative since work is

done on the fluid.
A compressor is capable of compressing the gas to very

high pressures.
Pumps work very much like compressor except that

they handle liquids instead of gases.
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The first law of thermodynamics for control 
volumes

For turbines and compressors, the relative magnitudes
of the various terms appearing in the energy equation
are as follows.
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The first law of thermodynamics for control 
volumes

Example
High pressure air at 13000K flows into an air craft gas

turbine and undergoes a steady-state, steady flow
adiabatic process to the turbine exit at 6600K. Calculate
the work done per unit mass of air flowing through the
turbine. Use Cp@3000K= 1.005kJ/kgK.
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The first law of thermodynamics for control 
volumes

Example
Steam enters a turbine at steady state with a mass flow

rate of 4600 kg/h. The turbine develops a power output
of 1000 kW. At the inlet the pressure is 0.05 MPa, the
temperature is 400°C, and the velocity is10 m/s. At the
exit, the pressure is 10 kPa, the quality is 0.9, and the
velocity is 50 m/s. Calculate the rate of heat transfer
between the turbine and surroundings, in kW.
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The first law of thermodynamics for control 
volumes

Example
Nitrogen gas is compressed adiabatically in a

compressor from 0.1Mpa,250C to 2500C. If the mass
flow rate is 0.2kg/s, determine the work done on the
Nitrogen in kJ/kg. Assume nitrogen is ideal gas and use
Cp=1.039kJ/kgk. What is the power input to the
compressor.
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The first law of thermodynamics for control 
volumes

3. Throttling valves
Throttling valves are any kind of flow-restricting

devices that cause a significant pressure drop in the
fluid.
Some familiar examples are ordinary adjustable valves,

capillary tubes and porous plugs.
The pressure drop in the fluid is often accompanied by a

large drop in temperature, and for that reason
throttling devices are commonly used in refrigeration
and air-conditioning applications.
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The first law of thermodynamics for control 
volumes

But in the case of an ideal gas h= h(T), and thus the
temperature has to remain constant during a throttling
process.
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The first law of thermodynamics for control 
volumes

Example
One way to determine the quality of saturated steam is

to throttle the steam to a low enough pressure that it
exists as a superheated vapor. Saturated steam at 0.4Mpa
is throttled to 0.1Mpa, 1000C. Determine the quality of
the steam at 0.4Mpa.
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The first law of thermodynamics for control 
volumes

4. A-Mixture chambers
In engineering applications, mixing two streams of

fluids is not a rare occurrence.
This section where the mixing process takes place is

commonly referred to as a mixing chamber.
An ordinary T-elbow or y-elbow in a shower, for

example, serves as the mixing chamber for the cold-
water and hot-water streams.
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The first law of thermodynamics for control 
volumes
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The first law of thermodynamics for control 
volumes

Example
Steam at 0.2 MPa, 3000C, enters a mixing chamber and

is mixed with cold water at 200C, 0.2 MPa, to produce
20 kg/s of saturated liquid water at 0.2 MPa. What are
the required steam and cold water flow rates?
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The first law of thermodynamics for control 
volumes

4. B. Heat exchangers
Heat exchangers are devices where two moving fluid

streams exchange heat without mixing.
Heat exchangers are widely used in various industries,

and they come in various designs.
The simplest form of a heat exchanger is a double-tube

(also called tube and shell) heat exchanger.
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The first law of thermodynamics for control 
volumes

Under steady operation, the mass flow rate of each fluid
stream flowing through a heat exchanger remains
constant.
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The first law of thermodynamics for control 
volumes
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The first law of thermodynamics for control 
volumes

Example
Engine oil is to be cooled by water in a condenser. The

engine oil enters the condenser with a mass flow rate of
6 kg/min at 1 MPa and 70°C and leaves at 35°C. The
cooling water enters at 300 kPa and 15°C and leaves at
25°C. Neglecting any pressure drops; determine a) the
mass flow rate of the cooling water required, and b) the
heat transfer rate from the engine oil to water.

66



The first law of thermodynamics for control 
volumes

5. Pipe and duct flow
The transport of liquids or gases in pipes and ducts is

great importance in many engineering applications.
Flow through a pipe or a duct usually satisfies the

steady-flow conditions and thus can be analyzed as
steady-flow process.
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The first law of thermodynamics for control 
volumes

Example
In a simple steam power plant, steam leaves a boiler at 3

MPa, 6000C, and enters a turbine at 2 MPa, 5000C.
Determine the in-line heat transfer from the steam per
kilogram mass flowing in the pipe between the boiler
and the turbine.
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The first law of thermodynamics for control 
volumes

Example
Air at 1000C, 0.15 MPa, 40 m/s, flows through a

converging duct with a mass flow rate of 0.2 kg/s. The
air leaves the duct at 0.1 MPa, 113.6 m/s. The exit-to-
inlet duct area ratio is 0.5. Find the required rate of heat
transfer to the air when no work is done by the air.
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