
CLASS

Fourth Units (First part)



Lagrangian Description

• Lagrangian description of fluid flow tracks the 
position and velocity of individual particles.

• Based upon Newton's laws of motion. 

• Difficult to use for practical flow analysis.

Fluids are composed of billions of molecules.

 Interaction between molecules hard to 
describe/model. 

• However, useful for specialized applications

Sprays, particles, bubble dynamics, rarefied gases.

Coupled Eulerian-Lagrangian methods.

• Named after Italian mathematician Joseph Louis 
Lagrange (1736-1813).



Eulerian Description

• Eulerian description of fluid flow: a flow domain or control volume
is defined by which fluid flows in and out.

• We define field variables which are functions of space and time.

 Pressure field, P=P(x,y,z,t)

 Velocity field,

 Acceleration field,

 These (and other) field variables define the flow field.

• Well suited for formulation of initial boundary-value problems 
(PDE's).

• Named after Swiss mathematician Leonhard Euler (1707-1783).
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Example:  Coupled Eulerian-Lagrangian 

Method

• Global Environmental 

MEMS  Sensors (GEMS) 

• Simulation of micron-

scale airborne probes.  

The probe positions are 

tracked using a 

Lagrangian particle 

model embedded within a 

flow field computed using 

an Eulerian CFD code. 

http://www.ensco.com/products/atmospheric/gem/gem_ovr.htm

http://www.ensco.com/products/atmospheric/gem/gem_ovr.htm


Example:  Coupled Eulerian-Lagrangian 

Method

Forensic analysis of Columbia accident:  simulation of 

shuttle debris trajectory using Eulerian CFD for flow field 

and Lagrangian method for the debris. 



Acceleration Field
• Consider a fluid particle and Newton's second 

law

• The acceleration of the particle is the time 

derivative of the particle's velocity.

• However, particle velocity at a point is the same 

as the fluid velocity,

• To take the time derivative of, chain rule must be 

used.
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Acceleration Field

• Since

• In vector form, the acceleration can be written as

• First term is called the local acceleration and is nonzero only for 

unsteady flows.

• Second term is called the advective acceleration and accounts for the 

effect of the fluid particle moving to a new location in the flow, where the 

velocity is different.
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Nabla

En geometría diferencial, nabla (también llamado del) es un operador 

diferencial representado por el símbolo:      (nabla). En coordenadas 

cartesianas tridimensionales, nabla se puede escribir como:

siendo   ,    y    los vectores unitarios en las direcciones de los ejes 

coordenados. Esta base también se representa por   ,   ,   .

• Gradiente:

• Divergencia:

• Rotacional:

• Laplaciano:

Aplicaciones del operador nabla

Este operador puede aplicarse a campos escalares (Φ) o a campos 

vectoriales F, dando:  
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Material Derivative

The total derivative operator d/dt in this equation is given a special name, the

material derivative; it is assigned a special notation, D/Dt, in order to 

emphasize that it is formed by following a fluid particle as it moves through

the flow field. 

Other names for the material derivative include total, particle, Lagrangian, 

Eulerian, and substantial derivative.

The material derivative 

D/Dt is defined by following 

a fluid particle as it moves 

throughout the flow field. In 

this illustration, the fluid 

particle is accelerating to 

the right as it moves up 

and to the right.
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The material derivative D/Dt is

composed of a local or unsteady part

and a convective or advective part.



Problem:
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FLOW PATTERNS AND FLOW VISUALIZATION

Spinning baseball. The late F. N. M.

Brown devoted many years to developing 

and using smoke visualization in wind 

tunnels at the University of Notre Dame. 

Here the flow speed is about 23 m/s and 

the ball is rotated at 630 rpm.

• Flow visualization: The visual 

examination of flow field 

features.

• While quantitative study of 

fluid dynamics requires 

advanced mathematics, much 

can be learned from flow

visualization.

• Flow visualization is useful 

not only in physical 

experiments but in numerical

solutions as well 

[computational fluid dynamics 

(CFD)].

• In fact, the very first thing an

engineer using CFD does

after obtaining a numerical 

solution is simulate some 

form of flow visualization.



Flow Visualization

• Flow visualization is the visual examination of flow-field features.

• Important for both physical experiments and numerical (CFD) 
solutions.

• Numerous methods

 Streamlines and streamtubes

 Pathlines

 Streaklines

 Refractive techniques

 Surface flow techniques

Pathlines



Streamlines

• A Streamline is a curve that is 

everywhere tangent to the 

instantaneous local velocity 

vector.

• Consider an arc length 

• must be parallel to the local 

velocity vector 

• Geometric arguments results 

in the equation for a streamline

dr dxi dyj dzk  
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Streamlines

NASCAR surface pressure contours 

and streamlines

Airplane surface pressure contours, 

volume streamlines, and surface 

streamlines 



Pathlines

• A Pathline is the actual path 
traveled by an individual fluid 
particle over some time period.

• Same as the fluid particle's 
material position vector 

• Particle location at time t: 

• Particle Image Velocimetry
(PIV) is a modern experimental 
technique to measure velocity 
field over a plane in the flow 
field.

      , ,particle particle particlex t y t z t
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t

start
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Pathlines

• A pathline is a Lagrangian

concept in that we simply follow 

the path of an individual fluid

particle as it moves around in 

the flow field. 

• Thus, a pathline is the same as 

the fluid particle’s material 

position vector (xparticle(t), 

yparticle(t), zparticle(t)) traced out 

over some finite time interval.

A pathline is formed by following the actual 

path of a fluid particle.

Pathlines produced by white tracer particles suspended in water and captured by time-

exposure photography; as waves pass horizontally, each particle moves in an elliptical 

path during one wave period.
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Streaklines

Streakline: The locus of fluid 

particles that have passed 

sequentially through a 

prescribed point in the flow.

Streaklines are the most 

common flow pattern 

generated in a physical 

experiment.

If you insert a small tube into 

a flow and introduce a 

continuous stream of tracer 

fluid (dye in a water flow or 

smoke in an air flow), the 

observed pattern is a 

streakline. A streakline is formed by continuous

introduction of dye or smoke from a point in 

the flow. Labeled tracer particles (1 through 

8) were introduced sequentially.



Streaklines
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Timelines

Timeline: A set of adjacent fluid particles 

that were marked at the same (earlier) 

instant in time.

Timelines are particularly useful in

situations where the uniformity of a flow 

(or lack thereof) is to be examined.

Timelines are formed by 

marking a line of fluid 

particles, and then

watching that line move 

(and deform) through 

the flow field; timelines 

are shown at t = 0, t1, t2, 

and t3.

Timelines produced by a hydrogen bubble wire are used to visualize the boundary 

layer velocity profile shape. Flow is from left to right, and the hydrogen bubble wire 

is located to the left of the field of view. Bubbles near the wall reveal a flow 

instability that leads to turbulence.



Plots of Data

• A Profile plot indicates how the value of a scalar property varies 

along some desired direction in the flow field.

• A Vector plot is an array of arrows indicating the magnitude and 

direction of a vector property at an instant in time.

• A Contour plot shows curves of constant values of a scalar 

property for magnitude of a vector property at an instant in time.



Kinematic Description

• In fluid mechanics, an element 
may undergo four fundamental 
types of motion. 

a) Translation

b) Rotation

c) Linear strain

d) Shear strain

• Because fluids are in constant 
motion, motion and 
deformation is best described 
in terms of rates 

a) velocity: rate of translation

b) angular velocity: rate of 
rotation

c) linear strain rate: rate of linear 
strain

d) shear strain rate:  rate of 
shear strain



Rate of Translation and Rotation

• To be useful, these rates must be expressed 

in terms of velocity and derivatives of velocity

• The rate of translation vector is described 

as the velocity vector.  In Cartesian 

coordinates:

• Rate of rotation at a point is defined as the 

average rotation rate of two initially 

perpendicular lines that intersect at that point. 

The rate of rotation vector in Cartesian 

coordinates:
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Linear Strain Rate

• Linear Strain Rate is defined as the rate of 

increase in length per unit length.

• In Cartesian coordinates

• Volumetric strain rate in Cartesian 

coordinates

• Since the volume of a fluid element is 

constant for an incompressible flow, the 

volumetric strain rate must be zero.
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Shear Strain Rate

• Shear Strain Rate at a point is 

defined as half of the rate of 

decrease of the angle between two 

initially perpendicular lines that 

intersect at a point.

• Shear strain rate can be expressed 

in Cartesian coordinates as: 
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Shear Strain Rate

We can combine linear strain rate and shear strain 

rate into one symmetric second-order tensor called 

the strain-rate tensor.
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Shear Strain Rate

• Purpose of our discussion of fluid element 
kinematics:  

Better appreciation of the inherent complexity of fluid 
dynamics 

Mathematical sophistication required to fully describe 
fluid motion

• Strain-rate tensor is important for numerous 
reasons.  For example,

Develop relationships between fluid stress and strain 
rate. 

Feature extraction and flow visualization in CFD 
simulations.



Shear Strain Rate

Example:  Visualization of trailing-edge turbulent eddies 

for a hydrofoil with a beveled trailing edge

Feature extraction method is based upon eigen-analysis of the strain-rate tensor.



Vorticity and Rotationality

• The vorticity vector is defined as the curl of the velocity vector

• Vorticity is equal to twice the angular velocity of a fluid particle. 
Cartesian coordinates

Then

• In regions where z = 0, the flow is called irrotational.

• Elsewhere, the flow is called rotational. (cylindrical coordinate)
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Problem:

Consider the following steady, three-dimensional velocity field:

       kxyjyxiyxwvuV


502223 .,, 

Calculate the vorticity vector as a function of space (x, y, z).



Problem:

Consider fully developed Couette flow that shown in the figure. The flow is 

steady, incompressible and two-dimensional in the xy plane:

a) Write the expression for the velocity field.

b) Is this flow rotational or irrotational? Explain.

c) If it is rotational, calculate the rotational component in the z direction.

d) Do fluid particles in this flow rotate clockwise or counterclockwise?



Reynolds—Transport Theorem (RTT)

• A system is a quantity of matter of fixed identity. No 
mass can cross a system boundary.

• A control volume is a region in space chosen for study. 
Mass can cross a control surface.

• The fundamental conservation laws (conservation of 
mass, energy, and momentum) apply directly to 
systems.

• However, in most fluid mechanics problems, control 
volume analysis is preferred over system analysis (for 
the same reason that the Eulerian description is usually 
preferred over the Lagrangian description).

• Therefore, we need to transform the conservation laws 
from a system to a control volume. This is accomplished 
with the Reynolds transport theorem (RTT).
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THE REYNOLDS TRANSPORT THEOREM
Two methods of analyzing the spraying of 

deodorant from a spray can: 

(a) We follow the fluid as it moves and 

deforms. This is the system approach—no 

mass crosses the boundary, and the total 

mass of the system remains fixed. 

(b) We consider a fixed interior volume of the 

can. This is the control volume approach—

mass crosses the boundary.

The Reynolds transport theorem

(RTT) provides a link between 

the system approach and the 

control volume approach.

The relationship

between the time rates 

of change of an 

extensive property for a 

system and for a control 

volume is expressed by 

the Reynolds transport

theorem (RTT).
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A moving system (hatched region) and

a fixed control volume (shaded region)

in a diverging portion of a flow field at

times t and t+t. The upper and lower

bounds are streamlines of the flow.

The time rate of change of the 

property B of the system is equal to 

the time rate of change of B of the 

control volume plus the net flux of B

out of the control volume by mass 

crossing the control surface.

This equation applies at any instant 

in time, where it is assumed that 

the system and the control volume 

occupy the same space at that 

particular instant in time.
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Reynolds—Transport Theorem (RTT)

There is a direct analogy between the transformation from 
Lagrangian to Eulerian descriptions (for differential analysis 
using infinitesimally small fluid elements) and the 
transformation from systems to control volumes (for integral 
analysis using large, finite flow fields).



Reynolds—Transport Theorem (RTT)

• Material derivative (differential analysis):

• General RTT, nonfixed CV (integral analysis):

• In next class, we will apply RTT to conservation of mass, energy, linear 
momentum, and angular momentum.
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Reynolds—Transport Theorem (RTT)

• Interpretation of the RTT:

 Time rate of change of the property B of the system is equal to (Term 1) 

+ (Term 2)

 Term 1:  the time rate of change of B of the control volume

 Term 2:  the net flux of B out of the control volume by mass crossing the 

control surface

 sys
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dB
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RTT Special Cases

For moving and/or deforming control volumes, 

• Where the absolute velocity V in the second 

term is replaced by the relative velocity

Vr = V -VCS

• Vr is the fluid velocity expressed relative to a 

coordinate system moving with the control 

volume.
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RTT Special Cases

For steady flow, the time derivative drops out, 

For control volumes with well-defined inlets and 

outlets
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An example control volume in which

there is one well-defined inlet (1) and

two well-defined outlets (2 and 3). In

such cases, the control surface integral

in the RTT can be more conveniently

written in terms of the average values of 

fluid properties crossing each inlet

and outlet.



Principle of 

Mass conservation



Conservation of Mass

• Conservation of mass principle is one of the 
most fundamental principles in nature.

• Mass, like energy, is a conserved property, and 
it cannot be created or destroyed during a 
process.  

• For closed systems mass conservation is 
implicit since the mass of the system remains 
constant during a process.

• For control volumes, mass can cross the 
boundaries which means that we must keep 
track of the amount of mass entering and leaving 
the control volume.



Average Velocity and Volume Flow Rate

• Integral in     can be replaced with 
average values of  and Vn

• For many flows variation of  is 
very small: 

• Volume flow rate     is given by

• Note:  many textbooks use Q
instead of      for volume flow rate.

• Mass and volume flow rates are 
related by 

m
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Conservation of Mass Principle

• The conservation of 

mass principle can be 

expressed as

• Where       and        are 

the total rates of mass 

flow into and out of the 

CV, and dmCV/dt is the 

rate of change of mass 

within the CV.

CV
in out

dm
m m

dt
 

inm outm



Conservation of Mass Principle

• For CV of arbitrary shape,

 rate of change of mass within the CV

 net mass flow rate

• Therefore, general conservation 
of mass for a fixed CV is:

CV

CV

dm d
dV

dt dt
 

 net n

CS CS CS

m m V dA V n dA      

  0
CV CS

d
dV V n dA

dt
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Mass Balance for Steady-Flow Processes

Conservation of mass principle for a two-

inlet–one-outlet steady-flow system.

During a steady-flow process, the total amount of mass contained within a 

control volume does not change with time (mCV = constant). 

Then the conservation of mass principle requires that the total amount of mass 

entering a control volume equal the total amount of mass leaving it.

For steady-flow processes, we are 

interested in the amount of mass flowing per 

unit time, that is, the mass flow rate.

Multiple inlets 

and exits

Single 

stream

Many engineering devices such as nozzles, 

diffusers, turbines, compressors, and 

pumps involve a single stream (only one 

inlet and one outlet).
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Special Case: Incompressible Flow

During a steady-flow process, volume 

flow rates are not necessarily conserved 

although mass flow rates are.

The conservation of mass relations can be simplified even further when 

the fluid is incompressible, which is usually the case for liquids.

Steady, 

incompressible

Steady, 

incompressible  

flow (single stream)

There is no such thing as a “conservation of 

volume” principle.

However, for steady flow of liquids, the volume flow 

rates, as well as the mass flow rates, remain 

constant since liquids are essentially incompressible 

substances.



Problem:



Problem:

With the data shown in the figure, calculate the velocity of height level 

change in the tank.



Problem:



Problem:

El combustible sólido de un cohete se quema a razón de

(400 e –0,01t ) cm3/s. Si la densidad del combustible es de

920 kg/m3, calcule la velocidad de salida Ve cuando t = 8 s,

suponiendo que la densidad de los gases a la salida es de

0,2 kg/m3.



PRINCIPLE OF 

ENERGY CONSERVATION



General Energy Equation

• Recall general RTT

• “Derive” energy equation using B=E and b=e 
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INTRODUCTION
• If we take the entire room—including the air and the refrigerator (or 

fan)—as the system, which is an adiabatic closed system since the 

room is well-sealed and well-insulated, the only energy interaction 

involved is the electrical energy crossing the system boundary and 

entering the room. 

• As a result of the conversion of electric energy consumed by the 

device to heat, the room temperature will rise.

A refrigerator 

operating with its 

door open in a well-

sealed and well-

insulated room

A fan running in a 

well-sealed and 

well-insulated room 

will raise the 

temperature of air in 

the room.
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FORMS OF ENERGY
• Energy can exist in numerous forms such as thermal, mechanical, 

kinetic, potential, electric, magnetic, chemical, and nuclear, and their 
sum constitutes the total energy, E of a system. 

• Thermodynamics deals only with the change of the total energy. 

• Macroscopic forms of energy: Those a system possesses as a whole 
with respect to some outside reference frame, such as kinetic and 
potential energies.

• Microscopic forms of energy: Those related to the molecular 
structure of a system and the degree of the molecular activity.

• Internal energy, U: The sum of all the microscopic forms of energy.

The macroscopic energy of an 

object changes with velocity and 

elevation.

• Kinetic energy, KE: The energy 

that a system possesses as a result 

of its motion relative to some 

reference frame.

• Potential energy, PE: The energy 

that a system possesses as a result 

of its elevation in a gravitational 

field.
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Total energy 

of a system

Energy of a system 

per unit mass

Potential energy 

per unit mass

Kinetic energy 

per unit mass

Potential energy

Total energy 

per unit mass

Kinetic energy

Mass flow rate

Energy flow rate
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Some Physical Insight to Internal Energy

The internal energy of a 

system is the sum of all forms 

of the microscopic energies.

The various forms of 

microscopic 

energies that make 

up sensible energy.

Sensible energy: The portion 

of the internal energy of a 

system associated with the 

kinetic energies of the 

molecules.

Latent energy: The internal 

energy associated with the 

phase of a system.

Chemical energy: The internal 

energy associated with the 

atomic bonds in a molecule.

Nuclear energy: The 

tremendous amount of energy 

associated with the strong 

bonds within the nucleus of the 

atom itself.

Internal = Sensible + Latent + Chemical + Nuclear

Thermal = Sensible + Latent
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The macroscopic kinetic energy is an 

organized form of energy and is much 

more useful than the disorganized 

microscopic kinetic energies of the 

molecules.

• The total energy of a system, can 

be contained or stored in a system, 

and thus can be viewed as the 

static forms of energy. 

• The forms of energy not stored in a 

system can be viewed as the 

dynamic forms of energy or as 

energy interactions.

• The dynamic forms of energy are 

recognized at the system boundary 

as they cross it, and they represent 

the energy gained or lost by a 

system during a process. 

• The only two forms of energy 

interactions associated with a 

closed system are heat transfer

and work. 

• The difference between heat transfer and work: An energy interaction is 

heat transfer if its driving force is a temperature difference. Otherwise it is 

work.
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Mechanical Energy
Mechanical energy: The form of energy that can be converted to 

mechanical work completely and directly by an ideal mechanical device such 

as an ideal turbine.    

Kinetic and potential energies: The familiar forms of mechanical energy.

Mechanical energy of a 

flowing fluid per unit mass

Rate of mechanical 

energy of a flowing fluid

Mechanical energy change of a fluid during incompressible flow per unit mass

Rate of mechanical energy change of a fluid during incompressible flow
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ENERGY TRANSFER BY HEAT

Energy can cross the 

boundaries of a closed system 

in the form of heat and work.

Temperature difference is the driving 

force for heat transfer. The larger the  

temperature difference, the higher is the 

rate of heat transfer.

Heat: The form of energy that is 

transferred between two 

systems (or a system and its 

surroundings) by virtue of a 

temperature difference.
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Energy is 

recognized 

as heat 

transfer only 

as it crosses 

the system 

boundary.

During an adiabatic process, a system 

exchanges no heat with its surroundings.

Heat transfer 

per unit mass

Amount of heat transfer 

when heat transfer rate 

changes with time

Amount of heat transfer 

when heat transfer rate 

is constant
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Historical Background on Heat

• Kinetic theory: Treats molecules 
as tiny balls that are in motion and 
thus possess kinetic energy. 

• Heat: The energy associated with 
the random motion of atoms and 
molecules.

Heat transfer mechanisms:

• Conduction: The transfer of energy 
from the more energetic particles of 
a substance to the adjacent less 
energetic ones as a result of 
interaction between particles. 

• Convection: The transfer of energy 
between a solid surface and the 
adjacent fluid that is in motion, and 
it involves the combined effects of 
conduction and fluid motion. 

• Radiation: The transfer of energy 
due to the emission of 
electromagnetic waves (or 
photons).

In the early nineteenth century, heat was 

thought to be an invisible fluid called the 

caloric that flowed from warmer bodies to 

the cooler ones.
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ENERGY TRANSFER BY WORK
• Work: The energy transfer associated with a force acting through a distance. 

 A rising piston, a rotating shaft, and an electric wire crossing the 
system boundaries are all associated with work interactions

• Formal sign convention: Heat transfer to a system and work done by a 
system are positive; heat transfer from a system and work done on a system 
are negative.

• Alternative to sign convention is to use the subscripts in and out to indicate 
direction. This is the primary approach in this text.

Specifying the directions 

of heat and work.

Work done 

per unit mass

Power is the 

work done per 

unit time (kW)
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Heat vs. Work
• Both are recognized at the boundaries 

of a system as they cross the 
boundaries. That is, both heat and work 
are boundary phenomena.

• Systems possess energy, but not heat 
or work.

• Both are associated with a process, not 
a state. 

• Unlike properties, heat or work has no 
meaning at a state.

• Both are path functions (i.e., their 
magnitudes depend on the path followed 
during a process as well as the end 
states).

Properties are point functions; but 

heat and work are path functions 

(their magnitudes depend on the 

path followed).Properties are point functions 

have exact differentials (d ).

Path functions 

have inexact 

differentials ( )
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Electrical Work

Electrical power in terms of resistance 

R, current I, and potential difference V.

Electrical work

Electrical power

When potential difference 

and current change with time

When potential difference 

and current remain constant
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MECHANICAL FORMS OF WORK

• There are two requirements for a work interaction between a 
system and its surroundings to exist: 

 there must be a force acting on the boundary. 

 the boundary must move.

The work done is proportional to the force 

applied (F) and the distance traveled (s).

Work = Force  Distance

When force is not constant

If there is no movement, 

no work is done.
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Shaft 

Work

Energy transmission through rotating shafts 

is commonly encountered in practice.

Shaft work is proportional to the 

torque applied and the number 

of revolutions of the shaft.

A force F acting through 

a moment arm r 

generates a torque T

This force acts through a distance s

The power transmitted through the shaft 

is the shaft work done per unit time

Shaft 

work
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Spring Work

Elongation 

of a spring 

under the 

influence of 

a force.

When the length of the spring changes by

a differential amount dx under the influence 

of a force F, the work done is

For linear elastic springs, the displacement 

x is proportional to the force applied

k: spring constant (kN/m)

Substituting and integrating yield

x1 and x2: the initial and the final 

displacements

The 

displacement 

of a linear 

spring doubles 

when the force 

is doubled.
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Work Done on Elastic Solid Bars

Solid bars 

behave as 

springs 

under the 

influence of 

a force.

Stretching 

a liquid film 

with a 

movable 

wire.

Work Associated with the Stretching of a Liquid Film
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Work Done to Raise or to Accelerate a Body

1. The work transfer needed to raise a body is equal 

to the change in the potential energy of the body. 

2. The work transfer needed to accelerate a body is 

equal to the change in the kinetic energy of the 

body.

The energy 

transferred to 

a body while 

being raised 

is equal to 

the change in 

its potential 

energy.

Nonmechanical Forms of Work

Electrical work: The generalized force is the 

voltage (the electrical potential) and the 

generalized displacement is the electrical charge.

Magnetic work: The generalized force is the 

magnetic field strength and the generalized 

displacement is the total magnetic dipole moment. 

Electrical polarization work: The generalized 

force is the electric field strength and the 

generalized displacement is the polarization of the 

medium.



73

In the absence of any 

work interactions, the  

energy change of a 

system is equal to the 

net heat transfer.

The work 

(electrical) done 

on an adiabatic 

system is equal 

to the increase 

in the energy of 

the system.

The work (shaft) 

done on an 

adiabatic system 

is equal to the 

increase in the 

energy of the 

system.
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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 the difference between the total energy 
entering and the total energy leaving the system during that process.

The work (boundary) done on an 

adiabatic system is equal to the 

increase in the energy of the system.

The energy change 

of a system during 

a process is equal 

to the net work and 

heat transfer 

between the 

system and its 

surroundings.
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Energy Change of a System, Esystem

Internal, kinetic, and 

potential energy changes
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Mechanisms of Energy Transfer, Ein and Eout

• Heat transfer

• Work transfer

• Mass flow

The energy 

content of a 

control volume 

can be changed 

by mass flow as 

well as heat and 

work interactions.

(kJ)

A closed mass 

involves only 

heat transfer 

and work.

For a cycle ∆E = 0, 

thus Q = W.
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ENERGY CONVERSION EFFICIENCIES

Efficiency is one of the most frequently used terms in thermodynamics, and it 
indicates how well an energy conversion or transfer process is accomplished.

Efficiency of a water 
heater: The ratio of the 
energy delivered to the 
house by hot water to 
the energy supplied to 
the water heater.

The definition of 

performance is not limited 

to thermodynamics only.
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Heating value of the fuel: The amount of heat released when a unit 

amount of fuel at room temperature is completely burned and the 

combustion products are cooled to the room temperature.

Lower heating value (LHV): When the water leaves as a vapor.

Higher heating value (HHV): When the water in the combustion gases is 

completely condensed and thus the heat of vaporization is also recovered.

The definition of the heating value of 

gasoline.

The efficiency of space heating 

systems of residential and 

commercial buildings is usually 

expressed in terms of the annual 

fuel utilization efficiency 

(AFUE), which accounts for the 

combustion efficiency as well as 

other losses such as heat losses 

to unheated areas and start-up 

and cooldown losses.
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• Generator: A device that converts mechanical energy to electrical 
energy.

• Generator efficiency: The ratio of the electrical power output to the 
mechanical power input. 

• Thermal efficiency of a power plant: The ratio of the net electrical 
power output to the rate of fuel energy input.

A 15-W 

compact 

fluorescent 

lamp provides 

as much light 

as a 60-W 

incandescent 

lamp.

Lighting efficacy:

The amount of light 

output in lumens 

per W of electricity 

consumed.

Overall efficiency 

of a power plant
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The efficiency of a cooking 

appliance represents the 

fraction of the energy 

supplied to the appliance that 

is transferred to the food.

• Using energy-efficient appliances conserve 
energy. 

• It helps the environment by reducing the 
amount of pollutants emitted to the 
atmosphere during the combustion of fuel. 

• The combustion of fuel produces 

• carbon dioxide, causes global warming

• nitrogen oxides and hydrocarbons, 
cause smog

• carbon monoxide, toxic

• sulfur dioxide, causes acid rain. 



Remenber, Mechanical Energy

• Mechanical energy can be defined as the form of 
energy that can be converted to mechanical work 
completely and directly by an ideal mechanical device 
such as an ideal turbine.

• Flow P/, kinetic V2/g, and potential gz energy are the 
forms of mechanical energy emech= P/  V2/g + gz

• Mechanical energy change of a fluid during 
incompressible flow becomes 

• In the absence of loses, emech represents the work 
supplied to the fluid (emech>0) or extracted from the fluid 
(emech<0).

 
2 2

2 1 2 1
2 1

2
mech

P P V V
e g z z



 
    



Efficiency

• Transfer of emech is usually accomplished by a rotating 
shaft: shaft work 

• Pump, fan, propulsion:  receives shaft work (e.g., from 
an electric motor) and transfers it to the fluid as 
mechanical energy 

• Turbine:  converts emech of a fluid to shaft work.

• In the absence of irreversibilities (e.g., friction), 
mechanical efficiency of a device or process can be 
defined as 

• If hmech < 100%, losses have occurred during conversion.

, ,

, ,

1
mech out mech loss

mech

mech in mech in

E E

E E
h   
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Efficiencies of Mechanical and Electrical Devices

The mechanical 

efficiency of a fan is the 

ratio of the kinetic 

energy of air at the fan 

exit to the mechanical 

power input.

The effectiveness of the conversion process between 

the mechanical work supplied or extracted and the 

mechanical energy of the fluid is expressed by the 

pump efficiency and turbine efficiency,

Mechanical efficiency
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Generator 

efficiency

Pump-Motor 

overall efficiency

Turbine-Generator 

overall efficiency

The overall efficiency of a 

turbine–generator is the product 

of the efficiency of the turbine and 

the efficiency of the generator, 

and represents the fraction of the 

mechanical energy of the fluid 

converted to electric energy.

Pump 

efficiency
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ENERGY AND ENVIRONMENT
• The conversion of energy from one form to another often affects the 

environment and the air we breathe in many ways, and thus the study of energy 
is not complete without considering its impact on the environment.

• Pollutants emitted during the combustion of fossil fuels are responsible for
smog, acid rain, and global warming. 

• The environmental pollution has reached such high levels that it became a 
serious threat to vegetation, wild life, and human health.

Energy conversion processes are often 

accompanied by environmental pollution.

Motor vehicles are the largest source of air 

pollution.
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Ozone and Smog
• Smog: Made up mostly of ground-level ozone (O3), but it also contains numerous other 

chemicals, including carbon monoxide (CO), particulate matter such as soot and dust, 
volatile organic compounds (VOCs) such as benzene, butane, and other hydrocarbons.

• Hydrocarbons and nitrogen oxides react in the presence of sunlight on hot calm days to 
form ground-level ozone.

• Ozone irritates eyes and damages the air sacs in the lungs where oxygen and carbon 
dioxide are exchanged, causing eventual hardening of this soft and spongy tissue. 

• It also causes shortness of breath, wheezing, fatigue, headaches, and nausea, and 
aggravates respiratory problems such as asthma.

Ground-level ozone, which is the primary component 

of smog, forms when HC and NOx react in the 

presence of sunlight in hot calm days.

• The other serious pollutant in smog is carbon 
monoxide, which is a colorless, odorless, poisonous 
gas. 

• It is mostly emitted by motor vehicles. 

• It deprives the body’s organs from getting enough 
oxygen by binding with the red blood cells that would 
otherwise carry oxygen. It is fatal at high levels.

• Suspended particulate matter such as dust and soot
are emitted by vehicles and industrial facilities. Such 
particles irritate the eyes and the lungs.



87

Acid Rain
• The sulfur in the fuel reacts with oxygen to form sulfur dioxide (SO2), which is an 

air pollutant. 

• The main source of SO2 is the electric power plants that burn high-sulfur coal.

• Motor vehicles also contribute to SO2 emissions since gasoline and diesel fuel 
also contain small amounts of sulfur.

Sulfuric acid and nitric acid are formed 

when sulfur oxides and nitric oxides react with 

water vapor and other chemicals high in the 

atmosphere in the presence of sunlight.

• The sulfur oxides and nitric oxides react 

with water vapor and other chemicals high 

in the atmosphere in the presence of 

sunlight to form sulfuric and nitric acids. 

• The acids formed usually dissolve in the 

suspended water droplets in clouds or 

fog. 

• These acid-laden droplets, which can be 

as acidic as lemon juice, are washed from 

the air on to the soil by rain or snow. This 

is known as acid rain.
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The Greenhouse 

Effect: Global 

Warming

• Greenhouse effect: Glass allows the solar 

radiation to enter freely but blocks the 

infrared radiation emitted by the interior 

surfaces. This causes a rise in the interior 

temperature as a result of the thermal 

energy buildup in a space (i.e., car).

• The surface of the earth, which warms up 

during the day as a result of the absorption 

of solar energy, cools down at night by 

radiating part of its energy into deep space 

as infrared radiation.

• Carbon dioxide (CO2), water vapor, and 

trace amounts of some other gases such 

as methane and nitrogen oxides act like a 

blanket and keep the earth warm at night 

by blocking the heat radiated from the 

earth. The result is global warming.

• These gases are called “greenhouse 

gases,” with CO2 being the primary 

component.

• CO2 is produced by the burning of fossil 

fuels such as coal, oil, and natural gas.

The greenhouse effect on earth.
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THE FIRST LAW OF THERMODYNAMICS
• The first law of thermodynamics (the conservation of energy 

principle) provides a sound basis for studying the relationships among the 
various forms of energy and energy interactions. 

• The first law states that energy can be neither created nor destroyed 
during a process; it can only change forms.

• The First Law: For all adiabatic processes between two specified states of 
a closed system, the net work done is the same regardless of the nature of 
the closed system and the details of the process.

Energy 

cannot be 

created or 

destroyed; 

it can only 

change 

forms.

The increase in the energy of a 

potato in an oven is equal to the 

amount of heat transferred to it.



General Energy Equation

• Recall general RTT

• “Derive” energy equation using B=E and b=e 

• Break power into rate of shaft and pressure work

 sys

r
CV CS

dB d
bdV b V n dA

dt dt
   

 , ,

sys

net in net in r
CV CS

dE d
Q W edV e V n dA

dt dt
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General Energy Equation

• Moving integral for rate of pressure work to RHS of 
energy equation results in:

• Recall that P/ is the flow work, which is the work 
associated with pushing a fluid into or out of a CV per 
unit mass.

 , , ,net in shaft net in r

CV CS

d P
Q W edV e e V n dA

dt




 
     

 
 



General Energy Equation

• As with the mass equation, practical analysis is 

often facilitated as averages across inlets and 

exits 

• Since e=u+ke+pe = u+V2/2+gz
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NÚMERO DE REYNOLDS, 

TIPOS DE FLUJOS Y 

PERDIDAS DE ENERGÍA 



Types of flows

• External Flow:

Flow over bodies that are immersed in a fluid, whit emphasis on the 

resulting lift and drag forces.



Types of flows

• Internal Flow:

Liquids or gas flow through pipes or ducts is commonly used  in heating 

and cooling applications and fluid distribution networks. These can be 

classified in:

Laminar flow:
Can be steady o unsteady

Can be one-, two-, or three-dimensional.

Has regular, predictable behavior

Analitycal solutions are possible

Occurs at low Reynolds numbers

Turbulent flow:
Is always unsteady, because there are 

always random, swirling motions (vortices or

eddies). However, a turbulent flow can be

steady in the mean.

Is always three-dimensional. However, a 

turbulent flow can be 1D and 2D in the mean

No analytical solutions exist!

Occurs at high Reynolds number



Laminar and Turbulent Flows

• Critical Reynolds number 
(Recr) for flow in a round pipe

Re < 2300  laminar

2300 ≤ Re ≤ 4000  transitional 

Re > 4000  turbulent

• Note that these values are 
approximate.

• For a given application, Recr 
depends upon

 Pipe roughness

 Vibrations

 Upstream fluctuations, 
disturbances (valves, elbows, etc. 
that may disturb the flow)

Definition of Reynolds number



Laminar and Turbulent Flows

• For non-round pipes, define the 
hydraulic diameter 
Dh = 4Ac/P

Ac = cross-section area

P = wetted perimeter

• Example:  open channel

Ac = 0.15 * 0.4 = 0.06m2

P = 0.15 + 0.15 + 0.5 = 0.8m

Don’t count free surface, since it does not 
contribute to friction along pipe walls!

Dh = 4Ac/P = 4*0.06/0.8 = 0.3m

What does it mean? This channel flow is 
equivalent to a round pipe of diameter 
0.3m (approximately).



The Entrance Region

• Consider a round pipe of diameter D.  The flow 

can be laminar or turbulent.  In either case, the 

profile develops downstream over several 

diameters called the entry length Lh. Lh/D is a 

function of Re.

Lh



Fully Developed Pipe Flow

• Comparison of laminar and turbulent flow

There are some major differences between laminar and 

turbulent fully developed pipe flows

Laminar

• Can solve exactly (Chapter 9)

• Flow is steady

• Velocity profile is parabolic

• Pipe roughness not important

It turns out that Vavg = 1/2Umax and u(r)= 2Vavg(1 - r2/R2)



Fully Developed Pipe Flow

Turbulent

• Cannot solve exactly (too complex)

• Flow is unsteady (3D swirling eddies), but it is steady in the mean

• Mean velocity profile is fuller (shape more like a top-hat profile, with very 
sharp slope at the wall) 

• Pipe roughness is very important

• Vavg 85% of Umax (depends on Re a bit)

• No analytical solution, but there are some good semi-empirical expressions 
that approximate the velocity profile shape.  See text 

Logarithmic law (Eq. 8-46)

Power law (Eq. 8-49)

Instantaneous

profiles



Problem:

• Determine the energy generated by the turbine 

shown in the figure, if the volumetric flow is 18 

ft3/s and the efficiency of turbine is 90%



QUIZ:

The air drag force on a car is 0.225 A ρV2. Assume air

at 290 K, 100 kPa and a car frontal area of 4 m2 driving

at 90 km/h. How much energy is used to overcome the

air drag driving for 30 minutes?


