Introduction to Thermodynamics

Thermodynamics is the study of energy and its transformation. Most studies of thermodynamics are
primarily concerned with two forms of energy — heat and work. Thermodynamics study includes
guantitative analysis of machine and processes for transformation of energy and between work and
heat. In classical thermodynamics a macroscopic viewpoint is taken regarding such matters.

The First Law of Thermodynamics

The first law of thermodynamics is an expression of the conservation of
energy principle. Energy can cross the boundaries of a closed system in the
form of heat or work. Energy transfer across a system boundary due solely
to the temperature difference between a system and its surroundings 1s
called heat.
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Mass cannot cross
the boundaries of a
closed system, but
energy can.
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A control volume may involve fixed,
moving, real, and imaginary
boundaries.

Imaginary
boundary

Moving
— ™ boundary

(a) A control volume with real and (b) A control volume with fixed and
imaginary boundaries moving boundaries
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Closed System First Law

A closed system moving relative to a reference plane is shown below
where z is the elevation of the center of mass above the reference plane and
7 is the velocity of the center of mass.

Closed > 7

Heat =i System
> Work

Reference Plane,z = ()

For the closed system shown above, the conservation of energy principle
or the first law of thermodynamics is expressed as

[Total energy j [Total energy J

The change in total
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According to classical thermodynamics, we consider the energy added to be
net heat transfer to the closed system and the energy leaving the closed
system to be net work done by the closed system. So

Qner o Vl/ner — AE system

Normally the stored energy, or total energy, of a system is expressed as the
sum of three separate energies. The total energy of the system, Eem, 1S
given as

E = Internal energy + Kinetic energy + Potential energy
E= U+ KE + PE

The change in stored energy for the system is

AE = AU + AKE + APE



conservation of energy principle, or the first law of
thermodynamics for closed systems, 1s written as

Q. —W =AU+AKE +APE

net

[t the system does not move with a velocity and has no change in elevation,
the conservation of energy equation reduces to

Qner - W

net

=AU



Closed System First Law for a Cycle

Since a thermodynamic cycle 1s composed of processes that cause the
working fluid to undergo a series of state changes through a series of
processes such that the final and 1nitial states are 1dentical, the change 1n
iternal energy of the working fluid 1s zero for whole numbers of cycles.
The first law for a closed system operating in a thermodynamic cycle

becomes
0
Qner - I/Vﬂer = A/ﬁ:}?c!e



Example Incompressible Liquid

A two-liter bottle of your favorite beverage has just been removed from the

trunk of your car. The temperature of the beverage 1s 35°C. and vou always

drink your beverage at 10°C.

a. How much heat energy must be removed from yvour 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, 1s 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?

Svstem: The liquid in the constant volume, closed system container

Lo
The heat

removed




Propertv Relation: Incompressible liquid relations. let’s assume that the
beverage 1s mostly water and takes on the properties

of liquid water. The specific volume is 0.001 m’/kg.

C=4.18 kI/kgK.

Process: Constant volume

=V,

2 1

Conservation of Mass:
1??2 = I??l =m

J 2L 3
m=—= 3 'lOI:)?()L =2kg
V00017

kg

Conservation of Energy:

The first law closed system is

E —E, =AE

out

Since the container is constant volume and there is no “other” work done on
the container during the cooling process, we have

+W, =0

ner ( ner )Olfhe;'

The only energy crossing the boundary is the heat transfer leaving the
container. Assuming the container to be stationary. the conservation of
energy becomes

-F =AE
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0, =2 k)(418—_y10-35)K

ke K
_0. =—2092kJ
0 =2092 k]
The heat transfer rate to cool the 10 bottles in one-half hour 1s
_ (10bottles)(209.2 bo;iife) 17 { 7
Cou = 05/r ( 36005 ] 34
A

= 1162 kW

_ - $0.085
Cost =(1.162k 05 hr
( W)( ) W

=$0.05



First Law of Thermodynamics for a control volume

Conservation of Energy for Control volumes

The conservation of mass and the conservation of energy principles for
open systems or control volumes apply to systems having mass crossing the
system boundary or control surface. In addition to the heat transfer and
work crossing the system boundaries. mass carries energy with it as it
crosses the system boundaries. Thus. the mass and energy content of the
open system may change when mass enters or leaves the control volume.
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Reference plane

Typical control volume or open system

Thermodynamic processes involving control volumes can be considered in
two groups: steady-tflow processes and unsteady-flow processes. During a
steady-tflow process. the fluid flows through the control volume steadily.
experiencing no change with time at a fixed position.



Mass Flow Rate

Mass flow through a cross-sectional area per unit time is called the mass
flow rate s . If the fluid density and velocity are constant over the flow
cross-sectional area. the mass flow rate 1s

. V 4:4
— _Va
m=pV A=
v
where p 1s the density, kg.-"'m3 (= 1/v). A 1s the cross-sectional area. m?; and
V. 1s the average fluid velocity normal to the area. m/s.

—

The fluid volume flowing through a cross-section per unit tume 1s called the
volume flow rate 7.

e 7 3y
J'=TA4 (m”/s)
The mass and volume flow rate are related by

= pl = " (kg /s)
vV



Conservation of Mass for General Control Volume

The conservation of mass principle for the open system or control volume 1s
expressed as

Sumof rate Sumof rate Time rate change

of mass flowing —| of mass flowing = | of massinside

imnto control volume from control volume control volume
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Conservation of Energy for General Control Volume

The conservation of energy principle for the control volume or open system

has the same word definition as the first law for the closed system.

Expressing the energy transfers on a rate basis. the control volume first law

=| of energy inside

15
Sumof rate Sum of rate
of energy flowing |—| of energy flowing
into control volume from control volume

or
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Rate of net energy transfer  Rate change in internal. kinetic.

Time rate change




Considering that energy flows into and from the control volume with the

mass, energy enters because heat is transferred to the control volume, and
energy leaves because the control volume does work on its surroundings,
the steady-state, steady-flow first law becomes

72 72
Qm + VV:’H + Zmr(hr + I/é +g21} = )O!rf + VVour +Zme(he + 1/2*? +gZ€,}
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The energy change of
a system during a
process is equal to
the net work and heat
transfer between the
system and its
surroundings.

QDIJT, = 3 kJ

AE=(15-3)+6
=18 klJ
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_ High-temperature
Part of the heat received by SOURCE
a heat engine is converted

to work, while the rest is
rejected to a sink.
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Schematic of a steam power Energy source
plant. (such as a furnace)

Qi / System boundary

> Boiler
Y
w. ‘ Wout
@ Tubine I
Condenser o
Energy sink

(such as the atmosphere)



Schematic of a heat
engine.




Thermal Efficiency, 77,

The thermal efficiency 1s the index of performance of a work-producing
device or a heat engine and 1s defined by the ratio of the net work output
(the desired result) to the heat input (the costs to obtain the desired
result).

Desired Result
Required Input

77rh —

For a heat engine the desired result is the net work done and the input 1s
the heat supplied to make the cycle operate. The thermal efficiency 1s
always less than 1 or less than 100 percent.

net, out
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where
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Now apply the first law to the cyclic heat engine.

0 (Cyclic) : '
Q - —-W = A/(/f' High-temperature reservoir
net, in

net, out
at T“'

VVner, out = Qr

net, in 9,
H

pr/ner,om = Qz’n — Qom‘

= \ W het, out
The cycle thermal efficiency may be written as

net . ot O,

Qr'n
_ Qin B Qom‘ — l _
- Qin Qin

Cyclic devices such as heat engines, refrigerators, and heat pumps often
operate between a high-temperature reservoir at temperature 7z and a
low-temperature reservoir at temperature 7;.

77(]7 —

Q [ow-temperature reservoir
out at 7y




Example

A steam power plant produces 50 MW of net work while burning fuel to
produce 150 MW of heat energy at the high temperature. Determine the
cycle thermal efficiency and the heat rejected by the cycle to the
surroundings.

net, out

O
= _SOMW =0333 or 33.3%
150 MW

ver ot = Qi — Yy
O =0y W et our
=150 MW =50 MW
=100 MW

77?;’.* =




Thermal efficiency of a heat engine can not be
greather than the efficiency of CARNOT engine

The Carnot thermal efficiency becomes

1

_ L
773‘};,3*'{?1' o 1_ T
H

This 1s the maximum possible efficiency of a heat engine operating
between two heat reservoirs at temperatures 7y and 7;. Note that the
temperatures are absolute temperatures.
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FIGURE 5-16

A heat-engine cycle cannot be
completed without rejecting
some

heat to a low-temperature

—— (15k))

Heat in Heat out
Reservoir at (100 kJ) (85KkJ) .
100°C Reservoir at
20°C
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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.

Energy utilized

Efficiency = Energy supplied to appliance

_3kWh_ ¢

5 kWh



Basic
components of a
refrigeration
system and
typical operating
conditions.

Surrounding medium
such as the kitchen air

On

CONDENSER re————

800 kPa 800 kPa
30°C 60°C
EXPANSION Whet, in
S COMPRESSOR || <
120 kPa 120 kPa
_25°C _20°C

» EVAPORATOR
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Refrigerated space



The objective of a
refrigerator is to
remove Q, from the at I'y> 17
cooled space.

Warm environment

Required
On input
ﬂ Wnet, in
R o]

Desired

output

Or

Cold refrigerated
space at 17



The objective of a
heat pump is to
supply heat Q into
the warmer space.

Warm heated space
at TH > TL

Desired
output

‘N Wne:t, in
HP =

Required
input

Cold environment
at TL



HEAT TRANSFER

he science of thermodynamics deals with the amount of heat transfer as

i N

a system undergoes a process from one equilibrium state to another, and

makes no reference to how long the process will take. But in engineer-
ing, we are often interested in the rate of heat transfer, which is the topic of
the science of heat transfer.

* Heat is the form of energy that can be transferred from one system to another as
a result of TEMPERATURE DIFFERENCE.

» The science that deals with the determination of the rates of such energy transfer
is «Heat Transfer»

* Heat transfer equipment such as heat exchangers, boilers, condensers, radiators,
heaters,furnaces, refrigerators, and solar collectors are designed on the basis of
heat transfer analysis



Heat can be transferred in three different modes: conduction, convection,
and radiation. All modes of heat transfer require the existence of a tempera-
ture difference, and all modes are from the high-temperature medium to a
lower-temperature one.

Qcond

Ten = 900°C
Tien = 20°C

The thermal conductivities of some
materials at room temperature

Material k, W/m - °C*
Diamond 2300
Silver 429
Copper 401
Gold 317
Aluminum 237

Iron 80.2
Mercury (1) 8.54
Glass 0.78
Brick 0.72
Water (1) 0.613
Human skin 0.37
Wood (oak) 0.17
Helium (g) 0.152
Soft rubber 0.13
Glass fiber 0.043
Air (g) 0.026
Urethane, rigid foam 0.026




Convection Heat Transfer

Convection heat transfer 1s the mode of energy transfer between a solid
surface and the adjacent liquid or gas that 1s in motion, and 1t involves the
combined effects of conduction and fluid motion.

Velocity
variation
- T
of air f
-V T
1 AIR Temperature
9 FLOW _-variation
"\ of air

HOT BLOCK



The rate of heat transfer by convection Q_, 1s determined from Newton's

cConv

law of cooling, expressed as

Qcon'v — h A(]_; - ]})

here
Q. = heat transfer rate (W)
A = heat transfer area (m2)
h = convective heat transfer coefficient (W/m2-K)

Iy = surface temperature (K)
I'r = bulk fluid temperature away from the surtace (K)



The convective heat transfer coefficient 1s an experimentally determined
parameter that depends upon the surface geometry, the nature of the fluid
motion, the properties of the fluid, and the bulk fluid velocity. Ranges of
the convective heat transfer coefficient are given below.

h W/m*K
free convection of gases 2-25
free convection of liquids 50-100
forced convection of gases 25-250
forced convection of liquids 50-20,000

convection 1n boiling and condensation 2500-100,000



Radiative Heat Transfer

Radiative heat transfer 1s energy in transition from the surface of one body
to the surface of another due to electromagnetic radiation. The radiative
energy transferred 1s proportional to the difference in the fourth power of
the absolute temperatures of the bodies exchanging energy.

Person
30°C
Fire
900°C
Air
5°C



The net exchange of radiative heat transfer between a body surface and 1ts
surroundings 1s given by

SUrr

O . =50‘A(TS4—T4 )

here
O _. = heat transfer per unit time (W)
A = surface area for heat transfer (m”)
G = Stefan-Boltzmann constant, 5.67x10-8 W/m2K4
and 0.1713x10-8 BTU/h fi2 R4
e = eMmiSsIViIty
Is = absolute temperature of surface (K)

Tsurr = absolute temperature of surroundings (K)



