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CHAPTER

INTRODUCTION

1.1

DEFINITION AND SCOPE OF THERMODYNAMICS

Thermodynamics is a basic science that deals with the conversion of heat into
mechanical work. Nowadays, the common concept of thermodynamics is that
it is concerned with the understanding of changes in behavior and properties
of matter affected by temperature change.

This concept is also known as energy science, establishing relations among
work, heat, and features of the systems, which are in equilibrium. It depicts
the changes in the physical systems through an interaction of energy. Energy
is neither formed nor annihilated and total energy remains constant.

This concept deals with real physical systems that might be solid, fluid,
mixtures, or even empty space with electromagnetic waves. The system should
be some type of vessel where no chemical reaction takes place.

This basic science studies changes in the properties or behavior of the
fluid cooled down or heated. The fluid may be a gas (such as air), vapor (such
as water vapor), liquid, or a mixture of the substances provided they do not
react chemically with each other.

It also studies the relationship between changes of fluid properties and
quantities of work and heat causing this change.

Thermodynamics is said to be based on four basic principles or laws found
through experience and not through mathematical derivation.

These laws are as follows:

1. Zeroth law deals with thermal equilibrium under which temperature is
defined. It is called zeroth law because it was drafted after the first law.

2. First law is the law of the conservation of energy, that is, energy can nei-
ther be created nor destroyed.

3. Second law determines the direction of the process or the direction of
the energy flow and the percentage of energy conversion.
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1.2

4. Third law determines the entropy and shows the impossibility to reach
absolute zero entropy. Entropy has zero value at absolute zero temperature.

Engineers use this science to design thermal engines such as power plants,
reciprocating engines, jets and missiles, gas and steam turbines, steam boilers,
compressors, air conditioners, and other machines and plants. It is very nec-
essary for engineers to understand the concepts and laws of thermodynamics.

The conversion of heat into mechanical work has been known since the 18th
century. In the middle of the 19th century, a scientist named James Prescott
Joule created the relationship between mechanical work and thermal energy.
Many scientists have contributed to the development of thermodynamics such
as Carnot, Kelvin, Clausius, and others. The present-day thermodynamics deals
with all thermal machines and air conditioners, which are consumers of energy.

HEAT AND WORK

Heat is the energy transferred between the system and its surroundings due
to the difference of temperature only. There are three methods for the trans-
fer of heat: convection, radiation, and conduction.

Heat is also considered as a method of altering the energy content of the
system by the effective variance of temperature. Another method for altering
the energy of a system is called work. We can define work as electric work
(in an electric motor), mechanical work (in a piston-cylinder and engine), and
chemical work.

1.2.1 Types of Mechanical Work

In mechanics, when a force F travels through a distance dx, work is being
done. The examples of mechanical work are as follows:

1. the elasticity of a spring,

2. moving system boundary or displacement or flow of energy,
3. surface tension, and

4. shaft rotation on shaft energy.

The concept of thermodynamics was developed to understand the limita-
tion of the efficiency of an engine. Modern power plants work on complicated
cycles when compared with the operation of original steam engines, which
had only a small percentage of effectiveness in the conversion of heat into
work, whereas new utility steam power plants or gas turbine plants have effi-
ciency higher than 60%.
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1.2.2 Forms of Energy

There are many forms of energy such as potential, kinetic, thermal, magnetic,
chemical, mechanical, nuclear, electrical, etc.

If E is the total energy of a system, the specific energy indicated by e is
stated as energy per unit mass:

e=E 0/
m

Energy cannot be destroyed or created. It can only be transferred or
changed from one form to another, that is, energy is conserved. Electrical
energy, thermal energy, or mechanical energy can be transformed from one
form to another. Heat engines convert thermal energy into mechanical energy.

1.2.3 Displacement Work

Work is done when the point of application of a force moves in the direction
of force:

W=Fxx

where W represents work, F represents force, and x represents displacement.
If the force changes with displacement, then

2
W = [ F(x)dx (1.1)
or !
2
W, = [Fdx (1.2)
1
Figure 1.1 shows a piston-
cylinder arrangement. In position
1, a gas at pressure p is confined A A==
inside a cylinder. “A” represents = |
the cross-sectional area of the |
cylinder. Distance X represents the . X p+dp X+ dX
top of the piston in the cylinder.
Some weights may be placed on State 1 State 2

the piston top to balance gas pres-
sure in a stable state.

In state 2, the piston moves to a new height X + dX with dp + p as a new
pressure in the cylinder to balance a new force of weight.

FIGURE 1.1 Piston cylinder-arrangement.
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Obviously work is done as a force acts through distance dX. The amount

of work done is given as follows:

SW =Fdx

But, F varies during the process.
For state 1, force F=p x A
For state 2, force F = (p + dp) x A

(1.3)

The average value of force is given as follows:

F =é [pA+(p+dp)A]=pA+%A.

SWz(pAJr%AJdX =pA dX+§dp dX

Neglect dp dX as very small
OW =pxAxdX

(1.4)

Now, dV =AxdX, where dV is the difference in volume, and the

significant equation will be given as:
W =pxdV

By integration,

W, = _Tp dv
1

W, represents the area under a curve
in a p — V graph. Figure 1.2 shows two
processes A and B joining the same points
1 and 2.

The work , W, depends on the selected
path, and not the endpoints. The work is
the area on p — V diagram beneath the
process line.

1.2.4 Polytropic Processes

(1.5)

(1.6)

» V

FIGURE 1.2 p -V graph of work for two
diverse procedures joining the similar state.

The polytropic process is explained by the following equation:

px V" = C = constant
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n is identified as the polytropic index as presented in Figure 1.3.
p A

n = 0 (isobaric)
2

5 n < 1 (polytropic)

n = 1 (isothermal for ideal gases)

2
n + oo (isochoric) 2 n > 1 (polytropic)

>V

2
Wy = j1 p dv
FIGURE 1.3 p -V diagram for various polytropic processes.

Work is done by a system if the sole effect on the surrounding (i.e., the
things exterior to the system) could be reduced to the rising of a weight.

Sign convention

«  Work done by the system on the surrounding is positive.
«  Work done by the surrounding system is negative.

1.2.5 Other Forms of Work

In addition to pressure forces, there are other types of forces. These forces
also can do the work:

« A wire is elongated by a force of tension t through length dL. The work
done is given as follows:

SW =—-1dL (1.7)
 Surface tension 8. The differential work is given as follows:
SW =-38 dA (1.8)

+  Electrical work in a system having & as potential and electrical charge, g of
an atom, and the distance as x, will be

W =—ge dx (1.9)
In general,

W=-—pdV=1dL=8dA=qedx (1.10)
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The work done by gas expanding in a vacuum is given as:

Because it is a non—steady process.

2
W, # [pdv
1

1.2.6 Work Summary

TABLE 1.1 Work summary for an ideal gas (unit mass)

2

Index p, 0, ¢ Specific
Process N Heat added .!. pdv relations heat, c
Constant n=0 ¢ (T,-T) (v, —v,) EZU_Z c
pressure P P mh L v ’
Constant _ E - 5
volume neEe (L -T) 0 T, P “
’(I_‘Tonstant n=1 P, logev—z p,v; log eU:—Q P10 =Py, 0
emperature U, [
Reversible n=y 0 Pio —Pabs | piv) =pyvy 0
Adiabatic y-1 -1
L_[o
L Uy
) (p_sz
P
Polytropic n=n e, (T, -T) P11~ P | pioy” =pyo,” C (Y _ ”j
— n—1 it | (1=n
:cv(y an(Tz_Tl) L_fu
1-n T o
1 2

-n
= x work done

y—1
(non-flow)
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EXAMPLE 1.1

In a piston-cylinder arrangement the gas is initially at 150 kPa and
occupies a volume of 0. 03 m”. The gas is heated so that the volume
of gas increases to 0.1 m®. Calculate the work done by the gas if the
volume is inversely proportional to the pressure.

Solution:
p, =150 kpa
V. =0.03 m’
V,=0.1m’
Vo l
p
pV=C=pV, =p,V,
_C
p \%
W, Ip dv = CI——C ln——pr Inp,V,
=150x0.03 ln; =5.41k] Ans.
0.03
EXAMPLE 1.2

Compute the work which a pump shall have to do upon water in an
hour to just force the water into a tank (closed) having a pressure of
1.0 MP at the rate of 1.5 m*/min horizontally from an open well.

Solution:
p=1MPa=1x10’kPa
V=15m"/min=1.5x60=90m" / hr
W =pV =1x10"x90
=90x10°k] Ans.
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EXAMPLE 1.3

The flow energy of 0.124 m*/min of a fluid crossing a boundary of a
system is 18 kW. Find the pressure at this point.

Solution:

Flowenergy, FE =18kW =18x10°W

V =0.124 m®/ min :%ms/s

Now FE=pV
_FE _ 18x10°
TV 0.124/60
=8.7x10°N/m*
=87bar Ans.
EXAMPLE 1.4

Determine the size of a spherical balloon filled with hydrogen at 30°C
and atmospheric pressure for lifting 400 kg payload. Atmospheric air
is at a temperature of 27°C and the barometer reading is 75 cm of Hg.

Solution:

Assume of balloon=Vm?

Pressurep, =p gh
=13.6x10° ><9.81><E><10’5 =1bar
100

Gas constant for hydrogen:

R:E:Séi:z;w?]/kgK

Temperature, T =27 + 273 =300K

Apply equation of state:
p, Vi =m, RT,

Mass of hydrogen filling the balloon:

pVi o 1x10°xV
RT, 4157x(273+30)

~0.079392 V kg

1



Mass of atmospheric air displaced,

pVi _1x10°xV
m2: =
RT,  287x300

Payload =m, —m,

EXAMPLE 1.5

=1.6144-0.079392 V
=400 kg
V =369.669 m® Ans.

=1.16144 V kg

INTRODUCTION © 9

Three kg of air kept at 100 kPa and 300 K is compressed polytropi-
cally to 1500 kPa and 500 K.

Calculate:
(#) index,

(#) final volume,
(#11) work done, and
(iv) heat exchanged.

Solution: (i) Index

But

p, =100 kPa =100 x 10> N/m*

T, =300K

p, =1500 kPa =1500x 10> N/m*
T, =500K

pV' =p,Vy
nVi _ Py Vs
T, T,
n—1
T, _(Pz :
1 Pi
o I 1n 2%
! 15’:5%% 0.1886
P 2
D, 100

~n=123 Ans.
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(%) Final volume
pV, =mR,
Take R =287 ]/kg K for air
mRT,  3x287x300
p, 100x10°
p,V, = mRT,
y, < IRT, _ 3% 287500
Ps 1500 x 10

V, = =2583m°

=0.287m" Ans.

(#i1) Work done
W. = p.Vi —p.V, _ mR(T, -T,)
2 n—1 n—1
B 3% 287(300 - 500)
- 1.23-1

= 748696 | = —748.7 k]
Work is done in the air during compression.

(iv) Heat exchanged

Y—n
Ql—Z = Wi,
y—-1
_ 1.4-1.23 (—748.7)
14-1
=-318.2 k] Ans.

Heat is rejected by the system.

EXAMPLE 1.6

Calculate the work done in a piston-cylinder arrangement during an
expansion process, where the pressure is given by the equation:

p=(V*+6V) bar
The volume changes from 1 m’to 4 m* during expansion.

Solution:
V,=1m’

V,=4m’
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W, ., = ip dV
1

v
- j(v2 +6V)x10° dV
V,

2 6V2 4
—+
3 2

(4 -1)
3

=10°

1

=10 +15><3}=66><105]

6.6 M] Ans.

EXAMPLE 1.7

The cylinder of a compressor contains 1 kg of NH,. The initial pres-
sure of NH, is 2 MPa, and the temperature is 180°C. Cooling the gas
to 40°C, then to 20°C, at this state the NH; quality is 50%. Determine
the overall work for the process, which is a direct function of the dif-
ference of V against p.

Solution:
Stage 1: (P, T) from data in Table B.2.2
The value of v, =0.1057100 m*/kg
Stage 2: (x, T) from data in table B.2.1 saturated vapor.
v, =0.0831300 m*/ kg
p, =1555.00 kPa

Stage 3: (x, T) p; =857.00 kPa

o = (0.1492200 + 0.00163800) —0.0754300 m®/ kg

° 2
The area under the curve of the graph p — V gives total work:

W =j-pdemx (P2+R) ><(—1)1Jrv2)+m(PSJrPZ)(—uervS)
1 3 ) 2

1

W.

w

2
~(2000.000 +1555.000)
B 2

1(0.0831300 —0.105712(» +(1555.00 +857.00) | (0.0754300—0.0831300)

— —49.400 k]
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PA

2000
1555

857

FIGURE 1.4

1.2.7 Heat

Heat is a form of energy, which is transferred across the boundary of a system
at a definite temperature to another system at a different temperature due to
the difference in temperature between the two.

There are three modes of transfer of heat:

1. Conduction is also called heat spread due to some factors. Bacon is
cooked by conduction. This is explained by Fourier’s law.

For one dimensional heat conduction:

AT
=—k— 1.11
9=k (1.11)
Q=4qA
Qz—kAd—Tz—kAM(]/S or W) (1.12)
dx dx

2. Convection: The conduction is enhanced by the flow of fluid as seen in
Figure 1.5 Convective effects are explained by Newton’s law of cooling:

" Hot Body

FIGURE 1.5 Convective heat transfer from the hot body.
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q = h<11]w£ - ’Tcolll> (113>

Q = qA = hA(T‘hot - T

cold

)(VV/mZ/K) (1.14)
where h is a constant.

3. Thermal radiation: The sun heats the earth by radiation. This is due
to the remote effects of energy diffusion. The rate of heat transfer by
radiation is given by:

g=o(T.-T.,) (1.15)
and Q=qA=cA(T' -T" ) (1.16)
where 6=0.0567x107" (W.K4 /m’ )
o is called Stefan—Boltzmann constant.
The sign convection of heat transfer is as follows:

¢ Heat entering into the system is +ve.
» Heat leaving from the system is —ve.

EXAMPLE 1.8

A piston/cylinder engine contains water vapor of quality 0.7. The
pressure is 200.00 kPa at an initial volume of 0.1 m°. The temperature
of the system is raised to 200.00°C. Estimate the heat and the work
transfer by the system.

Solution: Control volume contains the water vapor of 0.7 dryness fraction.
Equation of continuity: m =m, =m,;
Equation of energy 5.11: (1W2 —10s ) =-m(u, —u,)
When p is constant |, W, = IP xdV =—Pxm(v, —v,)

Stage 1: Refer to steam Table B.1.2

Saturation temperature at

200.00kPa =120.2300°C =T;,v,, =0.88467 and v, =0.001061
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1.3

xx v, +0, =(0.7x0.88467) +0.001061
=0.6203300m" /kg = v,
hy=xxhg +h,
=(0.7x2201.96) + 504.68 = 2046.052 k] / kg
From the first conditions, the mass, m, is given by:

1 1
m = =
v, /V, 0.6203300/0.1

= 0.161204kg

From the steam table, we get

v =1.0803400 m* / kg at p, =200.00 kPa

T, =200.00°C
h, =2870.4600 k]/kg (Steam table)
V, =v, xm

=1.0803400x0.161204 m® / kg=0.17415 m’
From the equation of energy, the work is:
W, +U, U, =(u, +pv, —u, —pv,)m
=,Q, —m(h, —hy)
The value of heat is given by:
1 Q, =—0.161204 kg x (2046.05 —2870.460) =132.9 k] Amns.

THERMODYNAMIC SYSTEMS

A system in thermodynamics is a quantity  soundary Surrounding

of matter for the study and analysis of a @

problem. The system needs more surveys.

Systems can be a simple cylinder contain-  exchange o e
ing gas or as complicated as a nuclear power
plant. The whole region outside the system
is called the surrounding. Systems are separated from the surroundings by
real or imaginary limits known as boundaries as shown in Figure 1.6.

The boundary may be fixed or movable and real or imaginary.
The boundary may be in motion or at rest.

FIGURE 1.6 Thermodynamic system.

« Heat could be exchanged between the system and the surrounding.
»  Work could be exchanged between the system and the surrounding.
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Thermodynamic systems could be classified according to constant mass or
a constant volume of the system.

1.3.1 Closed System

It is a control mass system that contains

E—>]
a fixed amount of matter. No mass can

Constant=m ——— Boundary
E +—

leave or enter a closed system border as
o
seen in Figure 1.7.

Mass cannot cross the borders of
a closed Systeln_ The energy can be FIGURE 1.7 Closed system (control mass).
exchanged at the boundary.

Energy can be either heat or work. The volume of a closed system can
change and may not be constant. As a special case, an isolated system is
defined as a system that is not affected by its surroundings and there is no
mass or energy exchange.

1.3.2 Open System

In an open system, both energy (heat and
work) and mass can cross the boundary,
for example, nozzle, turbine, or compres-
sor. These equipments are studied as the
control volume system, where energy
and mass can pass its border (Figure 1.8)
but volume remains constant or fixed.

Figure 1.9 shows energy interaction and one or many of the system prop-
erties may change. The system might reach a new equilibrium state.

Heat transfer

Mass may

Mass in
change

—» Mass out

Work transfer

FIGURE 1.8 Open system.

Air

System boundar
Piston [—8—— = A AN === =
—E———— -
— Fuel :

= Work

> | cyling '
Energy L_System g yinder : (Drive shaft)
|
|

‘J: Gas)y 1 oo -
_______ l Heat

Exhaust Gas  (Hot engine block)

£

28

@

3
AN

(a) Energy of a closed system (b) Energy of an open system

FIGURE 1.9 System energy.

A large number of engineering devices are open systems where the flow of
matter takes place into the system and out of the system. These are designed
as control volume systems. For example, a car radiator, a turbine, a compres-
sor, and a water heater.
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(i) Control Volume system: It has constant volume with mass passing
through its border.

(ii) Control Surface: The border of the control volume system is called
Control Surface.

1.3.3 Isolated System

Isolated

Figure 1.10 shows an isolated system. In this system, System
there is no exchange or transfer of mass and energy
between the system and the surrounding.

1.3.4 Adiabatic System FIGURE 1.10 Isolated system.

It is a system that is thermally insulated at its boundary. It has a fixed thermal
reservoir. If there is no work exchange, it can be an insulated system.

1.3.5 Similar System (Homogeneous System)

A phase can be defined as a matter with a similar physical structure and chem-
ical composition. The system with single-phase matter is defined as a similar
or homogeneous system. For example, a mixture of nitric acid with water,
heptane with octane, and vapor of water with air.

1.3.6 Dissimilar System (Heterogeneous System)

A system that contains matter in two or more phases is called a heterogeneous
system. Example: mixture of steam with water or water with ice.

1.4 MACRO AND MICRO APPROACH TO STUDY THE
SYSTEM MATTER

A thermodynamic system may be a rod of steel or a vessel containing gas at
some pressure. Most of the systems in engineering are gas containers. As per
Avogadro’s Hypothesis, an equal volume of all gases under identical condi-
tions of temperature and pressure contain same number of molecules. The
number of molecules may be 10% moving randomly in all directions causing a
collision of the order of 10 per unit time. They are separated from each other
by a distance of the order of main-free path. The matter is neither continuous
nor homogeneous from a microscopic point of view.

The thermodynamic properties are found out by statistically averaging the
behavior of individual molecules. The results obtained are very accurate. For
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research and study of the law of thermodynamics deeply, statistical thermo-
dynamics is used.

The microscopic approach is rather complex, cumbersome and time-
consuming. However, engineering systems working at high pressure contain
the large number of molecules in comparison to small volumes. The linear
dimensions of the system are quite large as compared with inter-molecular
distance, which can be neglected. It is assumed that the system contains the
continuous distribution of matter with no voids or cavities. The system is
regarded as a continuum. The macroscopic approach is based on the con-
tinuum hypothesis. All intensive properties such as pressure, temperature
and density are regarded as definite values. The results shown are sufficiently
accurate. The study is simple and quick.

The variance between microscopic and macroscopic approaches is given
in Table 1.2.

TABLE 1.2
Macroscopic approach Microscopic approach
A certain amount of material is The system is made of a large number
measured without taking into of separate particles called molecules.
consideration the behavior of the These molecules have different
individual molecule. This approach velocities and energies. The values of
is concerned with gross or overall these energies are constantly changing
behavior of system material. with time.
This is recognized as conventional The approach is related to statistical
thermodynamic or classical thermodynamics.
thermodynamics.

SYSTEM STABILITY

In mechanics, a body is stable if it is in equilibrium. The principle of equi-
librium states, “A stationary body subjected to a system of forces will be in
equilibrium if the resultant of the forces and resultant moment are zero.”

The properties of the system are measured and processes are studied
when the systems are stable or in thermodynamic equilibrium. A system hav-
ing the same values of properties (pressure, temperature, velocity, elevation,
composition, etc.) throughout is in thermodynamic equilibrium. The system
should be simultaneously in the state of mechanical, thermal, electrical, and
chemical equilibrium.
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1. Thermal equilibrium denotes uniformity of temperature or absence of
temperature gradient or heat flow.

2. Mechanical equilibrium denotes uniformity of pressure or absence of
unbalanced forces.

3. Electrical equilibrium denotes the absence of electrical potential and
the absence of current flow.

4. Chemical equilibrium denotes the absence of phase change or chemi-
cal reaction and there is no mass diffusion.

1.6 PROPERTY RELATIONS

The functional relationship among the thermodynamic properties such as
pressure, volume and temperature is known as the equation of state or char-
acteristic gas equation.

The equation can be developed by combining Boyle’s Law and Charles’s
Law for a perfect gas:

pv=RT

pV =mRT

pv=MRT (L.17)
pV =n(MR)T

The above equations are called characteristic gas equations:
where P =pressure of gas(N/mz)
V = volumeof gas(mg)
v = specific volume

=Z(m3 /kg)

m
v =molar volume (m* /mol)
T =absolute temperature of gas (K)
R = characteristic gas constant (N-m/kg-K)
M =Molar mass of gas

n =number of moles of the gas
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1.6.1 Universal Gas Constant

The universal gas constant or molar constant (R) of a gas is the product of the
characteristic gas constant (R) and the molecular mass (M) of the gas.

R=MR
The value of (R) is the same for all gases and can be derived from Avoga-
dro’s law where:
p =760 mm Hg (1.013x10°N/m?)
T=273.15K
v=22.4m°/kg
1.013x10° x22.4

273.15
= 8.3143 (k]/kg mol K).

E:

EXAMPLE 1.9

A tank of 0.35 m’ capacity contains H,S gas at 300 K. When 2.5 kg of
gas is withdrawn, the temperature and pressure in the tank become
288 K and 10.5 bar, respectively. Calculate the mass of the gas initially
present in the tank. Also, determine the initial pressure of the gas.

Solution:
V, =V, =0.35m’ (constant)
T, =300 K
T, =288 K
p, =10.5 bar =10.5x10° N/m*

The molecular mass of H,S gas is given as:

M=2+32=34
BB s AeK
M 4
Applying equation of state for final condition
poVs =m,RT,

.y 2 PY2 _105x10°x0.35
© R TRT, 244.53x288
~om; =52+25=T75kg Ans.

=5.2kg
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Applying equation of state for the initial condition

p Vi =mRTy
_mRT, 7.7x244.53x300

P =16.14 bar Ans.
v, 0.35

REVIEW QUESTIONS

A

Define thermodynamics. Discuss its scope. List the laws of thermody-
namics.

Differentiate between work and heat transfer.

Explain in detail about displacement work. What are other forms of work?
What is a thermodynamic system? List various types of systems.
Differentiate between:

a. Open and closed systems.

b. Insulated and adiabatic systems.

c. Similar and dissimilar systems.

Explain the following:

a. Continuum

b. Phase

c. Elastic work

d. Polytropic index

Compare macro and micro approaches to the study of system matter.
Write notes on:

a. Thermodynamic equilibrium

b. Universal gas constant

Establish a relationship for an ideal gas. What is the significance of the
equation of state?
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NUMERICAL EXERCISES

1.

Estimate the heat required to raise the temperature of fluid from 300 K
to 400 K if specific heat is given by

C=(0.2+0.002T) kJ/kg.K

The mass of fluid is 2 kg. What will be the mean specific heat?

(180 kJ, 0.9 kJ/kg K)
One mole of an ideal gas at 0.1 MPa and 300 K is heated at constant pres-
sure till the volume is doubled and then it is allowed to expand at constant

temperature until the volume is doubled again. Calculate the work done
by the gas. (6.15 M))

Calculate the change of enthalpy as 1 kg of oxygen is heated from 500 K to
2,000 K. The value of specific heat constant pressure is given as

C,=11515- 2 -0 ok (232,559.55 kj/kg)
T

JT
An engine cylinder has a piston area of 0.12 m”and contains gas at a pres-
sure of 1.5 MPa. The gas expands according to a process, which is repre-
sented by a straight line on a pressure-volume diagram. The final pressure
is 0.15 MPa. Calculate the work done by the gas on the piston if the stroke
is 0.3 m. 23.4 k])

10 kg mol of a gas occupies a volume of 603.1 m® at a temperature of
140°C while its density is 0.464 kg/mg. Find its molecular weight and gas
constant and its pressure. (28,296.9 J/kg.K)






CHAPTER

LAwsS OoF THERMODYNAMICS

2.1

INTRODUCTION

2.2

The laws of thermodynamics define the conversion of energy from one form
to another. The first law of thermodynamics deals with the conservation of
energy. It discusses the irreversible and reversible, steady and unsteady pro-
cesses. It expresses the equations of energy for various types of engineering
devices. The applications of second law are also discussed.

ZEROTH LAW

2.3

If there are three systems in thermal equilibrium and two of them have the
same temperature, these two systems will have same temperature as that of
the third one.

The idea of thermal equilibrium or temperature has been given by the
zeroth law of thermodynamics.

The basis for temperature measurement is also given by the same law.

If the temperatures of two bodies 1 and 2 are compared with the help of a
third body 3, the temperatures of bodies 1 and 2 are same even in the absence
of thermal contact between them. Thermometer refers to body 3.

FIRST LAW OF THERMODYNAMICS

2.3.1

Definition

Energy can only be transformed, or changed from one form to another. It can-
not be generated or crushed. Therefore, energy can neither be created nor
destroyed. Total energy is conserved.



24 ° ENGINEERING THERMODYNAMICS

Total energy (E) = Work (W) + Heat (Q)

First law of thermodynamics gives the foundation for relations among the
different types of energies and interactions of energies.

2.3.2 Energy Conservation

The total energy of the system is denoted by E. The unit of energy is J. It con-
tains the following types of energy forms:

e thermal,

o kinetic,

e electrical,

e chemical,

» potential, and

e magnetic energies.

2.3.3 Energy Balance

The difference between the total energy entering the system and the total
energy leaving the system is equal to the change in total energy of the system.

Total energy entering the system —Total energy leaving the system

= Change in the total energy of the system

Or,

Ein _E :AE

out 5‘\1/8'1’(31)1

This relationship is called the equation of energy balance and is applicable
to all types of systems undergoing any process.

Change of energy of a system due to a process can also be calculated by
differences between energy at the initial and at the final states.

Change of energy = E final state = E initial state.
Or,

AE = Eﬁ'nal —-E

system

=E,-F,

initial

If the state of system does not change by the process, change of energy of
the system will be zero.

Different kinds of energies are prevailing some of which are internal
(chemical, latent, nuclear, and sensible), magnetic, electric, potential, and
kinetic. If surface tension, magnetic, and electric effects are absent, the
total energy of a system will be the sum of its potential, kinetic, and internal
energies.
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E = U + KE + PE

-~ [ —— ——
Total energy ~ Internal energy  Kinetic energy  Potential energy

AE =AU + AKE + APE
where AU =m(u, —u,)
1 5 o
AKEZEm(V; -V)
APE =mg(z, —z,)

Figure 2.1 represents the first law of thermodynamics.

=

—_———— e —— o

\
wn
<
@
[0
3

FIGURE 2.1 First law of thermodynamics

E,-E =U,-U, +%m(VZ2 - V2 )+mg(z, —7)

o

1 .
E,—E =U2—U1+§m(v2 —V2)+mglz, —z)=,Q, - W,

For unit mass,
Lo 2
€ —6 =U ~ U +§(V2 -V )+g<zz =)= Gy — Wy
. . P U
« The internal energy per unit mass, or specific internal energy = — (kJ/kg).
m

«  The transfer of heat per unit mass, G, = ,Q,/m (kJ/kg).
«  The work per unit mass, ,w, =,W,/m (k]/kg).
Most system has zero elevation or velocity. Therefore, changes in potential
and kinetic energies are O (i.e., APE = AKE =0)
. AE=AU
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EXAMPLE 2.1

A system of mass m has d(PE)=0,3Q =0, and dU =0. This is a system
with fixed internal energy, held at stationary height, and there are
no heat interchanges with its surroundings. The first law gives equi-
librium between variations in work and kinetic energy. The system is
being speeded by a straight force F through a distance x. There is no
force of friction. The system can be shown by Figure 2.2.

Solution: The first law of thermodynam-

ics is given by: F— | m - x
—dW =d(KE)
Newtonian mechanics is expressed as FIGURE 2.2 System speed by a force
follows:
—F dx=80W

Work is done by the system on the surrounding, hence the sign of work is negative.
F dx=d(KE)

d,x
Newton’s second law of thermodynamics shows that m( 2 ): F

72
Asv=@, som @ =F,
dt dt

m(@)dx =d(KE)

dt
v = velocity
Divide both sides by dt,
dvdx d(KE)
m——=
dt dt dt
dv  d(KE)
m—uv=
dt dt
dv
= om—
dt

I
3
S|~
—
g N|cm
N——oro
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Assume that v, = 0 and the kinetic energy is zero at this position,
1 .
KE==m(0v*)
2

EXAMPLE 2.2

Cold water is heated from 15°C to 75°C by steam at 300°C and 500 kPa
for home hot water supply. If there is a condition that the steam must
not condense, what is the quantity of steam required per kg of liquid
water?

Solution:
There is transfer of heat from steam into liquid water. No work is done.
Energy equation for water is given by:
Q+ him,,.q = hemhq = my, (h,—h,)=0Q
Properties of the liquid water can be taken from steam tables.
Ahy,, = —(h, —h,)=—(62.9800 —313.9100) = 250.9300 k] / kg
(=C, AT =4.1800 (75.00-15.00) =250.800 k] / kg )

Energy of steam line has identical transfer of heat but it comes out of the
steam

Energy equation for steam: m

h h,+Q=-m,, (h,—h)=0Q

steam 'V = Mggoqm e

For properties of the steam, see steam table at a pressure of 500 kPa

Ah,,, =—(h, —h,)=—(2748.6700 — 3064.200) = 315.5300 k] /kg
. mli‘l — Ahstemn

steam lig

_250.93315.53

=0.795 kg of steam per kg of water Ans
315.5300

2.3.4 Mechanisms of Energy Transfer, E, and E,,

Transfer of energy from or to a system can take place in three forms: mass
flow, heat, and work. Work and heat transfer represents only two forms of
energy transfer in a closed system of constant mass.

1. Transfer of Heat: Heat transfer to a system (heat earn) raises the molec-
ular energy and hence the internal energy of the system, and heat transfer
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from a system (heat loss) decreases the energy of the molecules of the
system and hence the internal energy of the system.

2. Transfer of Work: When work is supplied to a system, it raises the sys-
tem’s energy (i.e., work transfer from a system). The internal energy of the
system changes accordingly.

3. Flow of Mass: Mass flow represents an extra mechanism of transfer of
energy. Because mass carries energy with it, thus when mass goes into
a system, the energy confined within the system drops because the exit
mass carries out some of the energy with it.

2.4 FIRST LAW OF THERMODYNAMICS FOR
A CLOSED SYSTEM

For adiabatic closed systems, transfer of heat is zero. The transfer of work is
zero for systems with no interaction of work. The energy transfer with mass is
zero for systems that have no flow of mass through their boundary (i.e., close
systems). A simple closed system is shown in Figure 2.3, where all the three

possibilities are specified.
priston
Wpropeller
[ q |

FIGURE 2.3 Closed system with energy E replacing heat Q and work W with its surrounding

E

Let U, be the internal energy of a closed system in equilibrium at state 1.
If a quantity of heat ,Q, is transported through its boundary and an amount of
work W, is applied by the system and the system again is in equilibrium state 2,
then, U,-U, =,0,— W,

If u is the specific internal energy of the system and m is the mass of the
system then,

m(]q2_lw2)=m(u2_ul)

Or Uy = Uy = 1y =Wy

where w, and ,q, are work and heat transfer per unit mass of the system.
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2.5 FIRST LAW OF THERMODYNAMICS FOR
AN OPEN SYSTEM

(i) Flow Work

In an open system, fluid enters and leaves the system. The flow work of the
fluid is needed to push to the system against the pressure of the system.
To eject the fluid from the system, flow work is the product of specific volume,
v and pressure, p.

Flow work = pv

(ii) Enthalpy
In the study of open systems, it is convenient to add the flow work “pv” with
internal energy “u” to raise the system energy. The specific enthalpy & of the
system can be defined as the total of flow work and internal energy. Therefore,
specific enthalpy h is given as:

h=pv+u

The mass crosses the boundary of an open system in addition to interac-
tion of work and heat with the surroundings. The flow of fluid carries kinetic
and potential energies.

In Figure. 2.4, V,and V, are the outlet and inlet velocities, m, and m, are
the rates of mass flow at outlet and inlet, h, and h, are the enthalpies at outlet
and inlet and z, and z, are the outlet and inlet elevations with reference to a
datum; w and q are the rates of work and heat transfer to the system. Total
energy of the system is E.

my
hy —=
Vi, Q m,
2, z hy
—, 2
Z

W
FIGURE 2.4 First law of thermodynamics of the open system

Energy can be transported in different mode such as mass, heat, and
work. The net transfer of energy is the difference between the quantities
transported at inlet and outlet. The energy equation becomes as follows:

(W)ut - Wn ) - (Qout - Qin ) = Ein - Er)ut
where the subscripts “out” and “in” indicate amounts at exit and inlet of
the system, respectively.
The first law of thermodynamics for a control volume can be defined as
follows:
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dE,, = Q. ~- W

cv cv

— —— —
rate of cv energy change  CV heat transfer rate ~ CV shaft work rate

+2mi (hi +%Vf + gz, )—ch (he +%Ve2 +gz6)

total enthalpy rate in total enthalpy rate out

2.1

Total enthalpy is explained as:

h

o :h+%V2 +g~:u+%v2 +gz+pu
The total enthalpy is the sum of kinetic, potential, internal, and flow work.
From Eq. (2.1),

dE

dtm - QCL’ - Wct‘ + zﬂli hmz ’i - 2 me hmt €

or,

dcftc“ :ch _Wcu +mi (ht +%‘]t2 +gzi )_ 7n(e(he +é‘/cz +gze )

where i is at inlet and e at exit of the system, cv is control volume.

For steady state, dE, =0
dt
o 0= W (B SV V) )
or, O:q—w+hi—he+é(Viz—Vf)+g(Zi—z8)
1 9 1 9
or, q+hi+§Vi +gzi=w+he+§Ve +gz,

Rearranging the above equation, first law of thermodynamics becomes as
follows:

1

h, +%V(2 +gz, =h, +%V,2 +gz,+ gq-w

—_—
CV heat and work

outlet inlet

For a steady-state open system

For steady-state steady-flow process, mass is constant, and the time rate of
change of all quantities becomes equal to 0. The total energy of the system
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and the mass do not change with time, term dE/dt is 0 and for constant mass,
m=m,=m,, the energy equation will be as follows:

(hz +%Vf + gz, )—(hl +%Vl2 + gz, ): qg-w 2.2

where w and ¢ are work and heat rate.
Eq. (2.2) is the equation for first law of thermodynamics.

SECOND LAW OF THERMODYNAMICS

2.6.1

First law of thermodynamics does not indicate the degree of transformation
of cyclic heat into cyclic work. It indicates the possibilities of operations that
can happen in nature, which preserve total energy. Clearly it is not the entire
story concerning energy. As per first law, there will be no deficiency of energy
as energy can be recycled.

First law of thermodynamics creates equality between the amount of the
mechanical work and heat applied but does not identify the state conditions,
under which transformation of heat into work is probable and not the direc-
tion in which transfer of heat can happen. The deficiency has been overcome
by the second law of thermodynamics. The second law limits the machines
from transforming whole of heat into work.

Entropy S can be defined as a thermodynamic property, which deter-
mines the amount of energy destruction.

Heat Engine

In a cyclic process, the initial state of a system is equal to the final state. The
total change of the internal energy U will be zero.

AU =0 P

. AW =-AQ
A process is reversible if the heat supplied is equal %

to the work produced by the system through a cycle.

The work is negative if it is supplied to the system. oV

—AW = IP dV =area enclosed FIGURE 2.5 Work

A cyclic process can be regarded as a heat engine. Consider a heat engine
operating between T'>T,.

If Q is the heat supplied to the engine from a heat reservoir at tempera-
ture T, Q,, is converted into work W, Q, represents the part of heat that is
delivered to a second reservoir at T,<T, (condenser).
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According to the first law of thermodynamics:

|Ql| - |Q2| = |W|
A heat engine is shown in Figures. 2.6 and 2.7. There are different types
of heat engines. They undergo the following processes.

1. Heat engines take heat from a high tem-  heat reservoir at T,
perature heat source (nuclear reactor, oil l Q; =AQ,
furnace, boiler, etc.)
2. Part of this heat is converted into work , | T
Engine [ | =) W = AW
3. The remaining heat is thrown into a : ST
low-temperature reservoir (condenser, | l
atmosphere, lake, river) T, Q=740
4. Engine works in a cycle. FIGURE 2.6 Heat engine

Energ

v Turbine

" Heat

|: engine

source (furnace)

Pump

Condenser

Qout

Energy sink (river, lake)

FIGURE 2.7 Heat engine of steam power plant

The ratio of work produced to heat supplied is called efficiency.
Efficiency = advantage/outlay (cost)

w
_ net.out _ _
nﬂl - dl’ld “](m:t,uut) - Qiu Qout

in

Q(mt

nth =1- Qm
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The engines have low thermal efficiencies. For example, engines of steam
power plants have a thermal efficiency nearly 40%, sparkle-ignition motor car
engine has about 20%, and diesel engines have roughly 30%.

The heat Q,_, in power cycle cannot be saved. Without cooling in the
condenser, the power cycle cannot be completed. All heat engines (even an
ideal cycle) must reject some energy to basin at lower temperature so as to
complete the cycle.

2.6.2 Heat Pumps and Refrigerators

Heat passes from areas of high temperature to ones of low temperature.
The reverse cannot happen passively. Because such transfers need special
machines called refrigerators.

Refrigerators are cyclical engines, and the fluids used in the cycles are
called refrigerants. Heat pumps are engines that work to transfer heat from a
medium at low temperature to a region at higher temperature.

Heat pumps and refrigerators are shown in Figure 2.8. These are basically
similar machines but with different purpose only. Refrigerator maintains a
region at a low temperature, whereas a heat pump takes heat from a region at
low temperature and supplies it to a warmer region.

WARM
environment

WARM
house

desired
output

W,

desired
L output
COLD COLD
refrigerated environment
space
Refrigerator Heat Pump

FIGURE 2.8 Heat pump and the refrigerator

2.6.3 Coefficient of Performance (COP)

The coefficient of performance (COP) can be defined as the performance of
heat pumps and refrigerators that is expressed by the following formula:
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coP,, = Benefit _qu
Cost w,

COP, = Benefit _q
Cost w

c

COP,, =COP, +1

It can be realized that air conditioners are refrigerators, which cool the
regions such as a building or a room.

The quantity of heat removed from the cooled region in BTU’s units for
one Watt-hour is called the Energy Efficacy Rating (EER).

3.41200 COP, = EER

In general, air conditioners have an EER in the range from 8.00 to 12.00
(Coefficient of Performance 2.300 to 3.500).

2.6.4 Second Law of Thermodynamics: Clarification of Clausius Statement

It is not possible for a machine that works in a cycle to transfer heat from a
body at lower temperature to a body at higher temperature without the aid of
external work. In other words, a refrigerator can work only when its compres-
sor is supplied with external power. Clausius and Kelvin-Planck statements
of the second law of thermodynamics are contrary to each other. The two
explanations of the second law are similar as presented in Figure 2.9. In other
words any machine that contradicts the statement must conduct as that of
Kelvin-Planck and Clausius and vice-versa.

Heat engine
nr=100%

Equivalent

FIGURE 2.9 Clausius statement and Kelvin-Planck statement



Laws OF THERMODYNAMICS ® 35

Any machine that contradicts the second law of thermodynamics is called a
perpetual motion machine of the second type (PMM2) and the machine
that contradicts the first law of thermodynamics (by generating energy) is
called a perpetual motion of the first type (PMM1).

EXAMPLE 2.3

A heat engine is supplied with 2512 kJ/min of heat at 650°C. Heat
rejection takes place at 100°C. Specify the following results of heat
rejection.

(i) 867 kJ/min

(i) 1015 kJ/min

(iii) 1494 kJ/min

Solution: The schematic diagram of the engine is
shown in Figure 2.10

T, =650°C+273 =923K
T, =100°C+273=373K
Q, =2512 kJ/min
(i) Q, = 867 kJ/min
Applying Clausius inequality
Q, Q. 2512 867

=222 20 _0.34770 > 0
T, T, 923 373

FIGURE 2.10 Heat engine

The cycle is not possible.
(i) Q, = 1015 kJ/min

2512 1015 _

923 373
The cycle is reversible
(iii) Q, = 1494 kJ/min
@_%:—1'284 <0
923 373

The cycle is irreversible and possible.

REVIEW QUESTIONS

1.  What is zeroth law of thermodynamics? How does the concept of thermal
equilibrium lead to invention of thermometer?
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2. State the First Law of Thermodynamics. Derive energy equation in dif-
ferent forms.

3. Define:
(i) Total energy
(ii) Flow energy
(iii) Enthalpy
4. Define the conditions for application of First Law of Thermodynamics to
a closed system.

Derive energy equation for steady-state steady-flow open system.
6. Why is the Second Law of thermodynamics needed?

Define engine efficiency and coefficient of performance (COP) of a heat
pump and a refrigerator. Prove that COP of a heat pump is more than that
of a refrigerator.

8. Explain Perpetual Motion Machines of First Type and Second Type.

NUMERICAL EXERCISES

1. A reversible heat engine operates between reservoirs at 420 and 280 K.
If the engine output is 2.5 k], determine the efficiency of the engine and
its heat interactions with the two reservoirs. Subsequently, the engine
is reversed and made to operate as heat pump between the same res-
ervoirs. Calculate the coefficient of the heat pump and power input
required when the heat transfer rate from the 280-K reservoir is 4 kW.

(5 kJ, 2.5 kW)

2. Obtain the coefficient of performance of the composite refrigerator sys-
tem in which two reversible refrigerator B only.

RR,
R,, =
(1+R,)(1+R,)-RR,

3. A Carnot engine E, operates between temperatures T, and T, and engine
E, operates between temperatures T, and T, receiving heat rejected from
engine E,. What is the relationship of n, with n; of engine E; working
between T, and T My =N, +M,—NM,)
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4. A cold storage of 100 tonnes of refrigeration capacity runs at 1/4th of
its Carnot coefficient of performance. Inside temperature is —15°C and
atmospheric temperature is 35°C. Determine the power required to run
the plant. Take one metric ton of refrigeration as 3.52 kW.  (281.6 kW)

5. The steam supply to an engine comprises two streams, which mix before
entering the engine. One stream is supplied at the rate of 0.01 kg/s with
the enthalpy and a velocity of 20 m/s. The other stream is supplied at the
rate of 0.1 kg/s with an enthalpy of 2665 kJ/kg and a velocity of 120 m/s.
At the exit from the engine, the fluid leaves as two streams, one of water at
the rate of 0.001 kg/s with an enthalpy 421 kJ/kg and the other of stream.
The fluid velocities at the exit are negligible. The engine develops a shaft
power of 25 kW. The heat transfer is negligible. Estimate the enthalpy of
second exit steam. (2489 k)/kg)






CHAPTER

SeEconD LAw OF THERMODYNAMICS
AND ENTROPY

3.1 INTRODUCTION

Entropy might give an indication about the second law of thermodynamics.
The concept of entropy is as fundamental to physics as energy or temperature.
However, it is a distinct concept related to the amount of disorder of a system.
As the disorder of the system increases, the entropy increases. The system’s
molecular motion increases with the increase in thesystem’s internal energy.
Heat addition increases the system disorder by increasing the molecular
motion randomness. In general, heat addition increases the system disorder.
However, heat addition effect on the cold (low temperature) and hot (high
temperature) systems is not the same. In other words, for the same amount
of the added heat, disorder level in the cold systems is much higher than that
of the hot systems. The entropy change for a reversible system, which can be
defined as the system in which the variation in the entropy takes place due
to the variation in the system’s internal energy, can be calculated as shown in

Equation 3.1.
Change in the heat of system

Change in entropy = Temperature

Or, AS = A9
T

where AS, AQ, and T represents the entropy change (joule/Kelvin or calo-
ries/Kelvin), heat change of the system (Joules or calories), and temperature

(Kelvin), respectively.



40 ° ENGINEERING THERMODYNAMICS

3.2

Second law of thermodynamics may be simplified as follows:

1. The entropy of the system will naturally increase or there will be no
change in the system’s entropy if the system is already maintained at the
maximum level of entropy.

2. If the system is left to itself, it naturally tends to be in equilibrium within
the surroundings.

3. When the system and the surroundings are maintained in equilibrium,
there is no changes in the entropy of a system.

For a real process, energy quantity is preserved;
however, it changes from one form to another and
its quality is certain to decrease. Disorganization is
the main result of the process due to the changes in
the energy levels and in the forms. Therefore, disor-
ganized energy measurement and the entropy terms
are not disconnected. In other words, the terms
entropy, energy, and exergy are inter-dependent,

FIGURE 3.1 Interaction
and one affects the other in some way as shown in  between the energy, the exergy,

and the entropy.

Figure 3.1.
Figure 3.1 describes the relationship between these three terms so that
the unknown can be easily obtained if the other two are known. This can be
expressed as follows:
(Entropy balance) = (Energy balance) — (Exergy balance) (3.2)

REVERSIBLE AND IRREVERSIBLE PROCESSES

According to the second law of thermodynamics, a heat engine cannot achieve
100% efficiency. Then, what is the maximum efficiency that can be achieved
by a heat engine? It depends on the following two types of processes: revers-
ible process (an ideal process) and irreversible process. The reversible pro-
cess can be defined as the process in which the system and the surrounding
(both of them) can return to their original state (return of process is possible).
Whereas, the irreversible process is defined as the process in which the sys-
tem and the surrounding (both of them) cannot return to their original state
(return process is impossible). Restoring both the system and the surround-
ing together is the necessary condition for the reversible process. In other
words, if any one of them failed to restore back to their original state while the
other did, it is said to be an irreversible process. The reversible process is only
an assumption for ideal processes, which is difficult to achieve. With certain
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assumptions, the systems can be approximated to get reasonable results.
Quasi-static process is used for two reasons: (a) it is easier for the analysis
as long as the system involves several equilibrium states, and (b) it works as
the boundaries (limits) for comparison with the actual process. No reversible
process is possible to happen in the nature. All the processes happening in the
nature are irreversible processes.

The reversible process cannot be accomplished, but the processes are
designed to get closer. The closer the process, the more output work deliv-
ered or the minimum heat input consumed by the system.

The concept of reversible process and the definition of efficiency of the
second law of thermodynamics are not independent for the actual process.
System efficiency allows to compare between different machines (designed
to do the same task) based on the comparison between their efficiencies. The
machines should be designed for the lowest level of irreversibility.

Irreversibility

Irreversibility can be defined as the factors that shift any process from revers-
ible to irreversible process. Some of the good examples of these are heat
transfer, frictional force, chemical reactions, electric resistance, and an inelas-
tic deformation of solids. Any one of these factors in a process can lead to
irreversibility.

3.2.2 Friction

Friction can be defined as the resistance to the motion for two or more bodies
in motion. It is a very familiar form of irreversibility. The frictional force can
be developed between any two surfaces in contact, such as the force between
the surfaces of a piston moving inside a cylinder. This force consumes some
amount of system’s energy and therefore, specific amount of the work is
required to substitute the reduction in the system’s energy. In the piston—
cylinder example, the frictional energy can be recognized by the heat devel-
oped between the two surfaces in contact. Temperature increasing at the
same surfaces is another indication about friction. The developed heat does
not depend on the direction of motion. Heat develops whatever the direc-
tion of motion is. This process can be considered as an irreversible process
because the system and its surrounding are not able to return to their original
state (irreversible process). The degree of irreversibility varies with the value
of force of friction and is linearly dependent.

The force of friction results at the interface between two solid bodies. It
can also develop at the interface between a fluid and a solid and even between
the layers of the fluid through a fluid flow due to velocity difference. The drag
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force of rigid surface motion in air is a good example of force of friction that
cannot be overcome without applying an external source of work and energy.

3.2.3 Factors Causing an Irreversible Process

There are several factors which make a process irreversible. They are as
follows:

o the chemical action and reaction,

e process involves mixing,

e heat transfer,

e unrecovered deformation,

» compression and unrestrained expansion and compression.

3.2.4 Internal and External Reversibilities

The internal irreversibilities occur within the system boundaries. The system
may be at several states of equilibrium. It will pass through all these states
when returned to its original state.

Boundary
/ at20°C

Internally
reversible
Heat process

Heat

Reversible
process

Source at
Ty =30

Source at
T4=20.00...1

FIGURE 3.2 Reversible and internally reversible processes.

The external irreversibilities occur outside the system boundaries. For
example, heat transfer occur between a system and a reservoir both at the
same temperature. In a totally reversible process, both internal and external
irreversibilities should be absent.

3.3 ENTROPY

Calculation of entropy requires information about the number of states of
molecules energy. However, in classical thermodynamics, entropy can be
estimated in terms of properties at the macroscopic level.
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3.3.1 Mathematical Definition

)
For an internally reversible process, the condition 95(_Qj = 0 must be
Vahd. int rec

Therefore, for a reversible process,

(S—Q] =dS.
T rev

For convenience, the subscript “int” is ignored.

3.3.2 Characteristics of Entropy

An alternative definition of entropy is an energy distribution measurement at
the molecular levels of the matter involved in a system. Higher value of the
entropy indicates larger number of levels of energy distribution. T-s diagram
can be used to depict the processes as shown in Figure 3.3. The amount of
heat transferred (reversible heat) can be represented by the area under the
curve’s connecting points 1 and 2 on the T-s diagram. For the adiabatic and
reversible process, the term 8Q,,, =0 indicates that there is no change in the
entropy during the process.

Figure 3.4 shows the Carnot cycle on T-s diagram. The rectangular
representation of the cycle means that changes in the entropy of both heat
absorption (AS,;,) and heat rejection (AS,) are the same. However, change of
entropy for the total system AS can be calculated by adding the changes of the
entropies of the subsystems together.

AS,,, =AS, +AS,
Or S,,=S+85,

rev

2 > 3
ASy
AS|
1 <+ 4
S S
FIGURE 3.3 A process represented on the FIGURE 3.4 A Carnot cycle represented on a

temperature-entropy (7-s) diagram. T-s diagram.
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3.3.3 Entropy as a Thermodynamic Property

In a closed system, the first law of thermodynamics of a reversible process can
be written as follows:

SU =8Q +5W
SU=T dS—P dV
8Q=TdS

This equation shows that the entropy S and the volume V are the two state
variables for which the differential of the internal energy U = U(S, T) becomes
exact. One basic pair of state variables will transform to another, namely from
(S, V) to (T, V) when one of the variables (entropy S) takes the role of a ther-
modynamic property. The differential of the entropy can be derived by insert-
ing dS and dU/T of the forms.

ds:(ﬁ—sj dT+(8—S) qv
ot ). 5T ),

dUz(S—UJ dT+(8—UJ qv
57 ), sV ),

By substituting in Equation (3.3), it leads to

(S—Sj dT+(6—Sj dv:l(s—Uj dT+1(8—Uj 4V +P) dV
5T ), sv ), TT\er ), TT\ev ),

where the terms (8S/8T), =(0U /0T), is defined by C,. Partial derivatives
of the entropy, as a state function, with respect to T and V can be written as
follow:

(S—Sj _ov (3.4)
5T ), T

&),

3.4 ENTROPY BALANCE FOR CLOSED SYSTEMS

3.4.1 Closed Systems

Heat transfer increases the entropy of the system (system disorder) according
to the statement presented by Equation (3.5) so that,
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{Time rate of entropy accumulation }

within a system at an instant of timet

The net rate of entropy transport The time rate of entropy
into the system by heat transfer at +1 generation due to irreversibilities (3.5)
an isothermal boundary of T of the process

The degree of irreversibility is the reason for the change of the entropy of
an irreversible process. The entropy generation for an adiabatic system due to
irreversible process can be given by:

1 1,
S :F or (S,-8,),, =— (3.6)

gen gen T
0 0

Equation (3.6) states that entropy generation depends on the degree of
the process irreversibility and the factor 1/T,. However, entropy generation
will be zero (S,,, = 0) when the process is reversible and adiabatic. In this case,
the process is called “isentropic process.” Equation (3.6) shows that for an iso-
lated system, the system entropy does not change if the process is a reversible
process. For (AS),, >0, is always valid for an isolated system.

iso

EXAMPLE 3.1

Find the relationship between the pressure and the volume of your
process for an ideal gas in piston—cylinder device knowing that the
process is isentropic.

Solution: Since the process is isentropic, the change of the entropy must be
zero, that is S,— S, = 0. Therefore, (P, / P,)" = (v, / v,)" (P, / P,) = (v, / v,)""" .
cp / cv is equal to k so that k = cp / cv. Hence, the process can be described by
the expression pvk: constant.

EXAMPLE 3.2

For a substance flow inside your pipe (incompressible flow), derive a
mathematical expression for the isentropic shaft work.

Solution: Flow inside your pipe may be affected by several parameters, such
as a pump work to overcome the losses due to friction, pipe diameter and cross
section, changes in pipe elevation, etc. Taking most of these parameters into
consideration, the flow equation (energy equation) can be written as follows:

(h+%vz+gzj =q-w

1
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For incompressible flow,
Ah = Au+vAp
~W,, = VAP + Ake + Ape

For frictionless and incompressible flow, the fluid flows due to elevation,
velocity, and pressure changes. Steady flow energy in the absence of work

done by the pump can be given by,
VAp + Ake + Ape =0

Or 1, .
U(pz _P1>+§<U£ _012>+g<z2 -z)=0

The last equation, called the Bernoulli’s equation, describes the isentro-
pic flow inside a pipe for incompressible fluids.

3.4.2 Thermodynamic Cycles

The cyclic integral of entropy with respect to time may be expressed as follows:
80 8l

SAT =p—~+p— 3.7

fiir-§0-.g8 o

As entropy is a system property, the integral (cyclic) of entropy of the
occupied flared must be zero, that is Cj}S dt =0. For all cyclic processes,
the irreversibility cannot be negative; @dl >0, then, from Equation (3.7),
Equation (3.8) must be valid for all possible cycles, that is

dQ
gST <0 (3.8)

The inequality shown in Equation (3.8) is called Clausius inequality. It
was introduced by R.J.E. Clausius, German physicist in 1870. This inequality
is used to test the validity of the second law of thermodynamics for a cycle.

d .
This inequality states that (jSTQ is negative for the real cycles, while equals to

zero for a reversible process.
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EXAMPLE 3.3

A heat engine withdraws 325 kJ
of heat energy drawn from a high
temperature reservoir at 1000K
and passes 125 kJ of the heat
energy to a low temperature res-
ervoir at 400K.

The required work output (net)
of the engine is 200 kJ. Is that
possible?

FIGURE 3.5 Validity of a heat engine

Solution: The first law of thermody-
namics states that:

Qnei = Wnet

Or W, =325-125=200k]

It is possible for the engine to provide the required energy. However, this
engine might not be valid in the light of the second law of thermodynamics.
Application of Equation (3.7) yields,

d 1 01
$L-E_Lu

T T T,
_3%5 125
1000 400

= 0.0125 kJ/K > 0

Therefore, this engine is not possible.

3.5 ENTROPY BALANCE FOR OPEN SYSTEMS

For open systems, the net entropy transfer because of mass flow can be given
as follows:

{The net rate of entropy accumulation

} = Zmlsi — ngsg e (3.9)

by mass flow at an instant of time, t
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In general, the rate of a system’s entropy change can be calculated as
follows:

(%) :I(%}MJFZ"%& S tis, 48y o (3.10)

A
It is important to notice that system energy and system energy of the
steady state steady flow (SSSF) system are constant. For this process, substi-

tuting ((l_Sj =0 into Equation (3.10) and with some mathematical manip-

ulation results in,
> i, =j[%jdA+Zm,si 8, (3.11)
e A i

For an adiabatic SSSF of single input and single output system, Equation
(3.11) can be modified into Equation (3.12) as follows:

S,=S,+S (3.12)

gen

The quantity S, 18 a positive value due to fluid and surface friction. For
the adiabatic SSSF the inequality S,>S, is always valid and true. This means
that the losses in system energy correspond to gains in entropy through the
process. In other words, the process at which both energy and entropy are
conserved and showed no increase in value is called the principle of entropy
increase.

EXAMPLE 3.4

Figure 3.5 shows duct of a ventilation system working in a well-
insulated steady state system. The added pressure is 1 atm. Air with
c¢,= 1.005 kJ/kg-K as assumed a perfect gas flows inside the duct. By
neglecting potential and kinetic energy, find:

A. air temperature at the exit of the duct,

B. pipe diameter at the exit of the duct,

C. the entropy production rate in the duct measured as kW/K.

D,=15m

V,=22m/s 2
T,=30°C \

- 3/ i —
(AV), =75 m“/min >
—> -
Vi=32mis — -+ \T/3: 3.2 m/s
T,=10°C 1 — > 3 3=7

FIGURE 3.6 A ventilation system.
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Solution:
A. The energy equation for the airflow inside the duct shown in Figure 3.6
can be written as,

iy +1i,hy = 1igh,.

The mass conservation yields, 1, + 1, = 1,.

m, =p, (AV),
100 .
=———— =1.283kg/m’
P 70287283 gm
i, =1.603kg/s
Similarly, p, =1.149kg/m’
2
And 1, =p, %%

After substituting the numerical values, m, = 4.464 kg/s and 11, = 6.067 kg/s.
For an ideal gas, h = ¢,T. Using this expression in the equation of the
energy above, air temperature at the exit can be calculated as,

~ 1.063 x 282 +4.464 x 303

T, = 297.7k
' 6.067
B. Since m, =p,A,V, and —L—l 17ke/m?, the diameter of
' 3 TRt P 028Tx2077 e

the circular cross section becomes D, =1.73 m.

C. For the insulated steady state system,

ng =11, (S; = 5,) +1,(S; = S,)

Using the ideal gas entropy relation, the entropy generated is equal to
2.412103 kW/K.

3.6 ENTROPY OF THE IDEAL GAS

The specific heat Cv and the free energy U of the ideal gas are given as follows:

CvzgnR and UzénRT (S—U) =0
2 3 5V ),
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Using the partial derivatives and the equation of the state PV =nRT of the
ideal gas leads to the expression
ds = Ean—T+ an—V
T \Y%

¢

The entropy difference is given by Equation (3.13) as follows:

ﬂTAO—sU@wQ=§ﬁﬁkg[11) (3.13)
2 A

where n is the number of moles (constant in this equation).

MAXWELL EQUATIONS

3.71

The commutativity of the differentiation operations, Schwarz’s theorem, can
be used to derive relations between thermodynamic quantities.
o’U o’U
For the case of the differential, this implies that 2SoV) = oV os)
oT oP

Hence, dU=Tds—PdV, —=—-——
8V 8S

=)
8r),  \&P), '

1% 3S
where an inversion for the last step was used. The relation [_STJ = (5) is
called Maxwell’s equation. P T

Energy Equation

The entropy is not an experimentally controllable variable, such as T, V, and P,
which allowed to the thermal equation measurement of the state P = P(T, V).
However, Equation (3.1) is used to deduce the energy equation, which
allows to determine the equation of state U= U(T, V).
Energy equation: Derivatives of the entropy was used as:

2(180) 2 (8 o(x5) (1]
ovV\T oT ov\aoT oT\ oV or\T\| or

1 {GU } 1| °U opP
=——|—+P |[+= +—
T oV T|oTov orT
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Cancelling identical terms leads to:

[a—Tj :T(a—Pj _p (3.15)
v ).~ \ar)

This is called energy equation.

3.8 EULER’S CYCLIC CHAIN RULE

The partial derivatives (0P /0T), in the energy equation (Equation (3.15))
may be replaced by thermodynamic coefficients. The involved type of vari-
able transformation can be applied to a large set of thermodynamic quantities.

Implicate variable dependencies: In general, equation of state is
described by a set of variables, example P, V, and T, so that:

f(P.V.T)=0, %dmafdhafdv df(P.V.T)=0

From the relative partial derivatives of the state variables,

(aTjV I’ (avl 9 (aP)T g

oP oT oV
This relation can be rewritten as:
&) (5
or )\ av ),\ap ), (3.16)

The importance of Equation (3.16), Euler’s chain rule, lies in the fact that
one does not know the equation-of-state function f (P, V, T) explicitly.

Expansion and compression coefficients: Using Equation (3.16),
we get:

N
e E @ e

oP oP ),

The thermodynamic coefficients used are as follows:

o=— (GVJ Coefficient of thermal expansion
vier
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KT =- (Z—‘;] Isothermal compressibility
T

KS = _l[@_V) Adiabatic compressibility
viap )

Using Equation (3.17), the energy equation (Equation (3.15)) leads to
Meyer’s relation between C,, and Cj,.

ou OP o
[GV jT (aTJV KT (3.18)

The energy equation (Equation (3.18)) can be used to rewrite Mayer’s
relation, which can be derived by considering the chain rule for (0U/ 0T)P, as:

C,=Cy+ P+(8—UJT [8—Vj
ov or ),

This leads to:

2

c,-C, =%TV>O (3.19)

3.9 ENTROPY DIFFERENTIALS

The rewritten energy equation (Equation (3.18)) can be used to write the
differential (Equation (3.20)) of the entropy as follows:

TdS=C, dT + Ka—Uj " P} v
av ),
—C, dT+T-2-aqv (3.20)
v KT '

3.9.1 The Two Independent Variables, T and V

Equation (3.20) of the differential of the entropy implies that the absorbed
heat 3Q can be expressed likewise in terms of directly measurable coefficients,

00 =TdS=C, dT +->-TdV 3.21
Q y +KT (3.21)

where T and V are the independent variables.
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3.9.2 The Two Independent Variables, T and P
Using Maxwell’s Equation (3.14),

(o) {5

Entropy can be given in terms of T and P as,

ds:(a—sj dT+(a—Sj P
P T

or op
_Srar (a_vj dp
T or ),
TdS=C,dT -aTVdV (322),

where T and P are the independent variables.

3.9.3 The Two Independent Variables, V and P

The term dT can be rewritten as

dT:(a—Tj dm[a—Tj AP
P A%

ov oP
Ly K gp
aV o

Using Equation (3.18), via (0P /0T), =a /KT, and inserting dT into
Equation (3.19) leads to:

T ds =&dV+[%—aijDp (3.23)
aV a

For T dS, V and P are the two independent pairs of state variables.

3.10 TEMPERATURE-ENTROPY (T-s) DIAGRAM

The work due to system boundary movement can be expressed as follows:
2
W, =[Pav,
1

where P is the applied pressure at the boundary. The temperature, pressure,
and the other properties of a system involved in an ideal process must be



54 ° ENGINEERING THERMODYNAMICS

uniform. If not, energy loss occurs because of the internal irreversibility. In
this case, volume change of the system requires performing of an external
2

work on the system equivalent to J P dV. The pressure in this equation is
1
not the pressure applied at the boundary; but it is the pressure of the system.

Mathematically, the work of an ideal process can be calculated by the area
under the p-V curve of the process shown in Figure 3.7. However, the work
done for an irreversible process is smaller than the area under the curve for an
ideal process. This is because of the non-uniform thermodynamic properties.

P A

FIGURE 3.7 The mechanical work for an ideal process of a piston-cylinder system
shown by the shaded area

Heat transfer for a reversible process ina closed system can be calculated by
the shaded area under the T-s curve as shown in Figure 3.8 (a). Figure 3.8 (b)
shows isentropic, isochoric, isobaric, and isothermal processes, on a T-s diagram.

FIGURE 3.8 The ideal heat transfer to a system and T-s presentation of various ideal processes
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ENTHALPY-ENTROPY (h-s) DIAGRAM

Enthalpy—entropy diagram for the SSSF
/ T = constant process represents an important diagram.
/ The term “enthalpy” is an important
factor in energy analysis of the systems

with fluid flow because it is used to define
the exergy of the system or the available
energy in the system. Therefore, the pro-
0% cesses involving exergy and energy inter-
~290 77"~ actions can be illustrated by h-s diagram.
This diagram is called Mollier diagram

»s developed by R dart Mollier, a German

Critical Point

3.12

FIGURE 3.9 Mollier diagram scientist. Figure 3.9 shows the general
characteristics of a Mollier diagram.

On T-s diagram the constant pressure line is a horizontal line for a sat-
urated state,while the constant pressure curves keep declining even for sat-
urated states. In this graph, at a specific pressure, the temperature of the
saturation can be found by the crossing point of constant temperature and
constant pressure lines at the line of saturated vapor.

The enthalpy change, Ah, can be obtained by measuring the vertical
distance between the required states on this diagram. This represents the
consumed work of an adiabatic compressor or the work of the shaft of an
adiabatic turbine. It can be the change in the kinetic energy of a fluid flows
through a nozzle or a diffuser. On the other hand, the entropy generated As
for a fluid flows adiabatically can be obtained by measuring the horizontal
distance between two particular states on this diagram.

THIRD LAW OF THERMODYNAMICS (NERNST LAW)

Statistical study for more experiments done by Nernst showed that the
entropy in the limit 7 — 0 becomes a constant and independent of the other
parameters, such a pressure and volume. This principle can be expressed as,

().~
aV T—0 aP T—0 <324>

The entropy is defined as follows:

lim S(T)=0 (3.25)

T—-0
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This equation is equivalent in statistical mechanics, where most of the
states of matter are referred to a unique ground state. Macroscopically, at
ground state leads tolimit 7'= 0. Entropies are observed only for exotic phases
of matter. Heat capacities vanish as T — 0. The heat capacities disappear at
T =0 as a consequence of Equation (3.25) so that

T—0 T—0

limC,, = hmT[g—;j =0
v

T—0 T—0

limC, = limT(S—;j =0
P

(i) The ideal gas does not fulfil the third law: The heat capacities of
the ideal gas are constants and can be given by,

3

CV :EHB
5

CP :EHR

This contradicts the third law which states that gas at high temperature
is the limit of the state of matter, which undergoes as gas — liquid — solid
upon cooling.

(ii) No thermal expansion for T — 0: Maxwell’s equation, Equation (3.24),

( GVJ ( oS j L
— | =—-| —| . implies that,
or ), \ap),

, . 1oV
limo =lim—| —
T—0 -0 V\ T ),

=1im‘_1=(§j ~0
-0V OP T

The last step shows that any derivative of a constant is zero.

(iii) The absolute T = 0 (zero point) adiabatic
is unattainable: It is required to reach
lower temperatures by performing adi-
abatic and isothermal transformations,
subsequently.

Using a gas as a working substance,
cooling can be achieved by the lined
method through a sequence of isothermal =~ FIGURE 3.10 Lined method of cooling.
and adiabatic transformations.

isotherm

T3<T,<T,

>V
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(iv) A — B isothermal compression: Work is performed on the gas
and an amount of heat Q, < 0 is transferred from the matter to be cooled
(characterized by a low temperature T)) to the reservoir (having a higher tem-
perature) in a reversible process. The entropy of the substance being cooled

diminishes consequently into

2
T,

(v) B — C adiabatic expansion: The gas cools by performing work. The
entropy remains however (with , - As
8Q = 0) constant. A, S(T, Py)

Note that all entropy curves | ST Py
converge to S (T — 0) = 0. . 1B
Hence, the process becomes : i
progressively ineffective and | | ; ;

. .. . e e >

then infinite number of lined > T

iterations would be needed to
reach the limit T — 0.

REVIEW QUESTIONS

FIGURE 3.11 Isothermal compression and adiabatic
expansion.

1. What is entropy? What are its characteristics? How is it related to second

law of thermodynamics?

2. Differentiate between a reversible and an irreversible process.

3. What is irreversibility? What are its sources? Differentiate between inter-
nal and external irreversibilities with examples.

4. Prove that entropy is a thermodynamic property.

Derive an equation of entropy balance for a closed system.

6. Derive an expression for an ideal gas undergoing isentropic process in a

closed system.

7. Derive Bernoulli’s equation for an incompressible flow of fluid inside a pipe.

8. Derive an equation of entropy balance for an open system.

9. Define the following:
a. Entropy of an ideal gas.
b. Maxwell’s equation.

c. Euler’s cyclic chain rule.
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10. What is the difference between T-s diagram and h-s diagram?
11. Explain the third law of thermodynamics

12. Write notes on:

a. Isothermal compression

b. Adiabatic expansion

NUMERICAL EXERCISES

A heat engine working on Carnot cycle absorbs heat from three reservoirs
at 1000 K, 800K, and 600K. The engine works at 10 kW of network and
rejects 400 k]/min of heat to a heat sink at 300K. If heat supplied by the
reservoir at 1000 K is 60% of the heat supplied by the reservoir at 600K,
calculate the quantity of heat absorbed from each reservoir

(312.5 kJ/min, 500 kJ/min, 187.5 kJ/min)

0.25 kg/s of water is heated from 30°C to 60°C by hot gases that enter
at 180°C and leave at 80°C. Calculate the mass flow rate of gases where
C, = 1.08k]/kg-K. Find the entropy change of water and hot gases. Take
specific heat of water as 4.186 k]/kg-K. Also find the increase of unavailable

energy if the ambient temperature is 27°C.
(0.29 kg/s, 0.0988 k], 0.078 k], 23.436 k])

10 m® of air at 175°C and 5 bar is expanded to a pressure of 1 bar while
temperature is 30°C. Calculate the enthalpy change for the process.
(3.445 KJ)

5 kg of ice at —10°C is kept in atmosphere which is at 30°C. Calculate the
change in entropy of the universe where it mails and comes into thermal
equilibrium with atmosphere. Take latent heat of fusion as 335 k]/kg and
specific heat of ice as half that of water. (0.652 k))

Using an engine of 30% efficiency to drive a refrigerator having a COP of
5, which is the heat input into the heat engine for each M] removed from
the cold body by refrigerator. If the system is used as a heat pump, how
many M] of heat would be available for heating for each M] of heat input
to the engine. (0.67 MJ, 1.87 MJ)
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INTRODUCTION

4.2

The second law of thermodynamics is a very powerful tool for the analysis and
the optimization of complex systems. In this chapter, a general introduction to
exergy (availability) is given and explained as the maximum useful work that
can be drawn from a system enclosed in a specific environment. Reversible
work is defined as the maximum work that can be drawn from a process of a
system between two specific states. The principle of irreversibility (destruc-
tion of energy or the lost work) is presented as a function of irreversibility.
Second-law efficiency is defined. Energy balance is developed for control
volume and closed system. The datum term condition of the dead state used
in the calculations of the exergy or the available energy of a system is taken
as the ambient conditions of the pressure P, and the temperature T, when a
system is in mechanical and thermal equilibrium.

DEFINITION OF EXERGY

The word “exergy” was first used by Rant in 1956, and related functions had
been presented by Keenan and Gibbs. Exergy of a system can be defined as
the maximum theoretical work that can be obtained from a specific amount of
energy. The term “exergy” (at a given time) can be defined as the maximum
useful work that can be obtained from a system at equilibrium with the sur-
rounding. Both energy and exergy are system properties. The more complete
definition for the exergy is the work that can be obtained from the system
which works ideally (under ideal conditions, reversible process) and the envi-
ronment is the heat reservoir. Availability is another term used to define the
exergy of a system especially involved with the heat exchange. Energy is the
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4.3

maximum work obtained from a system undergoing heat exchange process
maintained at equilibrium with the environment.

Exergy of a system is useful to check the possibility of energy harvesting
from the system, for example, from exhaust temperature of the power plants.
The combination of the first and the second laws of thermodynamics is used
for exergy computation. Mathematically, it can be expressed as follows:

2(1—%}@—%% =0... (4.1)

k#0 K

EXERGY ANALYSIS OF A SYSTEM

Energy contents of a system cannot be totally converted into useful work.
Some portion of the system’s energy will have to be rejected as waste energy.
Hence, it is necessary to have a system property that enables to control the
useful work potential of a specific energy of the system.

The characteristics of exergy can be stated as follows:

1. Exergy defines the maximum work that can be transferred by a system
at a given time, ¢. For a given state of a system, there is only a single
value of the maximum work, irrespective of the path taken by the system
to reach its present state at time ¢. Exergy is a system property and it is
independent on the path of the process. It is exactly like p, T, v, h, and u
of the system. However, exergy depends on the state of the system and its
environment.

2. Exergy of a system is zero when the system is at equilibrium with the sur-
rounding. The exergy of a system is always positive. Negative exergy has
no meaning.

3. Asshown in Figure 4.1, as the system changes its state from an initial to
an intermediate state, its exergy also changes. However, only some per-
centage of this change can be transformed into work. Regardless of the
process and method, the useful work will always be less than the change
in the exergy of the system.

4. System’s exergy increases with its difference from its environment. Exergy
is destroyed whenever energy drops its quality.

5. The surroundings are assumed to be unaffected by the system changes.
Surroundings are maintained at a constant state of pressure P, and
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temperature T,. In order to estimate a system’s exergy, the state of
surroundings is taken as the reference state.

Initial state

Intermediate state

Reference state

FIGURE 4.1 The change in exergy between two states.

4.3.1 Exergy Analysis of a Closed System

For the analysis of a system’s exergy, the first step is to specify the initial state that

makes it non-variable. Maximum work can be obtained from a process occur-

ring between two specific states reversibly. The irreversibilities are ignored for

the determination of work potential. A dead state is the state of a system that

must be achieved at the end of the process to obtain the maximum work.
Exergy cannot be created, but can be destroyed.

Exergy balance of a system
(Total energy entering) — (Total exergy leaving) — (Total exergy destroyed)
= (Change in the total exergy of the system)
Figure 4.2 shows exergy balance graphically. For more convenience, the
exergy balance can be expressed as follows:

)(in - Xout - Xdcstmycd = Xsystcm <42>
Xin Xout
A System A
Mass AXgystem Mass
Heat Heat
Work Xdesm,yed Work

FIGURE 4.2 Exergy balance.
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Equation (4.2) shows the exergy balance. The change in a system’s exergy
is equal to the difference between the system’s exergy that is transferred
through its boundary (input and output) and the destroyed exergy within the
boundaries due to the system’s irreversibility. The exergy is transferred either
by mass, work, or heat. Therefore, exergy balance can be expressed as follows:

Xin - Xout - Xdestrog/ezl = AXsystem (K]> <43>

%/_/
Net energy transfer by heat, work and mass Exergy destruction Change in exergy

The exergy transfer rates are in terms of mass, work, and heat and can be

expressed as follows:
Xhe(zt = (1 - E JQ

T
Xwork = Wlseﬁll <44>
Xm(t&s’ = W(p

The term “X,,,,,." is cancelled out from the reversible process. To obtain
the destroyed exergy, the term “S s that is entropy generated, must be
obtained first. The destroyed exergy can be calculated as follows:

X =T, S (4.5)

destroyed gen

For the closed system, there is no mass transfer. The exergy balance for a
closed system will be,

X, —X
And,

=X

destroyed —

X

heat work system

2(1_%)Qk -[W-R(V, _V1>]_TOS{M =X, - X, (4.6)
k

4.3.2 Exergy Analysis of an Open System

The balance of exergy for an open and a steady state system with constant
volume is presented in Figure 4.3.

Reversible processes: Q= JT.dS (4.7)
Heat is supplied at T} Q=T,-(S,—9) (4.8)
W‘(ev = Exmatier = <H - HO) - T(J ’ <S - SO> <49>
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T
pT Reversible Po To
> processes > >

¢

Q at temperature T

FIGURE 4.3 Open steady state system.

And for a flow of mass:

(bw,,m = q)Exﬂ“w = q)m [(h - hO ) - T:) <S - 80 >] <4 10>

4.4 EXERGY LOSS OF A SYSTEM

In all engineering processes, the following factors may cause a loss of exergy
of the system:

S

a o

@ e

-
.

Electrical resistance

Inelastic deformations

Viscous fluid flow

Friction: solid-to-solid, solid-to-fluid, fluid-to-fluid
Shockwaves

Damping of vibrating systems

Fluid behavior at sudden expansion

Fluid flow through a valve or throttling process

Heat transfer by temperature difference, “thermal friction”
Sudden occurrence of chemical reactions

Mixing of liquids or gases having different chemical compositions

Process of osmosis

. Phase existing in another face

Mixing of fluids at different pressures and temperatures
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4.4.1

The exergy loss of a system is zero if it undergoes a reversible process.

Since there is no loss in a system’s exergy for reversible process, the
system’s exergy at time ¢ shows the maximum possible work that can be
obtained till the system comes into common equilibrium with the environ-
ment. The reverse is also true. For a reversible process without the need of
any additional energy, the amount of work extracted from the system can
be supplied back, and hence the initial state conditions of the system and
the environment can be restored. Consequently, there will be no noticeable
change in the system or in its environment. System irreversibility can be mea-
sured by the amount of exergy loss due to irreversible process. However,
exergy loss is zero for a reversible process. The irreversibility can be classified
into two categories: external and internal.

External Irreversibility

The system’s irreversibility that takes place due to the system reaction or
system interaction with the environment is called external irreversibility.
Examples are friction, pressure changes, heat transfer due to temperature
difference, etc.

4.4.2 Internal Irreversibility

This irreversibility takes place when the properties of the system are distrib-
uted heterogeneously. Local temperature, pressure, and velocity gradients
within the system lead to sudden processes, which lead to exergy loss. For
example, the presence of viscosity of fluid flow inside a channel results in dif-
ferent particle velocities. The velocity differences develop a rubbing action
between the particles producing heat. The presence of heat transfer results in
exergy loss which leads to irreversibility. This is called internal irreversibility
because it occurs inside the system.

4.4.3 Exergy Loss of an Open, Steady State, Constant Volume System

Exergy balance of an irreversible open steady state system is shown in Figure 4.4.

vVirrev
1 Irreversible 2
> process q)m,

Q at temperature T

FIGURE 4.4 |rreversible open steady state system.
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Exluss = Exin - Ex(m[ <4 11)
For the system under consideration:
. T
Exloxs = Exl - ExZ + !(1 - ?0 ] dQ - ‘Mrret
. T
Ex[(m = Exl - Exz + _!‘(]‘ - % J dQ - Wm’r
But Ex,=(H,-H,)-T,(S, -S,)
Ex, =(H, _Ho> _To<sz _So)
or ExZZ(Hl—H2)—TO(Sl—S2) (4.12)
2 dQ
Exluss = <H1 - H2>_ T()<Sl - Sz>+ Q - TOJ T - VVirr(m. <413>
1

From the first law, the energy balance of an open steady state system is:
Q=H,-H)+W, —Q+(H -H,)-W, =0

irrev irrev.

The exergy balance becomes:

Ex,, =T, [(S2 -5,)- f(dTQ )J (4.14)

The entropy balances is:

2
(SZ - Sl> = J‘(dTQ)-’_ Asirrm; - AS

irrev
1

=<sz—s]>—j(d7‘9)

1

By combining these two equations,
Exl()ss = TO : Asiﬂeu (4' 1 5)

4.5 EXERGY EQUATION

Transferring system’s exergy can be defined as the system that allows the
energy to pass through the boundaries provided that some of this energy
can be transformed into a useful work. This definition indicates that exergy
and energy are interrelated. In other words, exergy transfer cannot take
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place without energy transfer. The rate of exergy change for a system can be
presented by Equation (4.16).

within a system at an instant of time ¢

Time rate of exergy accumulation The net rate of exergy transport
" into the system at time ¢

{The time rate of irreversibility }

production at an instant of time ¢

(4.16)

The energy transfer between two systems can be accomplished in three

different modes. Similarly, the exergy transfer within a system can take place

in three different modes, that is, the exergy transfer by convection, heat,
and work.

Transfer of Exergy by Work

The exergy transfer by a property difference other than the temperature is
called transfer of exergy by work. For example, in the case of work transfer
accomplished by the boundaries motion, the useful work can be obtained by
removing the portion of the work done by the environment. The exergy rate
due to work can be calculated as follows:

i, =W-P, E (4.17)

Following example gives the procedure for calculation of the exergy loss
of a system.

EXAMPLE 4.1

An insulated rigid tank, as shown in Figure 4.5, holds 1 kg of pres-
surized air at 1 bar and maintained at 27°C. A motor runs a fan to
perform an external work so that the final temperature of the air is
527°C. This results in exergy increasing to 100 kJ. Find the losses in
exergy and explain the reason for the same.

Solution: The energy equation for the adiabatic tank is as follows:
U,-U, =-W,,
For ideal gas,
U,-U, =me, (T, -T,)=W,, =358 k].

Rigid tank prevents volume change and thus no work transfer occurs
through the boundaries. Exergy increment of the system will be 358 k] for the



ENERGY ANALYSIS OF SYSTEMS © 67

reversible process. However, the change of exergy is given as Df = 100 k] and
the exergy transferred by the work is Dx,, = -358 kJ.

The main reason of additional exergy losses is due to the friction devel-
oped between the following:

a. The fluid and the fan blades
b. The fluid and the surface of the tank
The fluid layers

gl

a
LA

The shaft housing and its surface

Air

e. The bearing of the housing

Exergy cannot be conserved and that
contradicts the principle of energy conserva- FIGURE 4.5 Adiabatic tank.
tion. The friction is a critical factor for exergy
loss during work transfer between two systems.

4.5.2 Transfer of Exergy by Heat

Temperature difference causes exergy transfer due to heat flow across the
boundaries of two systems. Figure 4.6 shows a reversible power cycle, where
heat is rejected to the environment at T,.. The maxi-
mum theoretical work from a reversible power cycle reservoir at the
can be calculated as follows: temperature T

T dQ
dw,, =|1-=%1.dQ v
T Reversible | AW,y
With TH =T and TC = T05 power cycle
T
dW,,, =|1-=>|.dQ and dW,, =dE,,
TH \ 4
T environment
dXEQ ={1 __OJ ) dQ at temperature T,
T
T FIGURE 4.6 Reversible
Exergy of heat:  dX,, = (1 —?‘)) .dQ (4.18) power cycle.

Heat is transferred to the system at varying temperature:

2 2 T,
Ey, = !dEXQ = !(1 —?)dQ
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T
Or Ey :(1—?0)-@ (4.19)
where T is thermodynamic equivalent temperature of heat transfer to the
cycle.
EXAMPLE 4.2

Figure 4.7 shows a reversible heat engine working between two ther-
mal reservoirs at 227°C. The heat engine supplies work to a refrig-
eration system (reversible). The refrigeration system is used to cool
the space at =50°C by rejecting the heat at 27°C to an environment.
Calculate the ratio Q,/Q,.

FIGURE 4.7 A reversible heat engine.

Solution: For the reversible heat engine, the output work is calculated as
follows:

. ) T
V‘/he ZQI ]‘_F(l)

The work consumed by the refrigeration system is calculated as follows:

o T,
th - Ql 1- f
Since, W,m = Wr
The heat ratio becomes:
T _
QT
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By substituting the temperature values as T, = 500 K, T, = 300 K and
T, = 223 K,

&=0.862

2

EXAMPLE 4.3

Figure 4.8 shows a house heating system. It consists of a reversible
heat pump. In order to maintain the temperature inside the house at
22°C, the required heat (2°C outside temperature) is 12 x 10* kJ/h.
The work done by the compressor is 10 kW.

a. Calculate the number of hours for one day of pump work.

b. The house heating could be accomplished using electric heat-
ers. Find the useful energy that can be conserved using the
heat pump. The determined useful energy is required on a

daily basis.

Solution: The inside and the outside temperatures are T = 295 K and
T, = 275 K, respectively.
s W,
Ql = }T
1-to
T,
. 10
Yoem
295
The heat loss of the house is:

0, = 120000 sy

" 3600
a. Number of hours required:

=147.5 kW

by = %x 24

U333 o,
hp = 147.5 FIGURE 4.8 Heating of a house.

t,, =5.418 hours

b. The electrical energy (using the heat pump) can be calculated as fol-
lows:
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E, = (W >/l])
E, =10x5.418=54.18 kWh

The electrical energy (using the heaters) is E, =33.3x24 =799.2 kWh

The difference between the electrical energy consumed by the heaters
and the heat pumps (799.2 — 54.18 = 745.02 kWh) is the useful energy that
can be gained.

hp

4.5.3 Transfer of Exergy by Convection

Fluid flow that occurs in and out of a system causes exergy transfer by convec-
tion. The net exergy accumulation rate due to transfer of energies by heat,
work, and conviction are as follows:
{The net rate of exergy transfer by work at an instant of time, t} = X,,
{The net rate of exergy transfer by heat at an instant of time, ¢} = XQ
{The net rate of exergy accumulation by convection at an instant of time, ¢}

= Zmi‘”i _2 mellfe

The net rate of exergy supplied into the system will be i

{The net rate of exergy accumulation by convection }

in the system at an instant of time ¢

Zmi% = iy, + X, - Xy, (4.20)

As a convention, one can assume that the symbol I represents the irre-
versibility rate at time ¢. It is known that the reversible process shows no
irreversibility rate (I =0). However, the inequality 120 is true for the irre-
versible process. Based on that, Equation (4.20) can be rearranged as follows:

0= my, = 1y, + X, - X, —1 (4.21)

where fis the exergy accumulation rate in the system at time ¢ and rate of
the destroyed exergy X is the irreversibility rate I' This means,

X

For better understanding of Equation (4.20), all the terms XQ ,W,, and Xw
must be found out.

destroyed

i (4.22)

destroyed ™~ Tt
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REVIEW QUESTIONS

Define energy and explain its relevance.

With the help of switchable diagrams, explain the exergy analysis of the
following:
a. Closed system

b. Open system
List out the various factors that cause exergy loss in a system.

Develop a suitable exergy equation for a system and explain the following:
a. Transfer of exergy by work

b. Transfer of exergy by heat
c. Transfer of exergy by convection

With a suitable example, prove that heating of a house with the help of a
heat pump is more efficient than heating by electric heaters.

NUMERICAL EXERCISES

1.

Calculate the physical exergy of a perfect gas (air, mass (m) = 3 kg,
isobaric specific heat C , = 10005 kJ/kg-K, and gas constant
R = 0.287 kJ/kg-K) for a state defined by p, = 3 bar and T, = 398 K. The
environmental parameters are p, = 1 bar and T, = 298 K. (323.4 kJ)

A flat plate collector heats water from 305 K to 335 K. Calculate the exergy
efficiency of the collector if its efficiency is 48% and ambient temperature
is 293 K. (8%)

Air is heated in a central receiver solar power plant from 693 K to 1073 K.
Calculate the exergy efficiency if ambient temperature is 303 K and col-
lector efficiency is 70%. (42.5%)
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TYPES OF THERMODYNAMIC PROPERTIES

The condition of thermodynamic system can be defined by its character-
istics called properties. The properties can be essential, derived, or meas-
ured. Relationships can be developed to correlate the changes in the derived
properties with reference to the measured properties. Some of the measured
properties are V, P, T, ¢, c,, and composition. Small letters are used to indi-
cate the specific quantities, for example, v denotes the specific volume. Using
first and second laws of thermodynamics, the internal energy (1) and entropy
(s) are considered as the fundamental derived properties. As per first law, the
energy is conserved and as per second law, entropy of the universe continues
to increase. The derived properties are used for promoting the energy bal-
ance of systems where internal energy and other properties are frequently
combined.

The mass flow in the open systems that crosses the boundary between the
system and the surroundings provides two types of energy: flow work (pv) and
internal energy (u).

An enthalpy (h) can be defined as follows:

h=u+pv (5.1)
Or total enthalpy can be defined as follows:
H=U+PV (5.2)

For an open system, flow work is included in the enthalpy along with
internal energy (U).
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In an isothermal system, heat can be extracted from the surroundings for
free. For any environment having constant temperature T, Helmholtz free
energy (A) is very suitable.

A=U-TS (5.3)
A denotes work if the system is created from nothing. The heat extracted
from the surroundings is TAS = T (Sf— S)= TS, where Spis the final entropy
of the system, while S, represents its zero-initial entropy. If a system is termi-
nated with an initial entropy S,, A denotes the recovered work, as some heat
needs to be dumped (T'S,) into the environment for eradicating the entropy of
the system. Equation (5.3) covers all work including the work performed by
the surroundings. It is more convenient to use Gibbs free energy in an isobaric
and isothermal environment.

G=U-TS+PV (5.4)

Gibbs free energy can be defined as the work that is needed for generat-
ing a system out of nothing within an environment having constant pressure
(P) and temperature (T).

The changes in the state of a system are more practical for which the
changes in A and G should be considered. Changing A and keeping the tem-
perature constant leads to:

AA=AU-TAS=W +Q +TAS (5.5)

Q denotes the heat added and W represents the system’s work. For
reversible process, Q is equal to TAS and the change in A is equivalent to the
work done by the system. However, for irreversible process, Q is lower than
TAS and AA is lower than W. The change of A is less than the work done by
the system.

At constant temperature (T) and pressure (P), the change in G for the
environment is calculated as follows:

AG =AU —TAS + PAV =W +Q —TAS + PAV (5.6)

For any process,

Q-TAS <0 (similar signs for processes with reversibility) (5.7)

The work (W) includes the work done to the environment (~PAV) and any
“other” work achieved on the system.

W =-PAVW , (5.8)

Substituting Equations (5.7) and (5.8) into Equation (5.6), the following
was obtained.
SJAGESW

other

at constant T, P (5.9)
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EQUATIONS OF STATE

5.2.1

For the calculation of entropy, enthalpy, and energy of a matter, a correla-
tion among volume, pressure, and temperature is required. In addition to the
graphical and tabular configuration of the p-v-T diagram, there are analytical
expressions termed as equations of state, which represents another approach
of the p-v-T correlation. The state equations are used for calculating h, u, s,
and other thermodynamic properties.

Virial Equation of State

The Virial equation of state can be derived from the static mechanics by relat-
ing the p-v-T behavior of any gas to the forces between its molecules. The

Virial equation of state defines the term — as a power-series in the inversion
of molar volume (7 ). RT

z=Lv_, B0 1), DI), (5.10)
RT ) v v
where B, C, and D are Virial coefficients and acts as the functions of
temperature.
Simplifying Equation (5.10), the following was obtained:
oy, BT (5.11)
RT v
B(T) can be calculated as follows:
RT,
B(T)zT"(BO +of,), (5.12)
where B, =0.083— O;"%, B, =0.139 - OTI%
R R

o denotes the Pitzer acentric factor. This parameter describes the polarity
and the geometry of a molecule. A program written by T. K. Nguyen named
“comp4.exe” could be used to find the Pitzer acentric factor for over 1000
compounds.

Comp4.exe can be found in the CHE302 course Distribution Folder. In
some cases, where the molecular interactions do not exist, all Virial coeffi-
cients are equal to zero. Since the coefficients are equal to zero, Equation
(5.10) becomes,

RT
Equation (5.13) is the ideal gas equation of state.

Z 1 (5.13)
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5.2.2 Van der Waals Equation of State

Van der Waals equation of state could be used to show the assessment of ther-
modynamic properties. It looks easier than Virial equation of state.
Van der Waals equal of state is as follows:

_ RT a
v-b v

where b is a constant related with the occupied finite volume by the mol-

P (5.14)

a . . .
ecules, and —- is related with the attractive forces between molecules.

v

a and b can be calculated using critical properties because the critical
isotherm has an inflection point as shown in Figure 5.1. In the case of critical
point, it will be as follows:

2
9k [P (5.15)
a ) |\ oo |
The isotherm that passes through the critical point is as follows:
p=Lf _a (5.16)
v—-b v
The first and second derivatives of P with © give the following:
Py B2, (5.17)
Jo )p (v,-b) v,
and O°P\ _ 2RT, 6a_, (5.18)
a | (©,-b’ T
I>T,
8P| _[3?P| =g
o I=T v T, V2T,
> TT
&
psat \
ek
| areas |
Vsat(“q) Vsat(vap) Volume

FIGURE 5.1 Van der Waals equation for isotherms.
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Multiplying Equation (5.17) by 2 and Equation (5.18) by (v, —b) and
adding together to get the following:

4a 6a

UC UC
4av, —6av, +6ab =0 (5.20)
v, =3b
If b = Y is substituted into Equation (5.18), the following was obtained:
3
a=g@§ﬂ
g et

In the case of critical point, it will be as follows:

RT a
P=—=o—-— 5.21
© T,-b T 521

c

Equation (5.21) can be used for solving @ and b in terms of the critical

pressure and critical temperature. When a =§EETC and b = Yc are substi-

tuted into Equation (5.21), the following was obtained:

b 3RT, 97,RT, _3RT,(3 9)_3RT,
““ 95, S5, 25, |2 8/ s
.5, = RL (5.22)
SP.
and a= gBCZTITL_ = 27 (RT,)
8 64 P

c

5.3 MAXWELL’S RELATIONS

5.3.1 Energy and Entropy

Entropy S(V, U, N) and energy U(V, S, N) can give complete information
about thermodynamics.
The important equation of thermodynamics for energy is as follows:

dU=T dS—p dV +pdN

This can be used to find the chemical potential, temperature, and pres-
sure at equilibrium conditions. The partial derivatives are as follows:
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(a—U) -7 (5.23)
S VN
(a_u) —_p (5.24)
aV S N
And WY (5.25)
oN kv
Important equation of thermodynamics for entropy is as follows:
as=2U Py Ky (5.26)
T T T
The partial derivatives will be as follows:
9y _1 (5.27)
W Joy T
9) _P (5.28)
W by T
And 9y _K (5.29)
ON Jyy T

Maxwell’s relations can be found by taking the second partial derivatives
of these qualities. Such relationships can be used for connecting the partial
derivatives, of properties which can be measured with those which cannot be
measured.

Starting from:

u =T and v =-P,
IS Jun vV kx

0°U oT o’U oP
= — and =] —
oV as | adV ky dS oV aS Jvn

Under appropriate conditions,

o°U U )

Determine:

(5.30)

oV oS | as av

And ory __(op (5.31)
WV hs 1 3S hv
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Equation (5.31) is known as the Maxwell’s relation. By performing the
other second partial derivatives, another two Maxwell’s relations can be found.
In terms of energy,

I () (P _(m
aV N.S aS N,V aN V.S av N.S

In terms of entropy,

L o
T T T

And the results are as follows:

dS 1 (98 P dS m
— =, |=— =—, and |[— =—=
U v T \oV ), T ON fy T

The Maxwell’s relations are as follows:

BV INU aU N,V

aN IN.U a U V.N

aN V.U aV INU

ds

5.3.2 Enthalpy H (S, p, N)

The enthalpy has been defined as H = U + PV. Its differential can be combined
with the basic thermodynamic equation to get dH in terms of S, p,, and N.

Now, H=U+pV
dH =dU +d(pV)
=dU+pdV+V dp (5.32)
But dU=T dS—p dV+udN (5.33)

dH=T dS—pdV+nudN+pdV+V dp (5.34)
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or dH =T dS+V dp+pn dN (5.35)

H=H(S,p,N), where S, p, and N are the natural properties of H.
Differentiating partially,

B_H =T, a—H =V, and a—H =U
0S v» P )y ON s

The Maxwell’s relations are as follows:

oT _(9V
a_P N.S - g)mp
or ) (odu
a_N)P,S - a_S)A‘,P
and G_V) = a_u
ON Jps \ 0P )y

5.3.3 Helmholtz Free Energy F (T, V, N)

To transform from U to F, replace independent variable S by its conjugate T.
In a Legendre transformation, a new function is described by adding or sub-
tracting conjugate product to replace an independent variable with its conju-
gate. Therefore, by subtracting TS from U, the new function F was defined.

Now, F(T,V,N)=U(S, V,N)-TS (5.36)
Differentially, dF =dU -d(TS)
=dU-T dS-S dT (5.37)
But dU=T dS—p dV +u dN (5.38)
©“ dF=TdS—-pdV+udN-T dS-SdT
or dF =-SdT —p dV+u dN (5.39)

Therefore, F = F (T, V, N) was preferred. By following the same proce-
dures, the following can be defined:

oF oF oF
— =—s5,| — =—P,and| — | =p
aT )y oV L1 oN )y ¢

The Maxwell’s relations are as follows:

sy _(or
V hr 0T kv
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95 __(ok

oN } aT vy
and B_P —_ 8_u

ON }r oV hr

5.3.4 Gibbs Free Energy G (T, N, p)

The independent variables V and S are replaced by their conjugates p and T,
while transforming from U to G. This represents a twice Legendre transfor-
mation of U or one Legendre transformation of either F or H.

Now, G(T, N, p)=U(S, N, V)=TS+pV (5.40)
Differentiating,

dG=dU—d(TS)+d(pV)=dU~T dS—S dT +p dV +V dp,
But dU=T dS—p dV +u dN
AG=T dS—p dV+WdN-T dS+S dT+p dV+V dp

or dG=-SdT+V dp+u dN. (5.41)
G =G(T, p, N) was preferred.

Following the same procedures, the following can be defined:

9G =-S, 9G =V, and 9G =u
aT IN.P aP IN.T aN P, T

The Maxwell’s relations are as follows:

) (v
oP )ir T Jvp
) _(m
aN P, T aT NP
and WV = 9

aN p.T aP N, T

5.3.5 The Grand Potential Q (7, V, u)

Here, the independent variables N and V are replaced by their conjugates y and
p, while transforming from U to Q. It can be done by a double transformation
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of U Legendre or a single transformation of F. For engineering work, the
ground potential is less frequently used than the other potentials.

In an open system, where particles are exchanged with the surrounding,
ground potential is used.

Now QT, V, W=U(S, V, N) =TS —uN (5.42)
Differentiating dQ=dU-d(TS)—-d(uN)

=dU-SdT-TV dS—u dN —N dy,
But dU=T dS—p dV +udN

SdQ=TdS—pdV+nwdN-T dS-SdT-nwdN—-N du
or dQ=—pdV -S dT —N dy... (5.43)

Therefore, O = Q (T, V, ).
Differentiating again

(B_Q) =—P,(a—Q) =-S5, and Q =-N
WV )y oT )y, o .

The Maxwell’s relations are as follows:

oP aS

a_T V. :(a_V)T,u

w) (N

au T,V_ (aV JT>M
and B_S =(8_N)

T A

EXAMPLE 5.1

Blender blades are churning the fluid at 97°C. The work is transferred
to the fluid at a rate of 360 kJ/h. The blender is shown in Figure 5.2.
The bowl of the blender is insulated circumferentially. The bottom
surface of the bowl passes heat at a rate of 360 kJ/h to the surrounding
at 27°C. Calculate:

A. The net energy rate supplied to the system,
B. Energy accumulation rate of the system

C. Irreversibility rate of the process.
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Solution:

A. The heat transfer and work rates, respec- Eloctric
tively, are motor

Q =360 kJ/h
W =360 kJ/h.
Energy balance of the system shows that
E=Q-W, E
=-360—(-360)
=0 Ans.

FIGURE 5.2 Blender.

No change in the system’s energy and it
isa steady state system.

. The constant energy system shows no exergy.

: ¢=0
The exergy transfer by work is calculated as follows:

X,=-W,X,=360k/h  Ans.

w

The transfer of exergy by heat is calculated as follows:

., 300
XQ:Q(I—

— [=-68.108 kJ/h Ans.
370

. From the equation of exergy balance:

0=-68.108+360—1
Irreversibility 1=291.89 kJ/h  Ans.

5.4 FLOW EXERGY OF MATTER

The characteristics of a system used to Twrev = Ex
find the flow energy of matter are as
follows: |
. : : pT reversible Po To
e System with only reversible — processes — T
processes. m m
» Steady state flow in an open system T

with constant volume.
Heat is transferred only to and from
the environment at T,. FIGURE 5.3 Matter in equilibrium.

Q at temperature T,
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e System maintains the equilibrium between the matter and the environ-
ment, as shown in Figure 5.3.

5.5 EXERGY EFFICIENCIES

Energy efficiency can be given by

n _ 2 Exprozluct _ 2 Exsource - 2 Exlm-s
ex - ’
2 Exsaurce 2 Exsaurce

where ZExpm,m and ZEXS(,,W, have to be specified for each type of system.

5.6 EXERGY TRANSFER BY HEAT

Figure 5.4 shows the schematic diagram of exergy transfer by heat.

Energy transfer by moving

boundary work, %3 Loss of exergy due to

Exergy transfer by N ‘biiity, i
irreversipility, |

electrical work, ¥, T

Convective
exergy, inlet, L
siny, —»

Exergy transfer by

———

shaft 7,4
T T, T, Jl
ﬁim I La2 ﬁ Yan Convective
exergy, outlet,
Exergy transfer by heat Sout, ¥y,
FIGURE 5.4 Exergy transfer by heat.
REVIEW QUESTIONS

1. Discuss various types of thermodynamic properties and their correlations.
2. Explain the following:
a. Virial equation of state.

b. Van der Waals equation of state.
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3. Derive Maxwell’s relation in terms of:

a. Energy and entropy
b. Enthalpy

c. Helmholtz free energy
d. Gibbs free energy

e. Ground potential

4. Explain the following with the schematic diagrams:

a. Exergy transfer by heat.

b. Flow exergy of matter.

5. Define exergy efficiency.

NUMERICAL EXERCISES

1.

Determine the reversible work and the irreversibility associated with a
process in which a metallic ball of 2 kg is cooled down from 300°C to
150°C by keeping it in the open space at 20°C. Specific heat of the metal
may be taken as 0.45 kJ/kg-K. (143 kJ, 55 kJ)

5 kg of air at 550 K and 4 bar is enclosed in a closed vessel.

(i) Determine the availability of the system if the surrounding’s pressure
and temperature are 1 bar and 290 K, respectively.
(ii) If the air is cooled at a constant pressure to the atmospheric tempera-
ture, determine the availability and effectiveness.
(576.7 kJ, 64.8%)
5 Kg of ice at —10°C is kept in atmosphere which is at 30°C. Calculate
the change in entropy of universe when it melts and comes into thermal
equilibrium with the atmosphere. Take latent heat of fusion as 335 k]/kg
and specific heat of ice as half that of water. (0.652 k))

0.25 kg/s of water is heated from 30°C to 60°C by hot gases that enter at
180°C and leave at 80°C. Calculate the mass flow rate of gases when its
C, = 1.08 k]/kg-K. Find the enthalpy change of water and of hot gases.
Take the specific heat of water as 4.186 kJ/kg-K. Also find the increase of

unavailable energy if the ambient temperature is 27°C.
(0.0988 kJ, 23.436 kJ)






CHAPTER

THERMODYNAMIC CYCLES

6.1

INTRODUCTION

The majority of power-producing machines work on thermodynamic cycles
and therefore research and development work in the area of thermodynamics
has assumed to gain very high importance.

Every power engine operates as a steady-state device and does not store
power. The working fluid passes through a series of processes forming a
closed-loop cycle. The cycle of processes is repeated again and again as the
engine operates.

Thermodynamic cycles are classified as gas cycles and vapor cycles. In gas
cycles, the fluid remains in gaseous phase, whereas the face may change in
vapor cycles. If steam is the working fluid, it will be gas in some processes and
liquid in other processes.

Thermodynamic cycles are also classified as an open cycle and a closed
cycle. In a closed cycle, the same working fluid is moved from initial to fluid
state and then recirculates. In the case of open cycles, the working fluid is
changed in each cycle and not being recirculated. In a car engine, the burnt
gases can be exhausted and a fresh mixture of air and fuel is changed at the
end of every cycle.

There are engines where the working fluid does not undergo an entire
thermodynamic cycle.

Thermodynamic cycles are also categorized as per their utility.

1. Power cycles

2. Heat pump and refrigeration cycles.
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1. Power cycles: thermodynamic cycles that are used in engine for
power production are called power cycles. Power cycles may be either gas
power cycles or vapor power cycles.

The gas power cycles are further classified as follows:

a. Stirling cycle

b. Dual cycle

c. Carnot gas power cycle
d. Diesel cycle

e. Ericsson cycle
f. Otto cycle
g. Brayton cycle

The vapor power cycles are further classified as follows:

a. Carnot vapor power cycle
b. Rankine cycle
c. Reheat cycle

d. Regenerative cycle

Carnot, reheat, and Rankine cycles will be discussed in detail.

2. Heat pump and refrigeration cycles: these thermodynamic
cycles are used for heat pump and refrigeration. They may be either vapor
cycles or air cycles depending upon the working fluid used.

6.2 CYCLE DEFINITION

A thermodynamic cycle consists of
a series of processes and normally
the working fluid returns to its origi-
nal state. It is also called as a closed
cycle.

Figure 6.1 shows a thermody-
namic cycle that is considered to be
a closed system. A thermodynamic
cycle may not be a closed cycle.
For instance, a jet engine repeat-
edly receives fresh ambient air and

Original
state < _

FIGURE 6.1 Thermodynamic cycle.
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releases hot burnt gases to the atmosphere. The burnt gas is cooled down in
the atmosphere to ambient temperature.

The concept of thermodynamic cycle, as shown in Figure 6.2, can be
explained as follows:

Adiabatic Isothermal Isothermal Isothermal 4
compression Expansion Expansion Compression p 2
l 0 ﬁ | A 3
[
S :
| [ B
Qy ! |
| |
GAS g ) , %Qc
I I
Insulation T, 8 Insulation Ty ; >V
Process 1-2 Hot Cold
(Te—>Tp) Process 2-3 Process 3-4 Process 4-1

(T, — Const.) (Th—>To) (T, — Const.)

FIGURE 6.2 The system’s cycle with the addition of heat.

Consider a fluid contained in a piston—cylinder apparatus that undergoes
heat interaction with two heat reservoirs at different temperatures. The fluid
exercises the following four processes and regains its original state.

1-2: adiabatic compression to raise the temperature to high-temperature
reservoir.

2-3: the fluid at the temperature of high-temperature reservoir is isother-
mally heated.

3—4: adiabatic expansion to the temperature of lower-temperature reservoir.

4—1: isothermal cooling of the gas to the initial pressure and the temperature.

The cycle produced by these four processes is called the Carnot cycle.

6.3 PERFORMANCE PARAMETERS

A few performance parameters of power cycles are explained below.
Thermal effectiveness: it is the limit of the quantity of heat entering the
engine which is converted to the work of the engine.

Network of cycle

Thermal efficiency = (6.1)

Heat added incycle

Ratio of back work: the ratio of the pump work (W) required to the
turbine work (+W) produced.
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6.4

W}unl )
Back work ratio = —""- (6.2)

turbine
Usually, ratio of back work is small indicating the pump work (-W) required
to the turbine work (+W) produced.
Work ratio:

Work ratio = W (6.3)

turbine
Specific steam consumption (SSC):itis the amount of steam required to produce
unit power. It is usually expressed as kg/kWh and has a numerical value from
3 to 5 kg/kWh.

3600 kg
W " kWh

net

(6.4)

Specific steam consumption =

CARNOT VAPOR POWER CYCLE

The Carnot cycle consists of four reversible processes: isothermal addition of
heat, isentropic expansion, isothermal discharge of heat, and isentropic com-
pressor as shown in F igure 6.3.
Carnot cycle is a perfect
cycle having maximum ther-
modynamic effectiveness.
Carnot vapor cycle contains
vapor as the working fluid.
The T-S and P-V diagrams of Q—
a Carnot cycle are plotted in
Figure 6.4. The Carnot cycle
works as a closed system.
A cylinder—piston arrange-
ment or a turbine with a gas or Pump
a vapor as the working fluid is FIGURE 6.3 Steady-flow Carnot engine.
used for Carnot cycle.
It consists of (i) two constant pressure processes (2-3) and (4-1) and (ii)
two adiabatic processes without friction (1-2) and (3—4). The four steps can
be described in detail as follows:

Boiler

Condenser

1. Process (2-3): At temperature T, and from dryness practices X,, 1 kg of
hot water is heated to saturated steam pressure P, and temperature T,
The pressure (P, — P,) and the temperature (T, - T,) remain constant
during this process.
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Ta A 2
Q
P3 = P2 3 add
Qy
TH ..... _@ Uv @ o Adiabat: Q = 0
2
p4 = |:>1 &) Isotherm — 673 K
A 3 1N\
- @ Q. :@ 1 5 Isotherm — 293 K
: : . 1% 4,
S, S, S Volume

FIGURE 6.4 Arrangement of Carnot cycle.
2. Process (3—4): The vapor is expanded by isentropic process to temperature

T, and pressure P,. Point “4” indicates the state of vapor after expansion.

3. Process (4-1): Heat is rejected at a constant temperature (T, = T,) and
pressure (P, = P,). The vapor is condensed into liquid.

4. Process (1-2): The wet vapor at “1” is compressed isentropically untill the
vapor reaches its initial condition of P, and T,. Then the cycle gets completed.
Heat added: Qu =Ty (s5—s5)

Heat rejected: Qr=T.(s; =)

6.4.1 Plant Components
1. Pump

Water enters the pump at state 1 and is pumped isentropically to the working
pressure of the boiler. The water temperature rises through this isentropic
compression process due to a small reduction of specific volume of water.

2. Boiler

Water enters the boiler as a condensed liquid at state 2 and leaves as a super-
heated/saturated vapor at state 3. Heat is transferred to the water at a constant
pressure. This heat may be generated in a nuclear reactor, burning gases, or
any other sources of heat. When the vapor reaches the superheated state, the
boiler is called a steam generator.

3. Turbine

Superheated steam enters the turbine, and expands isotropically producing
work by rotating a shaft coupled to an electric generator.
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4. Condenser

Condenser is a heat exchanger where vapor is condensed by abstracting the
heat at a constant pressure P,.

Vapor leaves the condenser as a saturated liquid and enters the pump to
complete the cycle.

6.4.2 Thermal Analysis of Carnot Cycle

Net work
Heat added (6.5)

Net work = turbine work — pumping work

Thermal efficiency =

Net work per unit mass flow:

W'wt = WF - WP
W, = <h3 _h4) _<h2 _h1) (6.6)
Heat added in boiler:
Q{l({d = <h3 - h2> <67>
Heat rejected in condenser:
Qrejeoml = (h’4 - h’] ) <68>
Thermal efficiency:
A%
Moo = (6.9)
Qudd
(hy —hy)—(hy~h)
=— = 6.10
T]C(lrfll)t <]13 _ ]/)/2> ( >
nmmot =1- Qmj?cmd (611)
Qarlrl

The heat addition and rejection can be expressed in terms of temperature
and entropy as follows:
Since:

O =TAs
Qll([(l = TZ (SS - SQ) (6 12)

Qreje(:te(/ = T‘] <S4 =8 ) (6 13)



Also:

or ncarmit = 1 - %
2

6.4.3 Limitations of Carnot’s Cycle

6.5
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(6.14)

Thermodynamically, the Carnot cycle is simple, and when the values of T,
and T, are known, the cycle reaches maximum thermal effectiveness. But it
is very difficult to use this cycle in practice due to the following limitations:

1.
2.
3.

The process of condensation of vapor to saturation condition is difficult.

To find the state 4 in the beginning of condensation is difficult.

The critical temperature of water vapor is fixed at 374°C, therefore, maxi-

mum possible temperature is bounded.

It is difficult to work with the superheated steam because providing the
superheat at a constant temperature rather than constant pressure is

difficult.

PRINCIPLES OF THE CARNOT CYCLE

The Carnot cycle is the best reversible cycle.

But there is irreversibility in the real process. Therefore, actual cycles are
less efficient than the Carnot cycle.

The Carnot cycle has four pro- P
cesses as shown in Figure 6.5 for
a closed system of piston—cylinder

arrangement.

1-2: Reversible isothermal expan-

sion process

The gas expands at a constant tem-
perature T}, and the heat Q,, is trans-

ferred to gas.

Ty = Const.

T_= Const.

Q

» V

FIGURE 6.5 v-p graph of Carnot cycle.
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2-3: Reverse adiabatic expansion pro-
cess

The gas expands by the reversible pro-
cess, and the temperature of gas reduces to
T, from T},.

3—4: Reverse isothermal compression

Heat is rejected to the surroundings
from the system (reversible) at a constant
gas temperature T,.

4-1: Reversible adiabatic compression

High-temperature reservoir
atTy

Nih,1 < Nth,2 MNth,2 = Nth,3

p?’ ocess Low-temperature reservoir
. atT
The temperature of gas increases to T}, 5
from T;,.

FIGURE 6.6 Carnot principle.
Carnot cycle works between two sepa-

rate temperatures T}, and T,.
For all reversible and irreversible heat cycles,

Mo, =1—% (6.15)

For the Carnot cycle,

T,
nt/t,Camo[ = 1 - T_L (6 16)
H

The efficiency of the Carnot cycle is always more than the efficiency of an
irreversible (real) working between the same two reservoirs as shown in
Figure 6.6.

<My irreversible cycle
Ny =1=Ny..  reversible cycle (6.17)

>Ny, impossible cycle

6.5.1 The Reverse Carnot Cycle

The reverse Carnot cycle is used for refrig-
eration. Q; represents the amount of heat
rejected to a reservoir at high temperature,
whereas Q, represents the amount of heat
received from a reservoir at low tempera-
ture. Work entering the system is impor-
tant to complete the cycle.

FIGURE 6.7 P-V diagram of the
reversed Carnot cycle.
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The V-P diagram of the reversed Carnot cycle is similar to the usual Carnot
cycle, but the directions of the process are reversed as shown in Figure 6.7.

6.5.2 Carnot Cycle for Heat Pump and Refrigerator

A heat pump or refrigerator working on a reversed Carnot cycle is called as
refrigerator or a Carnot heat pump.

The coefficient of performance (COP) of any refrigerator or heat pump is
calculated as follows:

COP, = L
0,
QL
1
and COP,, =———
o
On
The COP of the reversible refrigerators or heat pumps is calculated as follows:
COPR,reU = T 1
Tn_q
TL
1
and COPIIP rev =7
5 1 3 E
TH

Similar to the heat engine, one can conclude:

<COP, ., irreversible refrigerator
COP, =1=COP, ,,  reversible refrigerator (6.18)
>COP,,,, impossible refrigerator

6.5.3 Carnot Cycle for Heat Engine

All heat engines working on the principles of Carnot cycle are called the
Carnot heat engines. The thermal effectiveness of any heat engine (irrevers-
ible or reversible) is calculated as follows:

Ny, = _%, (619)

where Q,, is the heat transferred to the engine from the reservoir at a high tem-
perature T}, and Q, is the heat rejected to the reservoir at low temperature T,.
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For the reversible heat engines, the ratio of heat transfer with reservoir is
equal to the ratio of the temperatures of the two reservoirs.

Therefore, efficiency of a Carnot engine, or some reversible heat engine,
will be as follows:

nt/t,rev = 1 T (620)

This is the maximum efficiency of heat engine working between thermal
reservoirs T, and T, as shown in Figure 6.8.

All irreversible (real) heat engines working in the range of two tempera-
ture limits (T, and T;) have lesser efficiency.

The actual thermal efficiencies of the heat engines working between the
same ranges of temperatures (Figure 6.9) are as follows:

<My irreversible engine
Ny =1=Ny. .. Treversible engine (6.21)

>Nyee  impossible engine

High-temperature reservoir
atT, =1000 K

High-temperature reservoir
atT, = 1000 K

Carnot
HE W
- 700 net, out Irrev. HE
Ny = 70% e
Q

Low-temperature reservoir

Low-temperature reservoir

atT,_=300 K atT, =300 K
FIGURE 6.8 Carnot heat engine. FIGURE 6.9 Carnot principles.
EXAMPLE 6.1

A Carnot cycle operates in vapor in the range of pressure from 7 kPa
to 7 MPa. Calculate the work of turbine, thermal efficiency, and work
of compressing of vapor.



THermoDYNAMIC CycLes © 97

Solution: T
Enthalpy at state 3, h, = hg at 7 MPa a, Ps=P,
h, =2772.1 kj/kg IO)
Entropy at state 3, s, =s, at 7 MPa Py=Py
5, =5.8133 kJ/kg K g\
Enthalpy at state 2, 3 e : & @ N

hy =h; at T MPa
h, = 1967 K/ke FIGURE 6.10
Entropy at state 2,

s, =s; at 7T MPa

s, =3.1211 kJ/kg. K
For process 3—4,

s, =8, consider fraction of aridness at state 4 to be x,

Sy =85 =s; + (s, #x,) at TkPa

5.813300 = 0.556400 + x,.7.723700

x, =0.680600
For enthalpy at state 4:

hy=h;+(hg *x,) at TkPa

=162.6000 + (0.680600 x 2409.5400)

h, =1802.5300 kJ/kg
Fraction of dryness at point 1 is x,
For process 1-2,

S, =8, =58, +(s;, *x,) at T kPa

3.121100 = 0.556400 + (x,.7.723700)

x, =0.332100
For enthalpy at state 1:

hy=h; +(hg, *x,) at 7kPa

=162.6000 + (0.332100 x 2409.5400)
h, =962.81 kilojoule/kilogram
Network

Thermal Efficiency = m
eat adde

Work of expansion (work of turbine) =—(h, —h,)
=—(1802.5300 — 2772.100)
= 969.5700 k/kg
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Work of Compressing =—(h, —h,)
—(962.8100 —126700)
304.1900 kJ/kg (positive sign)

Amount of heat added to a system =—(h, —h,)
=—(1267.00—2772.100)
=1505.1 kJ.kg (positive sign)
Overall work =—(h, —h;)+(h, —h,)
=969.5700 — 304.1900 = 665.3800 kJ/kg

665.38
1505.1

Thermal Efficiency = =0.4421 or 44.21% Ans.

6.6 IDEAL RANKINE CYCLE

Some of the limitations of the Carnot cycle can be removed by superheating
the vapor in the boiler and a complete condensing in the condenser. As shown
in Figure 6.11, the cycle is called the Rankine cycle. This is the ideal cycle for
steam power plants.

pRerster J\/ Generator
A .__|
Downhole @ Turbine
pump Y
Preheater
Heat sink
A P
Condenser
Production Injectién
well well @

Feed pump

FIGURE 6.11 Schematic layout of ideal Rankine cycle.

The T-S diagram of ideal Rankine cycle is shown in Figure 6.12.
The ideal Rankine cycle consists of the following four processes:

Process 1-2: isentropic compressor in a pump.
Process 2-3: addition of heat in a boiler at a constant pressure.
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Process 3—4: development T4 . P, = P, Boiler
of isentropic work in an pressure
engine. W

. . t, out

Process 4-1: rejection of o
heat in a condenser at a con-
stant pressure. P, =P,

] \ Condenser
6.6.1 Analysis of the Ideal 4 Q* 4 \ pressure
. out
Rankine Cycle > S
The four machines of Rankine FIGURE 6.12 T-S diagram of an ideal Rankine cycle.

cycle (condenser, turbine,
boiler, and pump) have con-
stant flow. Rankine cycle is considered as a constant-flow process.
There is no work for the condenser and the boiler. The pump and the
turbine are taken as isentropic.
1-2: Pump work:

Wy =W, =(hy —hy) kJ/kg, (6.22)
=v;(py —py) KJ/kg

where p, and p, are in kPa.

The values of v; and p, can be obtained from this steam tables.

Pump power =1uw, in kW (6.23)

2-3: Heat supplied in boiler:

Gouppty = (s —hy) k]/kg (6.24)

or, Quuppty =111l —hy) KW (6.25)
3—4: Turbine work:

w; =(hy —h,) k]/kg (6.26)

Turbine power W, =ri(h; —h,) kW, (6.27)

where p, = pressure of condenser or low pressure of cycle, h, = enthalpy from
steam table at p,, p, = pressure of boiler or pressure at turbine inlet or high
pressure of cycle, h, = enthalpy from steam table at P,,m = the mass flow rate
of steam in kg/sec.

It is possible to use Mollier diagram to get h, and h,.
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4-1: Condensation process at constant pressure:

Grejecica =Ry —hy) K]/kg (6.28)
Qrejeciea =My —hy) kW
h, =h; atlow pressure p, (6.29)
(i) Net work:
W =W, -W, (6.30)

(ii) Thermal efficiency:

Ratio of the network to the heat supplied.

w
nthermal <Or) nrankine (Or> ncycle = =

qsupply
= Wr 7 (6.31)
qsupply
_ (hy—h,)—(hy —h,)
(hy —h,)
(iii) Specific steam consumption:
ssc =200 ke (6.32)
W}ct kW-hI'
Work ratio = Wi (6.33)
WT
w _
The back work ratio:  bwr=—-= hy =y (6.34)
W, hy—h,

EXAMPLE 6.2

An ideal Rankine cycle has steam as the working fluid. Saturated
steam enters the turbine at a pressure of 8000 kPa, whereas saturated

liquid leaves the condenser at a pressure of 8 kPa. The cycle power
output is 100,000 KW.
Calculate:

a. The thermal efficiency of the cycle.
b. The back work ratio of the cycle.
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c. The flow rate of steam, in kg/h.

d. The flow rate of condenser cooling water, in kg/h, if cooling
water enters the condenser at 15°C and leaves at 35°C.

i | .
1| Boiler ¥ : ! Wi
l ; I —
1 | : T
: : Saturated I
! | vapor -
!
: I |_ - 1
] S ! Condenser—r— l—
l .
: ’VP ™ Qou
| .
5 Pump ] S— Cooling
-=~ water
\
@) . AN
~ 4 1
S

Solution:

State 1 (pump):

Saturated liquid

State 2 (boiler):

State 3 (turbine):

Saturated vapor

Saturated
liquid at 0.008 MPa

FIGURE 6.13 Steam power plant.

P, = 0.008 MPa,

hy = h,, =173.88 kj/kg

v = v, =1.0084 x 107°m’/ kg
p, =8.0 MPa

Sy =S5,

Wy =0y (P,—P)
=1.0084x107°(8 —0.008)
=8.06 k]/kg

hy=h +W

pump

=173.88+8.06 =181.94 kJ/kg

p; =8.0 MPa  h, =2758.0 kJ/kg
5, =5.7432 k]/kg K
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p, =0.008 MPa
—0.008 MPa
s, =8, 1t } = 5.7432 k]/kg K
S5 =8, .
S, -5, 5.7432—0.5926
7.6361

x, =
Sty
State 4 (condenser): x, =0.6756
hy=h;+x,h,
=173.88+0.6745%x2403.1
h, =1794.8 k]/kg

a. Thermal efficiency:

net

Mihermal qupply
_ —~{hy=hy)+(h, =h,)
~(h, = h,)
— ~(h, —hy)+(h, —h,)
=)
_ —(1794.8 -2758.0) + (173.88 — 181.94)
Mot = —(181.94 —2758.8)

nthermal = 0371 = 371%

b. Back work ratio:

o Wl
W, hy—h,
W, 181.94-173.88
bwr=—t=—7—8¥#—/—/#——
W, 2758.0-1794.8

bwr=8.37x10"° =0.84% Ans.

c. Mass flow rate of steam:

cycle
(hy—h,)—(hy—h,)
(100)x10* x 3600
(963.2) —(8.06)
m=3.77x10° kg/h  Ans.
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d. Flow rate of condenser cooling water:

i =(h, —h,)
=m, C (T

AT e = 1)

w T w wout win

3.77x10°(179.4.8 —173.88) = 1in,, x4.2(35—15)
m, =7.2x10% keg/h  Ans.

6.6.2 Comparison between Carnot and Rankine Cycles

i. For the same temperature limits, Rankine cycle gives higher out-
put than the Carnot cycle. Rankine cycle needs a lesser flow rate of
vapor to obtain a known output. Rankine cycle needs higher rates of
heat transfer in boiler and condenser.

ii. Efficiency is less than that of Carnot cycle. The efficiency of Rankine
cycle can be more than that of Carnot cycle, if superheated steam is
used.

iii. The compressor power is very high in Carnot cycle as compared to
pumping power in Rankine cycle.

Figure 6.14 gives comparison of SSC and efficiency of two cycles.

I I |
80 | < I
\e I 3121 1
707 f oY% I < |
o | 2 1
60 | I \510 B 1
e cycle I S \@ 1
50 e I Z gl \0\;0 !
. 1S N

= 40 : E 6l o’b‘ |
® 307 | 8 e /|
. : ; 4l Rankine &9 !
20 I g |
107 : v 2 :
1 1 1 1 1 = 1 1 1 1 1

0 50 100 150 200 225 8§ 0 50 100 150 200 225

Boiler pressure (bar) ——» & Boiler pressure (bar) ——»

FIGURE 6.14 Specific steam consumption and thermal efficiency of Carnot and ideal Rankine cycles.

6.6.3 Effect of Operating Conditions on Rankine Cycle Efficiency

The Rankine cycle efficiency can be increased by the following factors:

1. Lowering the condenser pressure (lowers T, _..)

The effect of lower pressure of condenser on the Rankine cycle efficiency is
shown in T-S diagram (Figure 6.15). The shaded area in Figure 6.15 shows
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the increase of power output by
lowering the condenser pressure.
The heat input shown by the area
under the curve 2'-2 increases but
very little. The thermal efficiency
of the cycle increases with the
decrease in condenser pressure.
The vapor power cycles work
in a closed loop and the condenser
pressure is lower than the atmo-
spheric pressure to increase the
thermal efficiency of the cycle.

2. Superheating the steam to high
temperature (increases T,

igh, avg)

The steam temperature can be
increased by superheating with-
out the increase in boiler pres-
sure as indicated by the shaded
zone in Figure 6.16. The increase
in the heat input and the higher
work output are shown by the area
under the curve 3-3'. This leads to
higher thermal efficiency.

There is an additional advan-
tage of superheating the vapor to
higher temperatures as the dryness
fraction of steam at the turbine’s
exit improves.

3. Raising the boiler pressure (increases

Thigh, avg)

TA

<
1/ ‘ 4
Increase in W
> S

FIGURE 6.15 Result of lowering the condenser
pressure on the ideal Rankine cycle.

’
X4>Xy

Increase in w,

TA

FIGURE 6.16 |deal Rankine cycle showing the
influence of superheating the vapor to higher
temperatures.

The temperature of heat-addition process in the boiler can be increased by
raising the working pressure of the boiler. But the dryness fraction of steam at
the turbine’s exit decreases as point 4 moves to the left.

These methods can be used to increase the thermal efficiency of the

Rankine cycle.

i.  Use of dual vapor.

ii. Extraction of water from steam.
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iii. Feed water reheating or T4
regeneration.

. . Increase
iv. Reheating of steam.

IN Wnet

6.6.4 Regeneration Cycle

_Decrease
In Rankine cycle, the condensate at M Wnet
low temperature takes an irrevers-
ible addition of heat in a hot boiler
thereby cycle efficiency decreases.
The condensate can be heated with /1 4 4 N\

the steam extracted from the turbine >S
before sending to the boiler.

This heating is called regener-
ation heating and the cycle is called
regeneration cycle.

The regenerative heating is always utilized and a number of the heaters
are provided. The process of steam extraction is called bleeding of steam.
The number of feed water heaters (FWHs) depends on the size of plant.

Eight to nine heaters may be used
for large thermal power plants.

FIGURE 6.17 Effect of increasing the boiler
pressure on the ideal Rankine cycle.

A FWH is a heat exchanger to
heat condensate by steam. There are
two types of FWHs: ‘ !
Open Closed
1 . Open or direct contact type~ water heaters water heaters

2. Closed type with:

. Backward Forward
a. Drains cascaded backward | drain | | drain |
b. Drains pumped forward. FIGURE 6.18 Types of feed water heaters.

Advantages of regeneration cycle:

1. The heat supply in the boiler is decreased.

2. The temperature difference in the boiler is reduced.
3. The boiler heating approaches to reversible process.
4. The temperature of heat addition in boiler increases.
S

The thermal efficiency depends on the temperature of heat supply and
therefore increases.
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6. The size of condenser is reduced.

7. The steam flow in turbine becomes wet and water has to be separated by
steam bleeding, and the need for water separation decreases along with
the decrease in the corrosion of turbine blades.

Disadvantages of regeneration cycle:

1. The plant becomes complicated increasing capital cost and decreasing

reliability.
2. Heaters need additional maintenance.
Boiler size increases.

4. The heaters are expensive and the gain in thermal efficiency is not much
as compared to additional cost.

6.6.4.1 Open FWHs
The advantages of two types of FWHs are given in the following table:

Open FWHs Closed FWHs
1. Simple and inexpensive. 1. Complex and expensive because of the
2. More efficient heat transfer internal tubing network.
due to direct contact. 2. Less efficient since the two streams are not

3. One pump can be used for allowed to come in direct contact.

many FWHs 3. One pump is used for each FWH

In an open-type FWH, the feed water from condenser and bled steam
from turbine are directly mixed. The schematic diagram of a power plant
along with T-S graph is shown in Figure 6.19.

In a cycle of Rankine ideal regeneration, vapor enters the turbine at the
pressure of the boiler and decreases isentropically to a moderate pressure.
Some steam is removed at this condition and same to the heater. The rest of
vapor stays to expand isentropically to the pressure of condenser. This vapor
goes to the condenser as a saturated liquid at the pressure of the condenser.
The feed water enters the pump at an isentropic condition, wherever it is
condensed to the pressure of heater of feed water (stage 2) and is in flying to
the provide for water warmer, wherever feed water combines with the vapor
extracted from the turbine.
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Boiler

Open

FWH
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m kg

Condenser

1-mkg

FIGURE 6.19 |deal regeneration Rankine cycle with open feed water heater.

Thermal analysis of power plant with open FWH:

qin
qout
‘/‘/turb.out

pump.in

Where:
w

pumpLin

pumplLin

Energy balance of FWH:
For 1 kg of working fluid,

=h,=h,

=Vi(5,-P)
:VS<P4 - 3)

Inlet of energy = outlet of energy

m =
mass of steam circulated

(1- m><h7 - h1>
(hy —h,)+ (1= m)(h, —h.)
1

- 1n’>Wpumpl,in + W

pumplLin

mass of steam bled

(6.35)

Steam from turbine

Saturated
water

Water from
pump

FIGURE 6.20

Open Bleeding
FWH m kg
T3 1-m
«—l1ke kg
2
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Energy entering the heater = Energy leaving the heater
m= h3 B hz
hs —h,
m-hg +(1—m)h, =1xh,
m-hg +h, —mh, =h,

m(hg —hy,)—hy —h, (6.36)

= Mass of steam bled

EXAMPLE 6.3

In an ideal regeneration Rankine cycle of steam power plant working
with one open feed water heaters, steam enters the turbine at 600.00°C
and 15000 kPa and condensed at 10.000 kPa. Steam is heated at a
pressure of 1.2 MPa and enters the feed water heater. Calculate the
fraction of steam bled and the thermal efficiency of the cycle.

15 MPa
1kg @ l 600°C

Wturb, out
/_\

in Boiler

Open
FWH

*9
15 MPa @~- Qout

Pump i Condenser

Pump |

FIGURE 6.21 Schematic diagram of Example 6.3.

Solution:

FIGURE 6.22 T-S diagram.
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Condenser outlet:
P =10 kPa
Sat. Liquid hy = hf@lo wra =191.81 kJ/kg
U = Vo, =0.00101 m®/ kg

Pump outlet:

P,=12 MPa
S =5
VVpumpI.in =v,(P,—h)
=(0.00101 m*/ kg)[(1200 — 10) kPa](L].]
1 kPa-m®
=1.20 kj/kg
hy =h, + W, = (191.81+1.20) k]/kg
=193.01 kJ/kg
FWH outlet:
P,=1.2 MPa ;
Sat. Liquid }03 =Usq1a wpa = 0.001138 m /kg
hy =h sy, =798.33 k]/kg
Boiler inlet:
P, =15 MPa
Sy =83
Wpumpl[.in =0,(P, - F,)
_ 5 . ( 1 k] J
=(0.001138 m*/kg)[15,000 —1200] kPa| ———
1kPa-m
=15.70 kj/kg.
Iy +hy + W =(798.33415.70) K /kg = 814.03 KJ/kg

Turbine inlet:

P, =15MPA

}hS =3583.1 kJ/kg
T, = 600°X

55 =6.6796 k]/kg.K
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Bled steam:
P, =12 MPa
- }hs =2860.2 k]/kg
Sg =S5
(T, =218.4°C)
Condenser inlet:
P, =10 kPa
S7 =Sy 6.6796—0.6492
s, 74996
h. = hf + ac7hfg =191.81+0.8041(2392.1) =2115.3 kj/kg
m hy +(1—m)h, =1(h,)
- _hy=hy _79833-19301
he—h, 2860.2—193.01
~.q, =h, —h,(3583.1 - 814.03) kJ/kg = 2769.1 k]/kg
Gout =1 =m)(h. —h;)1 kg
= (1-0.2270)(2115.3 — 191.81) ki/ke =1486.9 k]/ke.

=0.8041

S; =85 X; =

=0.2270kg. Ans.

1486.9 k/k
oy =1 do = 1 AS6IKIKE _ ) 463 or 46.3% Ans.
2769.1 kJ/kg

in

6.6.4.2 Closed FWHs

Closed FWHs are shell-and-tube heat exchangers in which feed water tem-
perature increases as the bled steam condenses on the outer of the tubes with
feed water flows inside the tubes.

The two steams are at different pressures and do not mix.

The bled steam condenses in the closed feed water while heating the feed
water from the pump.

The heated feed water is sent to the boiler and the condensates from the
FWH are also pumped to the boiler.

There are two types of closed feed water heating schemes as shown in
Figure 6.23.

Extraction steam
I— Bled steam l_

—}

Feed water out
in

Pump LCl‘mdensale Condensa(eJ Steam trap
To higher ( ; ) To lower

pressure heater

|
Feed water
in

pressure line
or condenser

(a) Closed FWH with Drain pumped forward (b) Closed FWH with Drain Cascaded backward

FIGURE 6.23 Feed water heating schemes.
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i. Closed FWH with drains cascaded backward

This scheme of FWHs is simple and mostly used.

It is shell and tube heat exchanger.

The feed water flows in the tubes and the bled steam flows in the shell.
Only one pump is needed as the steam does not mix with the feed
water.

If decreator is used, another pump may be used before the boiler feed
pump.

The bled steam is drained back to previous low-pressure FWH by
reducing the pressure or led back to the condenser.

Terminal Temperature Difference (TTD) is defined as the difference
between temperature of bled steam entering the feed water and the
sub-cooled water temperature. TTD is shown in Figure 6.24, as:

TTD = Saturation temperature of bled steam — exit water temperature. The
TTD is positive and is often of the order of 0°C-5°C.

3

DC = Drain cooler

DC =
_ c S~< C = Condenser
T 6 DS = Desuperheater

—
— & -l 3

LorH I LorH LorH
(a) (b) (c)

FIGURE 6.24 Terminal temperature difference.

2

Steam
generator

mﬂr myy

A
w
=

9 10 1 12

FIGURE 6.24(A) Power plant with closed FWH and drains cascaded backward.
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(2]

FIGURE 6.25 Closed FWH with drains cascaded backward.

m, = mass flow rate of bled steam for the high pressure closed FWH
m, = mass flow rate of bled steam for the low pressure closed FWH

m, = mgz + m. + mg = total steam mass flow

Energy balance of the high-pressure FWH:

The energy balance of the high-pressure FWH is given as follows:
Energy entering the heater = Energy leaving the heater

mhs + hy = mhy + hym,(hy —hy)= h, —h,
For throttling process, enthalpy is constant.
hy = Iy,
Energy balance of the low-pressure FWH:
Energy entering the heater = Energy leaving the heater
mhyy + myh + hy = (m, + my)h, + h,
m, (h,, —h,,)+ my(h, —h, )= h, —h,

For throttling process, enthalpy is constant.

h,=h,
Thermal analysis of cycle:
For boiler: G =(hs —h,) (6.37)
For condenser:
Qo =L =m; —my)(hg —h,)+(m, +my)(h, —h,) (6.38)

For pump: W, = <h2 - h1> =0 <P2 - P1> (6.39)
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For turbine:

W, = (hs —hg) +(1=m,)(hg —h.)+ (1 =m, —m,)(h, =h,) (6.40)

out

For cycle: W =W =W, (6.41)
Thermal efficiency: n= Woer (6.42)
qin
EXAMPLE 6.4

In a steam power plant working on the ideal regenerative Rankine
cycle with two closed feed water heaters, steam enters at 600.00°C
and pressure of 15000 kPa and it is condensed at 10.00 kPa. At 4000
kPa, a small amount of steam is bled from the turbine. At 500 kPa,
steam enters closed feed water heater. Calculate the cycle’s thermal
efficiency and rate of mass flow of steam entering the two closed

FWHs.
Solution:
Pump inlet: P, =10 kPa hy =h;q, =191.81 k]/kg
Saturated liquid: v, =v;, =0.00101 m*/kg
5, =0.6492 k]/kg K

Pump outlet: p, =ps =15 MPa
Sy =8,
W =01 (P2 —p,) =0.00101(15000 —10)
=15.14 kJ/ke
]7’2 = hl + VVpump

=191.81+15.14 =206.95 k]/kg

Turbine inlet:
py=15MPa h, =3582.3 kj/kg

T. =600°C s; =6.6775 kJ/kg K

S5 =85 =5, =S5

6 7

Bled steam:
ps =4 MPa  hg =3152 k]/kg
s, =6.6775 kj/kg K at T, = 375°C
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FWH inlet:
p. =0.5 MPah, =h, =640.21 kJ/kg

s; =6.6775 kJ/kg K h,, =2108.47 kJ/kg™
Mixture s, =1.860600 kJ.kg™" K™
s, =4.9606 k.kg™ K
$; =5, 6.6775—1.8606

X, =
5 4.9606
h,=h,+x:h,,
=640.21+0.971%2108.47

h. =2687.5 k]/kg

Condenser inlet:
ps =10 kPa hf =191.81 k]/kg

ss =s; =6.6775 k]/kg. K h,
=2392.82 k] kg™
Mixture s, =0.649200 k] kg™ .K™
s,; =7501 k] kg™ k™
Ss =Sy 6.6775—0.4692
s, 1.501
x, =0.803
hy=h, +xh,,
=191.81+0.803x2392.82
hy =2113.2 kJ/kg
py =4 MPa h,
=1087.29 kJ/kg
Sat.T, =250.4°C

Xg =

Assume TTD =2°C
TTD =T, -T,(T,, =T, 500 kPa.)
2=151.86-T,
T, =149.86°C T, =150°C
T, =150°C h, = hf =632.18 kJ/kg
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At
T, =150°C h, = hf =632.18 kJ/kg
Assuem TTD =2°C
TTD=1,-T1,(T, =T, .4 MPa.)
2=2504-T,
T, =248.4°C T, =248°C

At T, =248°C h,=h, =1074 k]/kg
The energy balance of the high-pressure FWH is given as follows:
Energy entering the regenerator = Energy leaving the regenerator
m,hg +hy, = mhy +h,m, (hy—hg) = h, —h,
m,(3152-1087.29) = 1074 -632.18
m, = 0.214 kg

The energy balance of the low-pressure FWH is given as follows:
Energy entering the regenerator = Energy leaving the regenerator

m,h,, + myh. + hy =(m, +m,) h;,+ h,
(hlo _h11)+ my (hT - hn): hy — h,

For throttling process, enthalpy is constant.

h9 = hw
hn = hlz
h,, = h,, 500 kPa

sat >

=640.21 kJ/kg

0.214(1087.29 — 640.21) + m, (2687.5 — 640.21)

=638.18 —206.95
m, =0.161 kg Ans.
¢ =(hs =hy)g,,

=(3582.3-1074)
g, =2503.3 k]/ke

Gout =X =my —my)(hg —h,)+(m, +m,)(h, —h,)

(o =(1-0.214-0161)(2113.2-191.81)
+(0.214 +0.161)(640.21 —-191.81)
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qout = 1369 k]/kg

n= & =1- ﬁ
qin qm
1369

9508.3
n=0.454

=45.4% Ans.
i. Closed FWH with drains pumped forward

The field water is heated by bled steam without mixing. The pressures of
two streams are different. The condensate of bled steam leaves the heater as
saturated water. Figure 6.26 shows an ideal regenerative Rankine cycle with a
closed FWH with drains pumped forward.

Boiler

[

Mixing
chamber

Condenser

Pump |

FIGURE 6.26 The ideal regenerative Rankine cycle with closed FWH with drains pumped forward.

Energy and mass balance of FWH
m, = mass flow rate of bled steam for the closed FWH
m,=m, + my
The energy balance of the closed FWH is given as follows:
E inlet FWH = E outlet FWH
my h.— (m, — 1) hy=m,hy; — (m, — 1) hy (6.43)

Thermal analysis of cycle:
For boiler:

¢, = (he =hs) (6.44)
For condenser:

qout = (1 - ml ><h8 - h1> (645)
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For pump: q Bled steam
win =<1_m1><h2 _hl> (646) n7

Net work:

Wlet = Wout - Wn (647)

Water
Thermal efficiency: to boiler
n= Woer (6.48)
G K Water to
steam trap

EXAMPLE 6.5 FIGURE 6.27 Closed FWH.

Repeat the solution of Example 6.4

Water
from pump

using the same data with FWHs installed in forward pumped drain

arrangement.

Solution: From previous example:
hy=h, p,=191.81 kJ/kg
hy = 206.95 kJ/kg
h- = 3582.3 kJ/kg
hy=2113.2 kJ/kg
hy = 3152 kJ/kg
h,, =2687.5 kJ/kg
hy, = 1087.29 kJ/kg
h,, = 640.21 kj/kg
Assume
TTD =2°C to fined h, and h,
TTD =T, -T;(T,, = Tsat,500kPa.>
2=151.86 T,
T, =149.86°C T, = 150°C
At
T, =150°C h, =h,= 632.18 kJ/kg
TTD =T, -T,(T,, =T, 4\p.-)
2=9504- T,
T, =248.4°C T, =248°C
At
T, =248°C hy=h, =1074 k]/kg
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For low-pressure FWH, the pump work:
W =0, (p. —py,) =0.001252(15000 — 4000)

pump
=13.77 k]/kg
h12 = hll + Wpump

=1087.29+13.77 =1101.06 k]/kg

The energy equilibrium of the high-pressure FWH is given as follows:
E incoming to the regenerator = E exiting from the regenerator

myhy —(m; —Dh, =mh,, —(m, —1h;

The energy balance of the low-pressure FWH is given as follows:
E incoming to the regenerator = E exiting from the regenerator

m,hy —(m, —1)h, =mh,, —(m, = 1h,

The energy balance of the low-pressure FWH is given as follows:
Energy entering the regenerator = Energy parting the regenerator
myhy, —(1—m, —m,)h, =(1—m,;m,)h, +h,h,,
m,; =0.1776 kg
m, =0.1414 ke
h, =636.284 k]/kg
hy =1078.806 k]/kg
g, =(h; —hy) g, =(3582.3-1078.806)
q,, =2503.3 kJ/kg
Goue =(L=m; —my)(hy —h,)
(o =(1—-0.1776 - 0.1414)(2113.2-191.81)
Go =1308.46 kJ/kg

n — VVnrst
qin

— 1 Jour
qin
B 1308.46

2503.5
N=0.477=47.7%. Ans.
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6.6.5 The Placement of FWHs

For maximum thermal efficiency, it is very important to decide the pressure
of bled steam from turbine.
T,-T.
ATnpt = £ <
n+1

6.6.6 Reheat Cycle

The thermal effectiveness of the cycle can be increased by the following
methods:

i. Regenerative feed water heating.
ii. Binary vapor cycle.

iii. Reheating of steam.

iv. Removal of water.

Reheating system

Figure 6.28(b) shows schematic diagram and T-S diagram of an ideal reheat
Rankine cycle.

Steam is expanded in the high-pressure turbine isentropically to an inter-
moderate pressure and sent back to the boiler for reheating to initial tem-
perature. Steam is expanded isentropically in the low-pressure turbine to the
condenser pressure.

S qin = qprimary + qreheat = (h3 - h2> + (hS - h4>
= wturb,l +qturb,]l :<h’5 _h4)+<h5 _h6> (649)

The improvement in thermal efficiency by reheating depends on the
reheat pressure with reference to the inlet stem pressure.

w

turb, out

3
—

Reheating

High pressure

- I turbine 3 5
Boiler torbin s F—2
Reheater 4| 'Ureine SRl Low-pressure
turbine
é P4 = PS = Preheat
» 1

Condenser

Pump

/! N

» S

FIGURE 6.28(A) |deal reheat FIGURE 6.28(B) T-S diagram of ideal reheat
Rankine cycle. Rankine cycle.
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Figure 6.29 shows the reheat

pressure versus cycle efficiency.

Advantages of reheating:

1
2
3.
4

Output power increases.

Heat Sllpply increases.

Rankine (%) —»

Thermal efficiency increases.

The wetness drops and corrosion
of blade becomes less. This leads
to the increase in turbine life.

Disadvantages of reheating:

1. Added equipment and piping
increase plant cost and operational reliability decreases.

46

44

42

40

38

36

0 0.2 0.4 0.6 0.8
Reheat Pressure

Initial Pressure

Pressure of Condenser: 12.700 mm Hg
Inlet and reheat temoerature: 427.00°C

FIGURE 6.29 Reheat pressure versus

cycle efficiency.

2. The increase in thermal efficiency may not offset the disadvantages of

plant complexity.

EXAMPLE 6.6

In an ideal reheat Rankine cycle steam power plant, steam vapor

enters the turbine at a temperature of 600.00°C and pressure of

15000 kPa, and is condensed at 10.000 kPa. The vapor moisture at the
exit of turbine should not exceed 10.400%, calculate the following:

Reheat pressure.

b. Thermal efficiency of cycle.

Assume the steam is reheated to the initial temperature.

15 MPa g;g

High-P

Boiler turbine

Low-P
turbine -1
Reheater
P4=P5=Preneat 10 kPa
> 1

®

Condenser

A °C

3

Reheating
5

FIGURE 6.30 Reheat Rankine cycle.
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Solution:

a. The reheat pressure is determined from the requirement that the
entropies at states 5 and 6 are the same:

Turbine outlet:
P, =10 kPa
xs =0.896 (sat.miture)
Se =S, + %65y,
=0.6492 + 0.896(7.4996)
=17.3688 kJ/kg K
But
hs=h; +x5h,,
hs =191.81+0.896(2392.1)
=2335.1 kJ/kg
Thus,

Turbine inlet:

T, =600°C| P, =4.0 MPa
h, =3674.9 k]/kg

S5 =S¢

6

Therefore, steam should be reheated at a pressure of 4 MPa or lower to
prevent a moisture content above 10.4%.

b. To determine the thermal efficiency, the enthalpies at all other states
must be known:

Condenser outlet:
P, =10 kPa]ly =h, g1 = 191.81 K/kg
Sat. liquid }vl = 0,191, = 0.00101 m’/kg
Boiler inlet:
P, =15 MPa
S, =8,

1k]
i = 01 (P, =) =(0.00101 m*/kg)x[(15.000 ~ 10 kPA)](mJ
=15.14 k/ke.
hy=h +w

pump.in

= (191.81+15.14) k/kg = 206.95 k] /kg
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High-pressure turbine inlet:
P, =15 MPa] h, =3583.1 k[/kg
T, =600°C |s, =6.6796 k]/kg—K

High-pressure turbine outlet:

P, =4 MPa}h4 =3155.0 k]/kg

S, =5, (T, =375.5°C)
Thus
qin = <hS - h2 > + <h5 - h4>
= (3583.1 - 206.95) kJ/kg + (3674.9 —3155.0) kJ/kg
=3896.1 kJ/kg
(o =hs =y, =(2335.1-191.81) kJ/kg = 2143.3 k]/kg
and
ot oy 2U33KKG o o 45.0% Ans.

6.6.7 Cogeneration Cycles

Cogeneration is the simulta- @
neous generation of electric- i

. . E i

ity and steam (or heat) in a i 1"11

single power plant. Chemical
industries, paper mills, and
municipalities that use dis- Boiler ®) m
trict heating need to process

heat or steam as well as elec- 1 oo
tricity. These industries and  (3)-
municipalities can produce
electricity more conveniently
and cheaply by cogeneration.
The cogeneration plan
efficiency is calculated as
follows:

FIGURE 6.31 Cogeneration plant with adjustable loads.

_electric energy generated + process heat

heat added to the plant

co

A cogeneration plant with adjustable load is shown in Figure 6.31.
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The boiler steam is used for both electric power generators and heat. Fac-
tor of utilization €, of cogeneration plant is calculated as follows:

_ Net work output + Process heat delivered

u

Total heat input

W 70, (6.50)
Qin

Let m, = total mass flow rate of steam in kg/s

=my +m6 +m7

g, =(h, —hy)
Goe =(L=m; —=my)(h; =) (6.51)
q, =myhs +myhg —(my +my)hg (6.52)
W =0—m, —m,)(h, —h,)+(m, +my)(hy —hy) (6.53)
W . =1-m)(h, —=hs)+1—m, +m,)(hy—h.) (6.54)
Wie = Wou =W, (6.55)

Or
1kg
Boiler
1-m,
5 Process
FIGURE 6.32

¢, =(hg —hs) (6.56)
Gou =1 —m,)(hg =) (6.57)

qi) zm]h7 _1n]h3 (658)
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W, =@ =my)(hy =hy)+(my)(hy —Dy) (6.59)
W, =(hs—h.)+1—m,)(h, —h) (6.60)
Wlet = Wout - VVin (661>

EXAMPLE 6.7

In a cogeneration plant, boiler produces steam at temperature of
450.00°C and pressure of 10000 kPa at a rate of 5.00 kg-s . Steam
expands to 500 kPa in the turbine, then it is supplied to the process
heater. Before entering the boiler, it is heated in a feed water heater.
The condenser works at 20.00 kPa.

a. Calculate the rate of power generation.

b. If only 60% of steam is used as process heat and the condenser
receives the remaining steam, calculate the rate of power
generation.

5 kg/s

5 Process
heater

FIGURE 6.33 Schematic diagram of Example 6.7.

Solution: (a)
For pump P-I inlet:
P,=20kPa h, =h,, =251.42 kJ/kg
v, =v,, =0.001017m"/kg
Pump outlet:
W, =, (P, — P,)=0.001017(10000 - 20)
=10.15 kJ/kg
hy=h,+W
=951.42+10.15 = 261.57 k/kg
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For pump P-H inlet:
P,=0.5 MPa h, =h,, 640.09 kJ/kg

vy =v,, =0.001093 m*/kg
Pump outlet:

Wpl =0,(P, — P;)
=0.001093 (10000 — 500)
=10.38 kJ/kg
hy=h;+W,

=640.09 +10.38 =650.47 k]/kg
Turbine inlet:
P, =10 MPa h, =3242.4 k]/kg
T6=450°C s, =6.4219 kJ/kg.K
Bled steam:
p: =05 MPa, h, =640.09 k]/kg
5. =5, =6.4219 kJ/ke K
h;, =2108.0 kJ/kg
Mixture s, =1.8604 kJ/kg K
s, =4.9603 kJ/kg K

S; =S¢

7

X, =
ng
_ 6.4219-1.8604
4.9603

h, =h, +2x;h;, =640.09 +0.9196 % 2108.0
h. =2578.6 k]/kg

=0.9196

Turbine exit:
ps =20 kPah,
=951.42 kJ/kg
s, =5, =6.4219 kJ/kgk h,,
=2357.5 k] .kg
Mixture s, = 0.832000 kJ.kg™' K™
5,.; =7.05200 K kg™ K
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Ss =Sy 6.4219-0.8320

Xg =
S 7.0752
x, =0.7901
hg=h, +xsh,,
=251.42+0.7901x2357.5

hs =2114.0 k]/kg
When the entire steam is routed to the process heater:

W, =5(h, —h.)

W, = 5(3242.4 — 2578.6)

W, = 3319 kw

W, =5(h; —h;)

W, = 5(2578.6 —640.09)

W, =9693 kW Ans.

(b)
5kgls
Boiler
5-my
5 Process
heater

FIGURE 6.34

When only 60% of the steam is routed to the process heater:
Energy balance of FWH

Energy entering the heater = Energy leaving the heater
m,h, +(5—m,)h, =5h;
3%x650.47 +2x650.47 = 5x hy
hs =494.91 kJ/kg
W, =5(hy —h.)+2(h, —hy)
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W, = 5(3242.4 — 2578.6) + 2(2578.6 —2114.0)
W, =3319 kW

W, =3(h, —h,)

W, =3(2578.6 — 640.09)

W, =5816 kW Ans.

6.6.8 Binary Vapor Cycle

Binary vapor cycle uses two fluids. Figure 6.35 shows parts of a binary vapor
power plant.

1. Mercury cycle: Mercury boiler, mercury turbine, mercury condenser or
steam generator, and mercury feed pump.

2. Steam cycle: Steam generator or mercury condenser, steam super heater,
steam turbine, steam condenser, and water feed pump.

A. Thermodynamic properties of mercury:
Mercury has its following thermodynamic properties:

1. The boiling pressure of 12.5 bar only is necessary to match the steam
temperature of 540°C. High pressure is not necessary to obtain high main
temperature of heat supply.

2. Mercury does not have any erosive or corrosive effects on the metal parts.

3. The boiling point is 354.4°C and the freezing point is 3.3°C at atmos-
pheric pressure.

4. Mercury can be safely used with high-temperature metals.
5. The saturation state of liquid can be obtained by vertical expansion almost
isentropic as for Carnot cycle.

Mercury Mercury electric Steam electric
turbine generator Steam

turbien_l generatorl

—L |

Superheater
Steam

v
Mercuty Toooooond
AAWMWA condenser

generator

-} +— Mercury condenser or
steam generator

— —9
Mercury feed pump Water feed pump

FIGURE 6.35 Elements of binary vapor power plant.
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B. Binary vapor cycle analysis:

w, = Work done per kilogram of steam

h, = Heat supplied per kilogram of steam produced in the mercury con-
denser or steam boiler

N, = Thermal efficiency of steam cycle.

m = Mass of mercury in the Hg cycle per kilogram of steam produced in
the steam cycle.

M, = Thermal efficiency of Hg cycle.

H,, =Heat required for Hg per kilogram of steam in mercury boiler.

W,, = Work produced per kilogram of Hg cycle
h,,, = Heat removed from Hg per kilogram of steam in the mercury
condenser.

Work done in mercury cycle per kilogram of water flow:

Wy -m=w (6.62)
Work done in steam cycle per kilogram of water flow:
W l=w (6.63)
Heat supplied in Hg boiler per kilogram of water flow:
by, -m=h, (6.64)
Overall work done in binary vapor cycle:
W =W, + W, -m (6.65)
.. Total efficiency of binary vapor cycle:
_ Work done
7 Heat supplied T
A
_W, _mW, + W, (6.66)
h, mhhgl
Thermal efficiency of Hg cycle:
m“/hg
n]zg - mhhgl
- Wi - Py, =i, =1- i, (6.67) >
h/lgl h/lgl hhgl FIGURE 6.36 Binary vapor cycle on T-S

graph.
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_hs

— mhhgl _ 1

3=

h
Sl R 6.68
™ (6.68)

mh,,
Heat supplied by the Hg vapor = Heat received by the steam
mh,, =h, -1 (6.69)

hg,

But

h
My =1-—% (6.70)

hg,
Thermal efficiency of steam cycle:
_ WS‘ _ hS — hYz
n, = h mh

s hg,

(6.71)

Combining overall thermal effectiveness, the following was obtained:

ncycle =n]zg +h5~<1 _n},g) (672)
There is a problem in the design of binary cycle plants. Special plant

design is required to avoid leakage of dangerous Hg vapor. Cost of Hg inven-
tory is very high. Pumping of Hg and heat transfer are difficult.

STIRLING CYCLE

The Stirling cycle is similar to Carnot cycle which was invented in 1816 by
Dr. Robert Stirling. Figure 6.37 shows an ideal Stirling cycle on T-S and P-V
diagrams and consists of the following four thermodynamic processes:

1.

2
3.
4

1-2: reversible isothermal compression.

2-3: heat addition by reversible isochoric process.
3—4: reversible isothermal expansion.

4—-1: reversible isochoric heat rejection.

The working material for Stirling cycle is a gas such as hydrogen, air, etc.

and not water vapor. Similar to Carnot cycle, all processes in a perfect Stirling
cycle are reversible. Heat pump or refrigerator works on reversed Stirling
cycle. This cycle has the application for cryogenic engine.
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A
Temperature

T3=T,

Pressure

Volume Entropy

FIGURE 6.37 Stirling cycle.

6.8 ERICSSON CYCLE

The Ericsson cycle is another perfect cycle of thermodynamics discovered by
John Ericsson. T-S and P-V diagrams for ideal Ericsson cycle are shown in
Figure 6.38. It consists of the following processes:

1.

2
3.
4

Pressure

1-2: reversible isothermal compression process.
2-3: heat addition by reversible isobaric process.
3—4: reversible isothermal expansion process.

4-1: reversible isobaric heat rejection process.

Temperature

Ty3=T,

Volume Entropv

FIGURE 6.38 Ericsson cycle.

This cycle is not used in engines but are used in gas turbine plants.

Stirling, Ericsson, and Carnot cycles are identical in thermodynamics. In

theory, each cycle can obtain same maximum efficiency. None of these cycles
have found applications in practical engineering.
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6.9 REFRIGERATION CYCLE

In vapor refrigeration cycles, the heat is moved from lower temperature
to higher temperature at the cost of external work. Figure 6.39 shows the

mechanical components of a refrigeration cycle when used as air conditioner.
The COP is defined as follows:

(cop), =< (6.73)

We
where Q, is the useful heat energy extracted from refrigerated space, and W,
is the work energy consumed by the compressor. The reverse process is used
as a basic for heat pump cycle that extracts heat from the ambient air in winter
and heat is transferred to the indoor space. COP of a heat pump is expressed

as follows:
cop),, =¥ (6.74)
WC
Refrigerated space for air
~ Q
Expaﬁsion )
High valve ¢ )
pressure . D
gas T Evaporator
Com Low pressure
Work ey, - gas
W, .
Receiver/
dryer
Condenser
QH v Front of car
Outdoors
FIGURE 6.39 Refrigeration cycle.
EXAMPLE 6.8

One kilogram of air contained in a piston—cylinder apparatus occu-
pies a 0.4700 ms-kgl of specific volume at 250°C and executes a cycle
betweentwo heatreservoirs which are, respectively, at 250°C and 150°C
temperatures. As shown in Figure 6.40, the cycle proceeds as follows:
(1-2): Expanding isothermally to specific volume of 1.19 mg-kg. (2-3):
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Cooling to 150°C at a constant volume. (3—4): Isothermal compression
to specific volume of 0.47 m”.kg. Heating to 250°C at constant volume.

Show that equation (j)SQ = CJSSW holds for this cycle. Calculate the
thermal efficiency of the cycle.

p 3
1
o P! 2
S Qn : I Piston motion
B | Ii= 4
Y i AT
= L 3
TDC

<y

(a) (b)

FIGURE 6.40 Schematic diagram of Example 6.8.

Solution: The net heat transfer to the system may be evaluated as follows:

Quet =0Qu Q15 + 0y + 0Oy,
From Figure 6.40(b),
T=1,T,=T,V,=V,V,=V,,

Q41 =U, -U,
=me, (T, -T,)
=1x0.718%(523 —423)="71.8 k],

Qp =W, =m, T, In %

1

=1x0.718 X523 % Ing =139.44 k]
0.49

Qy =U; U, =me (T; - T,)
=-1x0.718x (423 - 523) =-71.8 k],
Vv
Qs =my Ty In 74

3

= 1><O.718><423><In% =-112.78 k]

Net heat transported through this cycle is calculated as follows:
0, =T1.8+139.44 +(=71.8) + (-112.78) = 26.66 k].
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Net work transported by the cycle can be expressed as follows:

Wie = Wiy + Wiy + Wy + W,
The processes (4—1) and (2-3) are similar. Work terms W,, and W,, are zero.
Also,
V.
Wi, =m,T, IHVT
1.19
=1x0.718x523xIn——=139.44 k]
0.47
and,

W, =m, T, In&
3
W, = 1X0.718X423X1n% =—-112.78 k]

W, =0+139.44 +0+(~112.78) = 26.66 k],

Qnet = Wnet’
Qu =0, +0Q, =71.8+139.44=211.24 kJ.

where Q,, is the heat received from the heat reservoir.

W, =26.66 k] kg’
96.66
_ % 100%
o = o1 ae 7

N, =12.62% Ans.

REVIEW QUESTIONS

-
.

Write a brief note on the types of thermodynamic cycles.

2. With the help of a diagram, explain the main elements of a heat cycle.
Also define the main performance parameters.

3. With the help of suitable diagram, describe the Carnot Vapor Power
Cycle. Also explain h and limitations of the cycle.

Carnot

4. Explain in detail about the principle of Carnot cycle as applicable to heat
engine and refrigerator.
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10.

11.

12.

13.

14.

15.

What is Reverse Carnot cycle?

Describe in detail about the ideal Rankine cycle. Give its comparison with
the Carnot cycle.

With the help of T-S diagram, explain the effects of the following operat-
ing conditions on the performance of Rankine cycle.

a. Lowering the condenser pressure.

b. Raising the boiler pressure.

c. Superheating the steam.
What is regeneration? Discuss the various types of regeneration system.
Describe a regeneration system with the following:

a. Open FWHs.

b. Closed FWHs.
Differentiate between the following:

a. Closed FWH system versus drains cascaded backward.

b. Closed FWH system versus drains pumped forward.

What is reheating? With the help of suitable diagrams, discuss a reheat
cycle.

What is cogeneration? With the help of a diagram discuss a cogeneration
system.

Describe an Hg-steam binary vapor power cycle. What are the advantages
and limitations?

Write notes on the following:
a. Stirling cycle.
b. Ericsson cycle.

Explain the performance of a refrigeration cycle suitable for air conditioning.

NUMERICAL EXERCISES

1.

Dry saturated steam is supplied to a steam turbine at 5 MPa. Condenser
pressure is 5 kPa. Show the Rankine cycle on T-S diagram and determine
the simple Rankine efficiency. (36.67%)
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A steam power plant working on Rankine cycle has steam supply pres-
sure of 20 bar and condenser pressure of 0.5 bar. If the initial condition of
steam is dry and saturated, calculate the Carnot and Rankine efficiencies
of the cycle neglecting the pump work. (27%, 33%)

A steam power plant working on Rankine cycle has a steam pressure of
100 bar and 550°C and condenser pressure of 0.05 bar at the turbine’s
inlet. Determine the cycle’s efficiency, SSC, and work ratio, where all pro-
cesses are reversible. (43%, 2.55 kg/kWh, 0.99)

A regenerative Ericsson hot air engine works between temperature limits
of 318 K and 503 K. The expansion ratio is 2. Calculate the following:

i. Work done per kilogram of air.
ii. Cycle efficiency. (36.76 kJ/kg, 36.8%)

A 5-tonne refrigeration plant is working on R-12 with condenser and
evaporator temperatures as 40°C and -10°C, respectively. Determine the
following:

i. The refrigerant flow rate in kg/s. (0.18 kg/s)
ii. The volumetric flow rate of compressor in m’/s. (0.0139 m?/s)
iii. The compressor’s outlet temperature. (48°C)
iv. The heat rejection in the condenser in kW. (24.27 kW)
v. The pressure ratio. (4.39)
vi. The quality of refrigerant after throttling. (30.5%)
vii. The COP of plant. (4.14)
viii. The power required to drive the compressor. (4.72 kW)

ix. Compare the COP with that of a Carnot refrigerator working
between 40°C and -10°C. (0.787)
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T HERMODYNAMIC APPLICATIONS

71

ENGINEERING APPLICATIONS OF STEADY FLOW
ENERGY EQUATION

For a system at steady-state conditions, the energy remains constant with
time. In general, the energy conservation principle for such system gives the
following:

ng(m%u%ng :zmi(h+évz+gz) , (7.1)
where 71, and 7, are mass flow rates of incoming and outgoing fluids.
Therefore, for solving Equation (7.1) for a system, the application of the prin-

ciple of mass conservation is important.

Zmi =2me

The total mass flow at the inlet of the system is equal to the total mass flow
at the outlet of the system.

Energy analysis of the important engineering equipment will be discussed.
The conservation of mass and energy for the two-port systems is as follows:

1, =i, (7.2)

(h +%V2 +gz)

e

—(h+%V2+gz) . (7.3)

where g and w are the specific heat and work transfer of the system.



138 ° ENGINEERING THERMODYNAMICS

7.2

DIFFUSERS AND NOZZLES

Diffusers and nozzles are devices used for changing the velocity of a flowing
stream. In steam or gas turbine applications, a nozzle increases the velocity
of a fluid at the expense of a pressure drop in the direction of flow. A diffuser,
however, increases the fluid pressure in the direction of flow at the expense of
a decrease in velocity. In centrifugal compressors, the increase in pressure of
an accelerated fluid is provided by such devices.

I
Convergent | Throut | Divergent
section | | section

|

L S\

Subsonic Sonic Supersonic

()

)

FIGURE 7.1 (a) Converging nozzle, (b) diverging nozzle, and (c) converging-diverging nozzle.

Under subsonic or supersonic flow conditions, the general shapes of a
nozzle or a diffuser are shown in Figure 7.1. A diffuser for the supersonic flow
or anozzle for the supersonic flow must have a decreasing cross-sectional area
in the direction of flow as shown in Figure 7.1(a). For subsonic flows, how-
ever, the opposite occurs. In Figure 7.1(b), the spray nozzle, which is used
for the humidification processes, is a supersonic nozzle with an increasing
cross-sectional area along the direction of flow. If a fluid has to be accelerated
from a subsonic to a supersonic velocity, a converging—diverging nozzle, as
shown in Figure 7.1(c), must be used. In such applications, the fluid assumes
the sonic flow conditions are at the throat.

Since both of these devices are essentially ducts, no shaft work is involved,
and for most conditions, due to the high velocity of the fluid, the heat transfer
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through the walls is negligible. The potential energy change may also be
neglected. Owing to single inlet and outlet, Equations (7.2) and (7.3) are
applicable to such devices. With these assumptions, Equation (7.3) may be

simplified as follows:
(h+lV2J :(h+lV2J (7.4)
2 e 2 i

By rearranging, the velocity of a fluid at any cross section of a nozzle or a
diffuser may be calculated as follows:

V, =V +2(h,—h,) (7.5)

In the case of a nozzle, when the pressure and the enthalpy of the fluid
are reduced together, acceleration of the fluid flow is accrued. The pressure
of steam is changed to its kinetic energy supplied to the turbine.

EXAMPLE 7.1

Steam enters a nozzle with a stagna- |

tion enthalpy of 2780 kJ/kg and mass — |

flow rate of 9 kg/min at 1. At the noz- :: : =,
zle’s exit, the steam has a velocity of |

1070 m/s and a specific volume of
18.75 mS/kg. Determine, at the noz-
zle’s exit,

FIGURE 7.2 Schematic of Example 7.1.

a. the enthalpy of the steam,
b. the cross-sectional area of the nozzle.

Solution:
a. A stagnation enthalpy of a fluid is the summation of the kinetic energy and

the enthalpy by h.

1_.
hO = hl +§‘712
hy, =2780 kJ/kg

1
hy =h, _EV;

10702

h, = 2780 —
h, =2207.5 kj/kg Ans.
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b. For one-dimensional flow, considering the continuity of equation, the
cross-sectional area of the nozzle at the exit can be determined as follows:

2

mo,
STy
_0.15.18.75
> 1070

A, =0.00262 m® Ans.

7.3 WATER TURBINE

Figure 7.1 shows a water turbine, receiving water from the height. The poten-
tial energy of water is converted into kinetic energy when it enters the tur-
bine, and part of it is transformed into useful work that is used to produce
electricity. Taking turbine shaft center as datum, the equation of energy can
be written as follows:

c: c:
u1+7’101+z1g+7 +Q= “2+7’202+z2g+? +W (7.6)
Now, =00
Au=-u,+u,=0
V=0, =0

(7.7)

FIGURE 7.3 Water turbine.

Work is done by the system, therefore W is positive.
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7.4 THROTTLING DEVICES

A throttling device is used to reduce the pressure of the flow by an obstruc-
tion. An orifice, a valve, a long capillary tube, and a porous plug are some of
the throttling devices.

A reduction in pressure by an orifice in Figure 7.4(a) is used to measure
the velocity of a fluid flowing through a pipe. In Figure 7.4(b), by reduc-
ing the cross-sectional area of the flow by a valve, a greater pressure drop
across the valve occurs and the flow rate decreases. The throttling devices
are widely used in refrigeration units, and are also utilized in reducing the
power of an engine.

In a throttling process, no work interaction is involved, and usually the
transport of heat of the process is neglected. Furthermore, the changes of
kinetic and potential energies can be neglected. Thus, for a throttling process,
Equation (7.8) is simplified as follows:

h,=h, (7.8)

By which it is stated that a throttling process can be considered as a con-
stant enthalpy process.

FIGURE 7.4 Throttling processes.

EXAMPLE 7.2

High pressure water at the temperature of 200°C and 20 bar in
pressure is adiabatically throttled to 15 bar by a valve (Figure 7.5).
Determine:

a. The exit temperature and the quality of 1 et

water. - '—)0‘“' 5

b. The VelOCity if Ay = 2A1’ and V=10 m’s. FIGURE 7.5 Throttling devices.
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7.5

Solution:
a. The enthalpy of compressed water and the enthalpy of saturated water
may be assumed to be same at 200°C. From steam tables, take h, =

852.45 k]/kg.

hy = h, =852.45 k]/kg.

For saturated steam at p, = 15 bar, hy < h, < h,,. Therefore, water at the
exit of the valve is a mixture of liquid and vapor. Thus, the exit temperature
becomes T, = 198.3°C and the quality of water is calculated as follows:

h, —h,
xz — Zh—"f
2g
- 825.45 —844.84
? 1947.3

x, =0.0039 Ans.

b. The specific volume at the exit of the valve is calculated as follows:

Uy =Vyp + X505,
=0.00115+0.0039x0.1306
=0.00166 m’/kg.

Considering the continuity of equation of one-dimensional flow, the exit

velocity becomes
A, | v

1) 0.00166
vy, == <10
2 A 0.001

v, =8.3 m/s Ans.

MIXING CHAMBERS

In chemical industry, certain fluids at different temperatures are mixed in
appropriate ratios of mass so that a desired temperature is obtained. In a
central air-conditioning system, outdoor air is mixed with cooled air for pro-
viding desired conditions in the indoor space. The mixing of fluids in such



THERMODYNAMIC AppLICATIONS © 143

devices must be at the same pressure. There is
no work transfer through such devices, and the
chambers are usually insulated. The alteration
in potential energy and kinetic energy of flu-
ids entering and leaving the chamber may be
neglected. Accordingly, the continuity and the
energy equations become,

Zmi = ZmZ
N mh, =Y mh, (7.10)

(7.9)

1
2 IWater
Check—> 38 JE «— Piston
valve = =
- = -, 1
" = - :
. o~ 1
Steam inlet gé»-.‘/
Va Thermometer
. <
3

valve
31 Use

FIGURE 7.6 Steam-water mixing
device.

Mixing

Figure 7.6 shows a steam—water mixer
which provides low-pressure hot water by using
cold water and steam.

Water and steam valves are fixed at the entrance, and the water tempera-
ture is measured by a thermometer at the exit.

EXAMPLE 7.3

Hot water is supplied for a process by mixing steam at 10 bar and 0.2
in quality to the mixing chamber (Figure 7.6) at a rate of 1 kg/s. After
throttling to 5 bar, the steam is mixed with 2 kg/s of water at 30°C.
Measure the mass flow rate and the temperature of the mixture at the
chamber’s outlet.

Solution: With respect to the boundary around the chamber, Equations (7.9)
and (7.10) become,

1, +1h, =10,

iy hy +1m,hy, =1mgh,

By using the steam tables,
hy=h,;+xh,,
=762.81+0.2x2015.3 = $43.42 k] /kg,
hy =125.79 kJ/kg

The enthalpy at the chamber’s exit will be hy = 365 kJ/kg. Since, hy < hy, at
p; = 5 bar, the water at the chamber’s outlet is a compressed liquid, and the
temperature is

T, =87.3°C.
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7.6 _GAS TURBINE OR STEAM TURBINE

In a gas or steam turbine, gas or steam is passed into the turbine and portion
of its energy is converted into work. The turbine runs a generator for pro-
duction of electricity as shown o .

. . Boundary as or steam in
in Figure 7.7. The gas or steam _\ 0,

leaves the turbine at a low tem- ~ ottttootttoooThro
perature and pressure.

These machines are used

. 1
in a large number of processes !
1
1

Turbine

frequently  encountered in S ISR VO .
industry varying from power v
protection to refrigeration, and
from liquid transportation in
pipe lines to air handling duct Comectors

Case

Gas or steam out

FIGURE 7.7 Steam or gas turbine.

systems.

The energy content of the
working fluid is converted into
mechanical shaft work. As the
fluid does not work on the rotat-
ing blades of this machine, the
fluid’s temperature and pres- — "oere Nozme Tubne  Asimchionous
sure decrease in the direction
of flow. A single-stage, axial flow
steam turbine is presented in Figure 7.8. As shown in Figure 7.8, the steam
is first accelerated by the nozzles, and rotates the blades that are attached to
the turbine wheel. Rotating shaft in turn turns the generator. The change in
the potential energy between the inlet and the outlet of a turbine is usually
neglected. Unless stated, the heat losses through the turbine casing are small
in comparison to the enthalpy changes. Therefore, for a turbine, Equation
(7.3) is simplified as follows:

W:(h+lV2)
2

1

FIGURE 7.8 Single-stage steam turbine.

Lo
—(h+§V ) (7.11)

7.7 COMPRESSORS AND PUMPS

Compressors and pumps are utilized in compressing or raising the pressure
of a fluid. A compressor that uses a gas or a vapor as the working fluid can
be either rotating or reciprocating type. In a rotary compressor, the fluid is
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accelerated and the kinetic energy is increased by the shaft work done on
the impeller. Then, in the diffuser section, deceleration of fluid causes an
increase in fluid’s pressure. Figure 7.9(a) displays a rotary compressor which
might be used for raising the pressure of the inlet air steam of a jet engine.
In a household refrigerator, however, a reciprocating compressor is used to
increase the refrigerant’s vapor pressure. A sectional view of a pump is shown
in Figure 7.9(a). Pumps are used to raise the pressure of liquids.

Discharge

Suction eye £

Volute

Impeller

b

Impeller
(a) A rotary compressor (a) A single stage centrifugal pump

FIGURE 7.9 Single-stage rotary compressor and pump.

Both machines consume work energy. Again, the change in the potential
energy between the inlet and the outlet of a compressor is negligible. For
compressors with a large power capacity either fins are attached to the com-
pressor body or water is circulated through the jackets of the compressor’s
cylinders for cooling. Hence, in general, the energy equation for a compressor
might be written as follows:

W:(h+lV2)—(h+lV2) (7.12)
2 ) 2 )

(]

FANS AND BLOWERS

Fans are almost universally used for circulation of air or other gases through
low-pressure systems. As shown in Figure 7.10, a centrifugal fan is widely
used for moving large or small quantities of air over an extended range of
pressures at the expense of work consumption. The heat transfer through the
housing of a fan and the change in the potential energy of the fluid are usually
neglected. Therefore, Equation (7.3) is simplified as follows:

W:(h+lvz)—(h+lvz) (7.13)
2 2

(]
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P —

+—
Discharge
ofair o
<4+

FIGURE 7.10 Centrifugal fan.

7.9 CENTRIFUGAL WATER PUMP

Pulling of water from a lower level and pumping it to higher level is done by
centrifugal water pump as shown in Figure 7.11. Running the pump requires
work, which may be provided by a diesel engine or electric motor.

? /— Boundary T
z

=

FIGURE 7.11 Centrifugal water pump.
Here Au = 0 and Q = 0 because there is no change in the water
temperature.
U, =0, =0
The equation of energy becomes:

C? C?
plvl+z]g+?1=p202+zzg+?2—w (7.14)

Work is applied on the system so the signal of W is negative.
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710 _CENTRIFUGAL COMPRESSOR

Figure 7.12 shows a centrif-
ugal compressor that is used  RGGTTEEEELE B
to supply air at moderate BN
pressure and large quantity. |

AZ=0

Work W is supplied to |4
the system, therefore it is '
taken as negative and also Air in
heat Q is taken as negative FIGURE 7.12 Centrifugal compressor.
as it is lost from the system.

The energy equation becomes:

Cl)lo=fn+C 1
o (i o -

EXAMPLE 7.4

Air
out

Centrifugal
compressor

A small steam turbine working at the
partial load produces 100 kW of power
at the flow rate of 0.3 kg/s. The steam
(Figure 7.13) is throttled before enter-
ing the turbine from 1.5 MPa at 300°C
to 1 MPa pressure. For an exhaust
pressure of 10 kPa, calculate:

a. The steam state at the outlet of the
turbine.

FIGURE 7.13 Schematic of Example 7.4.

b. The exhaust duct diameter for a
steam velocity of 20 m/s.

Solution:

a. In Equation (7.13), neglecting the change in the kinetic energy, the
enthalpy at the outlet becomes h; = h, —w, where h, = 3037.6 kJ/kg, and
the turbine specific power is:

W= K = 100 =333.3 kJ/kg
m 0.3

Thus, the enthalpy relation yields h; = 2704.3 k]/kg at p, = 10 kPa.
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Using the superheated steam tables, the temperature and the specific vol-
ume at the turbine’s outlet are as follows:

T, =108.8°C, v, =17.6 m’/kg Ans.

b. Assuming one-dimensional flow in the exhaust duct,

mC, =A,V,
_mC,
=
4
_0.3x17.6

A

=0.264 m*

And the duct d; = 0.58 m Ans.

EXAMPLE 7.5
An axial flow compressor in Figure N T2

\

7.14 intakes air at 100 kPa and 27°C, \‘\// Inlet Exit E —
and compresses to 500 kPa and 227°C _N/ - E::
with an outlet velocity of 100 m/s. For VY [
a shaft power of 50 kW, determine /v\\ — =
the amount of air flowing though the NI NN
compressor in one hour. FIGURE 7.14 Schematic of Example 7.5.

Solution: Assuming the compression pro-
cess to be adiabatic, Equation (7.11) is simplified as follows:

el 5]

Since the atmospheric air is stagnant, V, = 0.

And hl—hZ:cP(TI—TQ)
=1.005x (300 —-500)
=206 kJ/kg.

2
W =-201-22" _ 506 kj/kg
2000
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Specific shaft work w as

W
w=—o
m
The mass flow rate becomes
W _ 50
m=—=—
w 206

m =0.424 kg/s Ans.

The amount of air flowing through the compressor in one hour will be
871.2 kg. Ans.

RECIPROCATING COMPRESSOR

Figure 7.15 shows a reciprocating com- G T @

pressor which supplies the air at a high S = [ == T
pressure in small quantities (compar- ! |
ing with centrifugal compressor). The

Compressor

.
.
|
reciprocating compressor can be con- i
sidered as a steady flow system by using S J _______ i
a receiver which decreases the flow Q w
instabilities COl‘npletely, FIGURE 7.15 Reciprocating compressor.

Applying the equation of energy to
the process,

AKE =0.0
and APE =0.0
h,—h,=Q-W

(7.16)

EXAMPLE 7.6

A reciprocating compressor (Figure 7.16) is cooled by water circu-
lated through the water jacket of the compressor. The compressor
intakes the air at 1 bar and 25°C and compresses to 7 bar and 80°C.
The cooling water circulating at a rate of 0.3 kg/s enters at 15°C and
leaves at 35°C. If the volumetric rate of flow for the air at the inlet is
0.05 m®/s, determine the shaft power.
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__________________

I3 . Ai r
Solution: A by iy Outlet

The mass flow rate of supplied air:

—:—Water

|
|

I

i

. I

R |
/'na_pi"]i’ !
|

|

I

|

where 2z i
p = i FIGURE 7.16 Reciprocating compres-
! RT, sor cooling.
=19 _y 169 kg
0.287%298
And

i, =1.169x0.05
1, =0.058 ke/s

Neglecting the change in the kinetic energy of air,
W=qg+(h),—(h)

e

And the amount of heat removed by water is calculated as follows:

Qw = mwcw (TZ _’Tl>
Q, =0.3x4.18x(35-15)

0, =25.08 kW

The heat loss of air during the compression process equals the heat
removed by water.

Then, Q, =-Q, =-25.08 kW,

And the transfer of heat per unit mass of air is calculated as follows:

<2
m

_ —25.08
~0.058
h,—h, = C;;<Ti -T,)
=1.005%(25—80)
=-55.275 k] /kg.

= —432.41 k/kg
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From equation of energy, substituting these values

w=—432.41 + (55 .275)
= —487.685 k]/kg.

The shaft power of the compressor is calculated as follows:
W = 1w = 0.058x—487.685

Or W =-28.285 kW Ans.

712 BOILER

A boiler can be used to transform heat to 4 Steam out

the entering water and produce the steam. r----------33-----------.

The boiler system is shown in Figure 7.17.
For this system,

Water

A(%Jz 0.0 and AZ =0.0.

Because there is no work is created

and not absorbed so W is equal to 0.0 5
The system’s equation of energy FIGURE 7.17 Boiler.
becomes
h,=Q+h, (7.17)

713 THE HEAT EXCHANGERS

A heat exchanger is an apparatus which supplies heat energy to two or more
fluids at various temperatures. Transfer of heat between the fluids happens by
the separation wall.

The fluids do not mix because they are parted by a surface of heat trans-
fer. Common examples of heat exchangers are the tube and shell exchangers,
dry cooling towers, evaporators, automobile radiators, condensers, and air
preheaters.

The heat exchanger in Figures 7.18 and 7.19 is composed of active heat
exchanging sections as a matrix including the passive fluid distribution sections
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as baffles, headers, seals, entering and exiting nozzles, and the heat transfer
surface. There are no moving parts in a heat exchanger.

The heat loss to the environment from a heat exchanger is usually small
in comparison to the heat transfer between the two fluids. There is no work
transfer and the changes of potential and kinetic energies of both fluids can
be neglected.

Stationary Tie rods and Floating

Pass Tubesheet Shell spacers Tubesheet Shell
partition cover

Support

. saddles Floating
Stationary-head head cover

channel

FIGURE 7.18 Elements of heat exchanger.

FIGURE 7.19 Cut front of heat exchanger.

Equation (7.1) is simplified as follows:

/'he<h0 _hi >c = Th’h <hl _hg )71 (718)
7.14 CONDENSER
A condenser is used to condense the Steam in
steam in steam power plants and the |J'|
vapor of refrigerant in the refrigera- T T

(t1)

tion system by the use of air or water ( ——— P
as a cooling medium. A condenser is  “aern —— =

shown in Figure 7.20.
For this system, AKE = 0.0 and
APE =0.0.

Condensate out

FIGURE 7.20 Condenser.
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W = 0.0 (no work is created or absorbed).
Using the equation of energy for steam flow,

Q=h,—h, (7.19)

One kilogram of steam flowing through the condenser has heat Q.

The transfer of heat between water and steam is the only transfer in the
system.

Heat absorbed by the cooling water is calculated as follows:

Q =m,c <tw2 - tu;l ) = mw <h102 _hu;l )

wow

From Equation (7.8),
Q =m,C <tw2 _tw] ) = mw (h

w-w

hw] ) = h] _h’z > (720)

where m,, = mass flow rate of cooling water and ¢, = specific heat of water.

w2

715 EVAPORATOR

Refrigerant __ ———+— —— Refrigerant
liquid in — — vapor out

FIGURE 7.21 Evaporator.

For this system, AKE = 0.0 and APE = 0.0
Work is neither absorbed nor provided, W =0
By using the equation of energy to the system, the following is obtained.

hy—h, =Q (7.21)

The system’s temperature is less than the temperature of environment.
Heat flows into the system, and therefore Q is taken as positive.

EXAMPLE 7.7

Figure 7.22(a) shows a layout of a room’s air conditioner in which
refrigerant R22 is used as the working fluid. The warm room air at
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100 kPa, 27°C enters the evaporator at a flow rate 6m’/min. As shown
in Figure 7.22(b), the refrigerant at 245 kPa pressure and 0.3 quality
flows into the tubes of the evaporator at a rate of 1 kg/min, and at the
same pressure leaves as saturated vapor. Calculate the temperature
of air at the evaporator’s outlet.

Solution:

The hot and the cold fluids are, respectively, the room air and the refrig-
erant. The mass flow rate of air is calculated as follows:

1h(1 = pi ! ‘71"
where
_bB
) RT
=10 _y 161 kgm?
0.287x 300
And

i, =1.161x - =0.116 ke/s
60

The enthalpy change of the refrigerant is calculated as follows:
(h,=h,), =(1=x,)-hy
0.7x220.33 =154.231 k]/kg
From Equation (7.18),
m,(h,—h,;), =m,(h,—h,),
0.0116x154.231=0.0116x1.005x(27-T,)
And solving for T, the temperature of air at the evaporator’s exit becomes

T, =5.03°C Ans.

Outdoor air in l Refrigerant

LT p—

Compressor S~ Condenser
~~, discharge air

=21 Evaporator

R

Warm room air in
(a) Layout (b) Evaporator

Outlet

“— N NN

FIGURE 7.22 Layout of a room’s air conditioner.



THERMODYNAMIC AppLICATIONS ® 155

716 FLOW IN DUCTS AND PIPES

There is no need to signify the engineering importance of transporting a liquid
or a gas between two stations. The pressure drop happens when fluids flow
through a duct or a restraining channel. This drop of pressure is called fluid
friction. The magnitude of fluid friction is influenced by different factors such
as fluid density, velocity, viscosity, condition of its surface, shape or diameter
of duct part, types of flow turbulent or viscous, and fluid temperature and
pressure.

A piping or a duct system has only one inlet and outlet. Hence, the energy
equation in the form of Equation (7.3) is applicable to such systems. In certain
applications, in addition to flow friction, heat transfer takes place. There are
numerous examples for such a case like flow of water through the tubes of a
boiler, flow in pipes of a heat exchanger, or in flow of a refrigerant through
the tubes of an evaporator or a condenser. In these applications, transfer of
heat cannot be neglected in the energy equation. For a flow of air in distri-
bution ducts of an air-conditioning system, however, the walls of the channel
are insulated and the system is taken to the adiabatic condition. In cases of
installing a fan, a pump, or an electric heater to a pipe system, then the work
transfer in Equation (7.3) has to be retained.

Let us consider a flow of an incompressible fluid in an insulated duct. The
enthalpy change for an incompressible fluid is calculated as follows:

Ah = Au+vAp, and Au=c AT (7.22)

Due to fluid friction, certain amount of heat will be produced at the con-
duit walls. Because of insulation, this heat is regained as an increase in the
fluid’s internal energy. However, suppose the fluid is to be non-viscous, then
there is no friction, and the process of flow becomes isothermal. Thus, for an
incompressible, non-viscous flow of a fluid through an insulated duct together
with Equation (7.22), Equation (7.23) is simplified as follows:

w=|:u(P2 —Pl)+%(V22 —Vf)+g(z2 —Zl):| (7.23)
This is known as the Bernoulli’s equation.

EXAMPLE 7.8

A hair dryer is basically a duct in which a 100-W electric resistor and a
50-Wfanareinstalled. Thefansteadily sucksintheambientairat100kPa,
20°C and forces it over a resistor such that the exit temperature of air
is 50°C. Calculate:
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a. Velocity of the air at the exit.

b. Volumetric flow rate of the air at the entrance.

The exit of dryer has a cross-sectional area of 20 cm’.

V,=?

FIGURE 7.23 Schematic of Example 7.8.

Solution:

a. The mass flow rate is calculated as follows:

m=p,V,A,,
where
p, = by = 100 =1.078 l<g/m3
RT, 0.287x300
And

i =0.00215 V,
The enthalpy change of the refrigerant is calculated as follows:
<h2 _h1> = CP(TZ _Tl>
=1.005x(50-20)

=30.15 kJ/kg
The total work transferred to the duct is calculated as follows:
W=+,

=-0.14+(-0.05)=-0.15 kW

There is no change in the potential energy of this flow, and the surface of
the duct is assumed to be insulated. Therefore, Equation (7.3) becomes
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2 —)
30154+ Ve o 015
2 0.00215V,

Where the velocity of ambient air is taken to be zero, V, = 0. Rearranging
this expression resulted as follows:

V; +60.29 V, —139.534 =0

Which yields
V, =2.147 m/s.

b. The mass flow rate is calculated as follows:

1 =0.00215 V, =0.00125x2.147 = 0.0046 kg/s.
With respect to the inlet conditions,
m=pV,
_ B 100
RT, 0.287x293

And the volumetric flow rate at the inlet is calculated as follows:

) =1.189 kg/m’

V=2
P

V, = 00096 _ 0386 m*/s Ans.
1.189

717 _UNSTEADY FLOW PROCESSES

In engineering practice, the unsteady flow processes are as common as the
steady flow processes. In a transient flow process, the average mass flow and
energy inside and outside of the control volume are not same.

The process of charging of compressed gas tanks is not a steady flow pro-
cess because during this process, fluid mass flow rate as well as the tempera-
ture and the pressure of the fluid in the tank will vary with time. The system is
called transient system. One of the applications of the transient systems is to
run a turbine by the pressurized air of a storage tank, for fulfilling the energy
needs of a facility during a cutoff period.



158 ° ENGINEERING THERMODYNAMICS

In transient systems, the shape and the boundary might vary with time,
and the boundary can be in motion with respect to a reference point. Besides,
an accurate calculation of the terms is required for mass and energy equation.
However, analytic method can still be devised to get results reasonable for a
system under study. Thus, to get a solution, the following simplifications can
be used for transient system:

1. The thermodynamic state of every point within the boundary of the sys-
tem is the same at a given time. The properties of the system are single
valued. However, the state of the system is time variant.

2. The state of the fluid flowing into the system is time invariant. This
assumption can be fulfilled by extending the boundary of the system to a
region where the fluid properties do not vary with time. The flow rate of
incoming fluid, however, might be a function of time.

3. The fluid flowing out of the system is assumed to be at the same stage as
the system. This assumption requires that the fluid is essentially in equi-
librium at all times. Hence, a discharge of a fluid must be slow enough
that the process is quasistatic.

In regard to these assumptions, the kinetic energy change is neglected.
Unless indicated, the change in the potential energy is usually negligible.
Two subsequent cases will be studied:

1. Filling of a tank.
2. Draining of a tank.

7.17.1 Filling of a Tank

Assume,
T, = initial temperature of fluid
T, = final temperature of fluid
v, = initial specific volume of fluid
v, = final specific volume of fluid
p, = initial pressure of fluid
p, = final pressure of fluid
m, = initial mass of fluid
m, = final mass of fluid
u, = initial specific internal energy of fluid
u, = final specific internal energy of fluid



THERMODYNAMIC APPLICATIONS © 159

C’ = inlet velocity of fluid

v’ = inlet specific volume of fluid

T’ = inlet temperature of fluid

P’ =inlet pressure of fluid

h’ = inlet specific enthalpy of fluid

u” = inlet specific internal energy of fluid

Q

\ f System boundary
,/'_ ————————————————————

I
I

I

I

I

i my
! atpy, vy, Ty
I

I

I

I

I

(my —my)
\ L/ atp,, vy, T,

FIGURE 7.24 Filling of a tank.

The amount of fluid entering is calculated as follows:
=—(m, —m,)

The energy of the fluid entering is calculated as follows:

=(my, —m)| ' +pv'+ C2A J (7.24)
c”
=(m2 —m1> h’+7 (725)

Heat transported to the control volume is calculated as follows:

Q=(m,—m,) h'+% +Q =myu, —myu, (7.26)

If the tank is completely insulated, there is no transfer of heat.
0=0.0
And

)

Q=(my—m, )[h'+ ¢ ]: myu, —mu, (7.27)
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Initially, if the tank is empty and completely insulated,

m, =0.0
Therefore,
, C”
h'+ 5 =l (7.28)

Similarly, by neglecting the kinetic energy in the pipe line, the following
is obtained.

w,=h' (7.29)

7.17.2 Draining of a Tank

Similar to the tank’s filing process, the energy equation can be taken as follows:

’2

(m, —mz)[h'+ ¢ ]— Q=m,u, —myu, (7.30)

where C’= outlet velocity of fluid and &” = outlet specific enthalpy of fluid.
For a completely drained tank and no heat transfer and negligible exit
velocity,

w, =h (7.31)

718 EXERGY EFFICIENCY OF HEAT EXCHANGER

The fluids do not mix because they are separated by a heat transfer surface.
For adiabatic condition of heat exchanger and steady state, exergy equation
will be as follows:

iy, (O —dy) =100, (¢, — Oy), +1

[

Decrease in the exergy of the hot fluid = increase in the exergy of the cold
fluid

Exergy destruction =0

The exergy efficiency of a heat exchanger is calculated as follows:

. _ (W ), (7.32)
mh (\Ill - WZ >h



THERMODYNAMIC AppLICATIONS © 161

3 System System
boundary boundary
Y 4 : ; 3
1 ) —iS .
> . iQ .
; e :
1 o v i 2
—> p e >

......................................

l 4
FIGURE 7.25 Exergy efficiency of heat exchanger.

B ZE‘M _ Ex,+Ex,

As ey =
L z’Exin Ex, + Ex,
z Exout = Z Exin - Z Exlms
Ex, + Ex, = Ex, + Ex, — Ex,
Thus

— Exl +Ex3 _Exloss
Fo Ex, + Ex,

Corrected definition of heat exchanger efficiency:

n _ ZExproduct _ Exg _Ex]
o ZE‘xsuurce Ex?) - Ex4

ExS — Ex4 — Exloss
Ex, —Ex,

nL\f =

EXAMPLE 7.9

An air heater has tubes of 10 cm diameter and water enters the tubes
at a mass flow rate of 24 kg/min at 140°C and 0.5 MPa and exits at
60°C and 0.5 MPa. Air is the cold fluid that enters heat exchanger at
volumetric flow rate of 100 m*/min. The inlet conditions are 25°C and
110 kPa, and the used air velocity is 25 m/s. At the outlet, the pres-
sure of air is 110 kPa. If the surrounding is at P, =100 kPa, T, = 25°C,

determine:

a.

Outlet temperature of the air.

b. Efficiency of the heat exchanger.
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Hot fluid
exit
ﬁ Cold fluid exit Tubes
=+ / Baffle
|J'LI':'I
I Pall
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I u 1] ]
fit
Hot fluid Cold fluid
steam inlet steam inlet

FIGURE 7.26 Heat exchanger.

Solution:

a. At steady-state condition, the equation of energy is as follows:

1nw (_hZ + hl ) = macpa (T4 - T:} )

Assuming air as an ideal gas,

RT.
=1/ 3
=[]

_110.00
0.287x298
m, =p;V;
m, =2.14700 kg/s

= 1.286 kg/m’

Using thermodynamic properties of water,

0.4(589.1300 —251.1300)
<T4 - Tz) =
2.14700x1.005
(T, - T,)=62.6500 K

T, =87.6500°C Ans.

b. By neglecting the change in the velocity of water, the change of exergy of
water stream is calculated as follows:

1, (9, —,) = 0.4x[(589.13 —251.13) — 298X (1.7391 — 0.8312)]
1, (W, —,) = 26.97800 kW

The cross-sectional area of the air tubes at the inlet is assumed to be same
as at the outlet.
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Vs =p,V,
V, = £V3
T,

V, =1.21x25=30.25 m/s

The exergy change of air stream is calculated as follows:
1.005x(87.65—25)—298x1.005
1, (W, — ;) =2.147 % (360.65 ] 1
X In

+—(30.25* —25?)

298 2000
=12.843 kW
The heat exchanger’s efficiency, from Equation (7.32), is calculated as
follows:
N, =243 _ 6 476
" 26.978

N, =47.6% Ans.

It shows that 52.4% of the useful energy has been wasted at the inlet
of heat exchanger, but from exact efficiency of energy, there is no waste,
and energy efficiency is 100%. This is not correct as total transfer of useful
energy from hot fluid to cold fluid cannot happen.

7.19 EXERGY EFFICIENCY OF EXPANSION (TURBINE) AND
COMPRESSION (COMPRESSOR)

Turbines and compressors transform fluid energy. Assuming that there is no
heatloss to the environment and the system operates at steady condition, energy
recovery by a turbine can be determined by using the following equation:

W, = wg-6) - I (7.33)

Shaft work  Decrease in the exergy supplied Exergy destruction
Exergy supplied to a turbine is 1, (y, —,).

The exergy efficiency is calculated as follows:

Wi/ w (7.34)

Wl - “ljZ wrcv

tx
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YV, -V, is the maximum useful work, that Exinl
is, W_. This work can be extracted out from the
stream of fluid at similar inlet and outlet condi- > w
tions. Equation (7.34) gives two dissimilar defini-

tions of exergetic efficiency of a turbine. A pump, l
fan, or compressor with no transfer of heat to )
the surrounding and at steady condition, taking,

—X'w =W in Equation (7.35), the exergy equation

4

2EXqyt, steam

FIGURE 7.27 Steam turbine

efficiency.
will be as follows:
mo-¢) = W, - I (7.35)
%,—J e T oron "
Increase in the exergy of the provide Shaft power Exergy destruction
The percentage increase in the exergy of flow to Ex,yq
the provided exergy represents the exergy efficiency.
For a fan or a compressor at adiabatic condition,
<+—W
n — \ll2 _Wl _ u}rev
cx 0 .
W /m w, Ex.
' Exergy efficiency of steam turbines is shown in . - 7.28 Compressor
Figure 7.27.
n. = Expwduct _ w
o T -
Exsourcc E‘xin - Z Exout, steam

Exergy efficiency of compressors is shown in Figure 7.28.

EXAMPLE 7.10

Steam entering an adiabatic tur- Steam
bine with a velocity of 80 m/s at ubine
600°C and 6 MPa and leaving ;
at 100°C and 50 kPa is shown in
Figure 7.28. The speed at the
outlet is 140 m/s. The conditions
of surrounding are 25°C and 100

kPa, and the shaft power of tur- Steam
bine is determined to be 5 MW. FIGURE 7.29 Steam turbine.
Calculate the exergy loss in the

turbine.

Blades
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Solution:

The exergy equation can be simplified as follows:

D, -D, =(-U,+U,)+P/(-V,+V,)+T,(S, -S,)

In the case of Example 7.10,
X, =5.00 MW, X, =0.0,
For a steady-state flow, the shaft work will be
1

W :m[(—h2 )+ (V7 -v;>]=5<

The exergy relation is given as follows:
1= T,(s, —s,)
The mass flow rate is calculated as follows:
1 =5.1500 kes.
For
As =0.52700 kJ/kgK

T, =298.00 K,

The wastage of exergy is calculated as follows:

X =810.04 kW.

destroyed

7.19.1 Exergy Efficiency of Combustion

Exergy efficiency of adiabatic combustor is shown
in Figure 7.30.

. tm _ tm__ qptm
n _ Elproduct _ E:\ﬂue gas Exﬂue Elair
ex T . T ach ch ch
Elsource Elﬂue + Exair + Exﬂue gas
o . _ tm ch
Wlth‘ Exﬂue gas Exﬂue gas + Exﬂue gas etc.

Ex"™ =thermo —mechanical energy

Ex" = chemical energy

w

l Exiuel

EXair ® Exﬂlue gas
—_—> EE—

FIGURE 7.30 Adiabatic
combustor.

If fuel and oxidant are supplied at environmental temperature,
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Ex" =0 and Ex!" =0

air flue

And the equation is simplified as follows:

EX’ tm

_ flue gas
- Exch +Exc7l —ETCh

flue air flue gas

N

EXAMPLE 7.11
The burning gas flows at a speed of 80 m/s 1

through the turbo-jet engine nozzle at : .
747°C and 260 kPa, and leaves at 5000°C i —
and 70 kPa. The ambient temperature is IR !
17°C. Calculate: i

a. The speed of gas at the nozzle’s exit. FIGURE 7.31 Flow through nozle.
b. The exergy rate of reduction of the gas
at a mass flow rate of 0.1 kg/s.

Suppose k = 1.300 and ¢, = 1.1500 kJ/kg-K of the burning gas.

Solution:

a. For this specific condition, there is neither work nor heat exchange across
the nozzle’s boundary. The equation of energy at a steady-state condition
is given as follows:

2 2
h2+V—2=h] +V—l
2 2

Using the given data, the velocity of gas leaving the nozzle is calculated
as follows:

V, =757.900 m/s Ans.

b. The equation of exergy is given as follows:

I= l:(—h2 + hl)+%(Vl2 - Vf)]m + T, (s, —s,)

Then I=—m+T, m(s,—s,)
Suppose if the gas behaves as an ideal gas, the change of entropy can be
determined as follows:
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k-1
R= X ¢,
t.dT
82 Sl:J‘CT

The exergy rate reduction due to mixing and friction of fluid atoms is
given as follows:

1=0.84100 kW Ans.

REVIEW QUESTIONS

1. What are diffusions and nozzles? What are their types and uses?
2. Derive an energy equation for a water turbine.
3. Write notes on:
a. Throttling devices
b. Mixing chambers

Gas and steam turbines

gl

d. Compressors and pumps
e. Fans and Blowers
4. Derive energy equation for the following:
a. Centrifugal water pump
b. Centrifugal air compressor
c. Reciprocating compressor
Write notes on heat exchangers such as boilers, condenser, and evaporators.
6. Write Bernoulli’s equation for flow through ducts and pipes.
7. Explain the energy equations for the following unsteady flow processes:
a. Filling a tank
b. Emptying a tank.

8. Describe the exergy efficiency of heat exchange, expansion, compression,
and combustion processes.
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NUMERICAL EXERCISES

In an isentropic flow through a nozzle, air flows at the rate of 600 kg/hr. At
the nozzle’s inlet, pressure is 2 MPa and temperature is 127°C. The exit
pressure is 0.5 MPa. If the initial air velocity is 300 m/s, determine:

a. The exit velocity of air.
b. The inlet and exit area of nozzle. (594 m/s, 31.88 mm®, 43.35 mm°)

. Water vapor at 90 kPa and 150°C enters a subsonic diffuser with a velocity
of 150 m/s and leaves the diffuser at 190 kPa with a velocity of 55m/s. Dur-
ing this process, 1.5 k]/kg of heat is lost to the surrounding. Determine:

The final temperature.
The mass flow rate.

c. The exit diameter assuming the inlet diameter as 10 cm and steady

flow. (154°C, 0.543 kg/s, 11.42 cm)
Following are the details of a steam turbine:

Steam flow rate = 1 kg/sec

Inlet velocity of steam = 100 m/sec

Exit velocity of steam = 150 m/sec

Enthalpy at inlet = 2900 kJ/kg

Enthalpy at outlet = 1600 kJ/kg

Write the steam flow energy equation. Assuming that the change in the
potential energy is negligible, determine the power available from the
turbine. (1293.75 kW)

An air compressor compresses atmospheric air at 0.1 MPa and 27°C by
ten times of inlet pressure. During compression, the heat loss to the sur-
rounding is estimated to be 5% of compression work. Air enters the com-
pressor with a velocity of 40 m/s and leaves with a velocity of 100 m/s.
Inlet and exit from cross-sectional areas are 100 cm” and 20 cm®, respec-
tively. Estimate the temperature of air at exit from compressor and power
input to the compressor. (1498 K, 5467.86 kW)



CHAPTER

MEASUREMENT THEORY AND
INSTRUMENTS

8.1

INTRODUCTION

8.2

A measurement system is the one which connects the observer with the pro-
cess. A typical measurement system is depicted in Figure 8.1. The measured
variable is considered to be the information variable. The observer is offered
with the values of the information variable. The true value of the variable is
the input to measurement system and the measured value of the variable is
the output of measurement system.

Output
Measurement system —
True value of

variable Measured value
of variable

Observer

FIGURE 8.1 Measurement system

PERFORMANCE AND PURPOSE OF MEASUREMENT
SYSTEMS

A process is known as a system, which is used to generate information.
Examples are a jet fighter, a chemical reactor, a weather system, the human
heart, a car, a submarine, a gas platform, etc.
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8.3

Acceleration, velocity, and displacement variables are generated by a car
and the composition, pressure, and temperature variables are generated by a
chemical reactor.

In a perfect measurement system, the measured value should be the same
as the true value. The precision of the system means the nearness between the
true value and the measured value. A complete precise system is a theoretical
system. A precision real system is quantified.

The error of measurement system (E) can be defined by the following
equation:

E = (measured value) — (true value)
E = (system output) — (system input)

If the measured value of the gas flow rate inside your pi]?e is 11.0 m*h
while the true value is 11.2 m*h, the error will be E = —0.2 m’/h. If the mea-
sured value of the engine rotational velocity is 3140 rpm and the true value
is 3133 rpm, E = +7 rpm. This is the main performance index for a measure-
ment system.

MEASUREMENT VARIABLES

8.3.1

Calibration

Calibration is a comparison between the sensor or instrument output under
test versus the instrument output of known precision when the same value of
measurement input is used for both instruments.

This process is carried out for a range of inputs, which cover the full range
of measurement of the sensor or instrument. Calibration assures that the mea-
suring precision of all sensors and instruments used in a measurement system
for the complete range of measurement, on one condition that the calibrated
sensors and instruments are used in the same environment under which they
were calibrated. If sensors and instruments are used under different environ-
ments, suitable rectifications have to be done. Calibration steps used for a
single sensor will be applicable to all instruments.

8.3.2 Units of Measurement

The units of measurement were used in exchange trading to determine the
sums to be paid and to make rules of the relative values of various merchan-
dises. Early measuring systems were dependent on whatsoever was available
as a measuring unit. The human torso was a suitable example for the objective
of measuring the length and it granted the units of the cubit, the hand, and
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the foot. Although mostly enough for swap commerce systems, these units of
measurement are inaccurate, changing from one body to another. There has
been a progressive action towards units of measurement which must be more
precise.

Many units were named for measuring the same physical variable. For
example, length can be measured in meters, yards, etc. In addition to main
length units, sub-division in units is available such as inches, feet, millimeters,
and centimeters, with a relation between these units. For example, 1 feet is
equal to 12 inches, 1 mile is equal to 1760 yards, and 1 yard is 3 feet. A metric
system is now used which contains, for example, the meter unit and its sub-
divisions (millimeter and centimeter) for measuring the value of length.

8.3.3 Measurement Uncertainty

The instrument accuracy means closeness of the instrument reading output to
the true value. It is more customary to quote the inaccuracy value of measure-
ment instead of the instrument precision value.

Inaccuracy of measurement is the range in which reading maybe errone-
ous and is quoted as a proportion of the full-scale reading of a device.

The maximum error of measurement is attached to the full-scale reading
of the instrument. Measured values are less than the full-scale reading. This
means that the potential error of measurement is magnified. It is important
that devices are selected for a range, which will cover the values to be mea-
sured. If the pressure has to be measured between 0 and 1 bar, do not use the
instrument for range of measurement between 0 and 10 bar.

EXAMPLE 8.1

The range of measurement of a pressure gauge is 0-10 bar and a
quoted inaccuracy is £1.0% on full-scale reading.

1. Find the maximum error obtained in measurement for this
instrument.

2. Find the probable measurement error obtained as a proportion
of the output reading if the pressure gauge is used to measure air
pressure value of 1 bar.

Solution:

1. The maximum error obtained in all measurement reading is 1.0% of the
full-scale reading, which is 10 bar for this device. Thus, the maximum
probable error is 1.0% x 10 bar = 0.1 bar
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2. The maximum error of measurement is a fixed value attached to full-scale
reading of instrument, regardless of the amount that the device is really
measuring. The maximum error value is 0.1 bar. Therefore, when measur-
ing the pressure of 1 bar, the maximum error of this pressure is 10% of the
measured value, i.e., 0.01 bar.

8.3.4 Measurement Sensitivity and Repeatability

8.4

The measurement sensitivity is defined as a measure of the variation in output
of instrument when the amount being measured varies by a given quantity.

Deflection scale

Sensitivity = - -
Measure and producing deflection
The measurement sensitivity is the slope of the straight line.
Repeatability shows the proximity of output readings when the same
value of the input is applied frequently through a short time period, with the
same device and observer, same conditions of measurement, same conditions
of utilizing maintained all the time, and the same location.

MEASUREMENT OF TEMPERATURE

8.4.1

Temperature is the property of a system that indicates the potential for heat
transfer with other systems. Therefore, two systems are said to have equal
temperature when there is no heat transfer between them.

Temperature can be measured by a thermometer based on the molecu-
lar or internal energy of the body.

The first measurement of temperature was executed by Galileo at the
end of 16" century. His thermometer was based on air expansion. A scale was
connected to his device to point out “heat degrees.” It is necessary to have
unanimous measurement units. For temperature, the degree of Celsius (C°)
and the Kelvin for the international units.

Concept of Temperature

Temperature measures the change of kinetic energy with temperature in a
material. Kinetic energy is the movement of molecules: the molecules of sol-
ids vibrate in place, but molecules of liquids and gases move freely. All the
molecules do not move with the same speed. With higher temperature, the
molecules move faster. The temperature is defined as a measure of potential
of stored energy in a mass of matter.
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Temperature is the potential used to produce heat transmit from a higher
temperature point to a lower temperature point. The temperature does not
measure the amount of heat in a matter because molecules have both poten-
tial and kinetic energy. Temperature can only measure kinetic energy and not
potential energy. The heat transfer rate is a function of temperature change.

8.4.2 Temperature Scales

To compare and measure temperatures, a temperature scale should be avail-
able. These temperature scales are defined in an expression of physical prop-
erties that take place at fixed temperatures.

i. The Celsius temperature (°C)

The Celsius temperature scale is known by international convention in the
expression of two fixed points, the steam under the ice points. The ice point
temperature is defined as 0°C and the steam point temperature as 100°C. The
ice point is a temperature of water and ice at a pressure of 1.013 x 10° N.m™.
Filtered water is used to prepare the ice flakes and blended with ice-cold
filtered water.

The steam point is the boiling temperature of filtered water at a pressure
of 1.0132 x 10° N.m ™. Temperature interval between the steam point and the
ice point is 100°C.

Kelvin (K), thermodynamic or absolute temperature scale on the name of
Lord Kelvin is a scale, which does not depend on properties of any specific mate-
rial. Lord Kelvin divided the temperature interval between the ice point and steam
point into one-hundred divisions thus 1 K is equal to same interval of temperature
as 1°C. The Kelvin unit is defined as the fraction (1/273.16) of the temperature of
the water triple point. This definition was adopted by 13" CGPM in 1967.

ii. Rankine and Fahrenheit scales

The Rankine and Fahrenheit scales are presently used in the United States
and Britain. Steam tables, engineering data, etc. have been published utilizing
the Rankine and Fahrenheit units. The steam point (212°F) and the ice point
(32°F) are used on the Fahrenheit scale.

The Rankine cycle is a thermodynamic temperature corresponding to
the Fahrenheit scale. The ice point is at 491.67°R while zero Fahrenheit is
459.67°R on the Rankine scale.
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8.4.3 Temperature Measuring Instruments
These instruments are classified into two wide categories:
1. Non-electrical methods
a. By using the change in a liquid volume with change of temperature
b. By using the change of gas pressure with temperature change
c. By using the pressure change of vapor with temperature change
2. Electrical methods
Thermocouple
Resistance thermometers

c. By comparing the filament colors with that of the object whose tem-
perature is to be found out, that is, optical pyrometers.

d. By achieving the power received by radiation, that is, radiation
pyrometers.

The following instruments are used for temperature measurements in
industries:

1. Thermistors, 2. thermocouples, 3. RTD (Resistance Temperature
Detectors), 4. IC sensors, 5. bimetallic indicators, 6. optical sensors such
as: (a) pyrometers, (b) infrared detectors, (c) liquid crystals, 7. liquid bulb
thermometers, 8. gas bulb thermometers.

The most popular instruments are the thermistors, the thermocouples,
the RTD’s and the IC sensors.

8.4.3.1 Classification of Thermometers

Thermometers are also classified as the following:
a. Expansion thermometers

i. Liquid-in-glass thermometers

ii. Bimetallic thermometers
b. Pressure thermometers

i Vapor pressure thermometers

ii. Liquid-filled thermometers

iii. Gas-filled thermometers
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a. Thermocouple thermometers
b. Resistance thermometers

c. Radiation pyrometers

d. Optical pyrometers

8.4.4 High-temperature Thermometers

Mercury boils at 357°C at atmospheric pressure. In order to increase the range
of mercury-in-glass thermometer for high temperature use, thermometer bore
is expanded into a bulb having a space of about 20 times as that of the stem bore.
The bore above the mercury with the bulb is filled with carbon dioxide or nitro-
gen at high pressure to prevent the boiling of mercury at high temperatures.

8.4.4.1 Use of Liquids other than mercury

In industries where the mercury leakage from the cracked bulb might cause
large damage to the products, other liquids are utilized to fill in the thermom-
eter. Other liquids are also used where the temperature range of the mercury-
in-glass thermometer is not suitable. Table 8.1 shows liquid with their suitable
temperature range.

Toluene, pentane, and ethyl alcohol can be used for liquid-in-glass ther-
mometers. These liquids are colorless, tincture is added for easy reading. Due
to low freezing point, these are suitable for low-temperature thermometers.

TABLE 8.1 Thermometer liquids with temperature range

Liquid Temperature range (°C)
Mercury —35 to +510

Alcohol —80 to +70

Toluene —80 to +100

Pentane —200 to +30

Creosote -5 to +200

8.4.5 Thermocouples Material

Thermocouple materials are divided into two groups depending on material
cost, low-cost metal thermocouples and base metal thermocouples.

Table 8.2 shows thermocouples along with their specifications as per
British standard BS4937. The schematic diagram of thermocouple is shown
in Figure 8.2.
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TABLE 8.2 Thermocouples as per British Standards

Types | Conductors Manufactured | Temperature Service
(positive to BS-4937 tolerance class 2 | temperature
conductor first) | Part No. thermocouple BS

5437

B Platinum 30% Part 7: 1974 600 to 1700°C 0-1500°C (1700°C)
Rhodium/ (1981) +3°C Better life
platinum 6% expectancy at high
Rhodium temperature than

types R&S
E Nickel: chromium/ | Part 6: 1974 —40 to +333 —200 to +850°C
Constantan (1981) 13°C (1100°C)
Resistant
333 to 900°C to oxidizing
+0.75% atmospheres
J Iron/constantan Part 3: 1973 —40 to +333 —280 to +850°C
(1981) 9 500 (1100°C). Low
150°C cost suitable for
general use
+0.75%

K Nickel: chromium/ | Part 8: 1973 +333°C12.5°C —200 to +1100°C
Nickel: aluminium | (1981) 333 to 1200°C (1300°C). Good
(chrome/alumel) +0.75% general purpose.
(C/A) Best in oxidizing
(T/T,) atmosphere

N Nickel: Part 8: 1986 —40 to 0-1100°C to
Chromium: +333°C+2.5°C (=270°C to
Silicon/nickel: 333 to 1200°C +1300°C)

Silicon: +0.75% Alternative to
magnesium type K

R Platinum 13% Part 2: 1973 0 to 600°C 0-1500°C (1650°C)
Rhodium/ (1981) +1.5°C High temperature
platinum 600 to 1600°C Corrosion resistant

+0.25%

S Platinum: 10% Part 1: 1973 0 to 600°C Type R is more
rhodium/platinum | (1981) +1.5°C stable than type S

600 to 1600°C
+0.25%

T Copper/ Part 5: 1974 —40 to +375°C —250 to 400°C
Constantan (1981) 1°C (500°C). High
(Copper/advance) resistance to
(Cu/Con) corrosion by water
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Screw
terminal

Ice bath

—Cold junction

FIGURE 8.2 Thermocouple diagram

The recommended colors of thermocouple wire are shown in Table 8.3.

TABLE 8.3 Recommended colors of thermocouple wire

United Statges Color Codes

=

ANSI MC96.1
1982

Thermocouple Grade Extension Grade

IEC 60584-3 Color Coding

L

Thermocouple Grade

Intrinsically Safe e | |

[Redundant national color coding for insulation of thermocoupl

British Gtmnml French Japane:
0

(o] (o] to
B51843 DIN 13711 NFC 42324 JIS C 1610-1981

u
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| #1 #

,.

- =
Lt el e
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Estgt(;Iri]sehed SX - : ':-g ‘; ‘§ ‘ é I 7.’;
Estgjgl?sehed RX -\: @ L: [ & B: [ f “i
e | o (| @ @ < a<

8.4.6 Temperature Calibration

There are two types of baths for calibration depending upon the temperature

limit:

i. water bath calibration

ii. sand bath calibration.
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8.4.7 Comparison of Advantages and Disadvantages of Measurement

Table 8.4 gives the advantages and disadvantages of three types of temper-
ature measurement systems. The final selection of the technology depends
upon design time, cost, circuit size, etc.

TABLE 8.4

a. Advantages
Thermocouple Thermistor RTD
Self-powered High output Most stable
Simple Fast Most accurate
Inexpensive Tow-wire ohm Most linear than

measurement thermocouple

Variety of physical forms

b. Disadvantages
Thermocouple Thermistor RTD
Non-linear for a wide Non-linear Expensive
range
Low voltage Limited temperature Slow

range

Reference required

Fragile

Current source required

Least stable

Current source required

Small resistance change

Least sensitive

Self-heating

Thermocouple

Voltage

Temperature

T

X

Thermistor

Resistance

Temperature T

P
>

Thermistor

Resistance

Temperature T

FIGURE 8.3 Advantages and disadvantages of three systems of temperature
measurement with their differences
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EXAMPLE 8.2

The changes of density of mercury are linear with the temperature
as, p,, = 14277.5 — 2.5 T (K). Due to the influence of temperature, the
same pressure difference will be measured by different manometer
heights. Suppose in New York City, on a hot summer day the tempera-
ture is 40°C and the pressure is the same as the pressure measured on
a cold winter day of —10°C. What will be the present deviation in the
manometer reading?

Solution: Pressure is same for both cases,

plghl = nghZ’

and
hy _p
hpy
The present deviation in height may be expressed as follows:
h, —h,

Err% =——=x100
h

1

Err% =[ —&]x 100
P,

As T, = 313 K and T, = 263 K from given relation, p,/p, = 0.9908. The
percentage error becomes, Err% = 0.91%, which is less than 1 percentage.

PRESSURE MEASUREMENT

8.5.1

Definition of Pressure

The fluid exerts a force on the boundary of the system. The pressure is the
force per unit area. There are three types of pressure measurements.

1. Absolute pressure is defined as the difference between the absolute
zero pressure and the pressure at a specific point in a fluid. This can be
measured by a barometer.

2. Gauge pressure: Pressure gauge is used to measure the difference
between the local atmospheric pressure and unknown pressure.

3. Differential pressure: A pressure gauge is used to measure the differ-
ence between two unknown pressures.
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8.5.2 Pressure Units

Pascal Pa

Bar bar
Standard atmosphere atm
Kilogram force per square cm Kgf/cm2
Pound force per square cm Inch Ib/in®
Millimeter of water mm H,0
Millimeter of mercury mm Hg
Inch of water In H,0O
Inch of mercury In Hg

8.5.3 Pressure Thermometers

Vapor, liquid, and gas pressure thermometers can be used. This fluid is heated
and fluid pressure increases. The temperature can be measured by Bourdon
pressure gauge. The thermometer bulb full of fluid is put in the area where
the temperature needs to be measured.

Pressure thermometers are explained below:

i. Vapor pressure thermometer

A vapor pressure thermometer is shown in Figure 8.4. The fluid bulb is fixed
in the area where the temperature needs to be measured. Some of the fluid
vaporizes and raises the vapor pressure, which is measured on the Bourdon
tube. The relationship between vapor pressure and temperature of a volatile
liquid is of exponential shape.

spring

FIGURE 8.4 Vapor pressure thermometer
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ii. Liquid-filled thermometer

A liquid-filled thermometer is shown in Figure 8.5. The liquid expansion
causes the indicator to move on the dial. Alcohol, toluene, glycerin, and
mercury have been successfully used for pressure changes between 3 and
100 bar. These thermometers are used for temperatures up to 650°C.

zﬁ‘:’\ .
AN
QN

Capillary
tubing

Liquid

Bulb

FIGURE 8.5 Liquid-filled thermometer

iii. Gas-filled thermometer

The gas-filled thermometer has almost the same range as the liquid-filled
thermometer. Helium (He) and nitrogen (N,) are insert gases, with low spe-
cific heat and high expansion coefficient. Therefore, He and N, gases are
commonly used. The construction is same as the liquid-filled thermometer
but with bigger bulbs.

These thermometers are commonly utilized for pressures less than 35 bar.

MEASUREMENT OF VELOCITY

The flow rate and velocity of flow are commonly needed for the control of the
industrial processes and thermodynamic analysis of systems. The flow speed
is generally measured indirectly by the following instruments:

i. pitot tube

il. vane anemometer
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iii. hot wire anemometer

iv. laser Doppler anemometer.

8.6.1 Pitot Tube
The velocity measurement of fluid is very commonly carried out by a pitot tube.
Principle

A pitot tube is used to measure the change between static pressure and stag-
nation pressure at the point where the speed is to be calculated (Figure 8.6).

)

Static pressure h
Stagnation |
pressure

> [

FIGURE 8.6 Pitot tube measures change of stagnation pressure

Figure 8.7 shows two types of tubes: a Brabbee tube and a Prandtl tube
depending upon the tip shape. Fluid velocity near the tape is given as follows:

v=C /Qgh(%—lj (8.1)

where C is the coefficient of speed and has to be calculated by calibrating the
pitot tube. h = height of fluid in monometer. The velocity (V,) of a perfect gas

at the tip point,
v, =c [PARLI(E (8.2)
K-1||p

where P, is the stagnation pressure, and (T, p,) are the temperature and the
pressure at a point where the speed is to be calculated.

The simplest pitot tube is a tube with an effective opening offer 3.125-6.35
mm diameter facing the approaching fluid. A normal upstream tab can be
utilized for calculating the line pressure.
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Flow
direction - rerTRTIRITI .

J_ Static pressure holes

(a) Prandtl tube

Flow
direction —1

W=

J_ Static pressure holes

(b) Brabbee tube

FIGURE 8.7 Pitot tube for velocity measurement

An industrial type of pitot tube cylindrical probe installed inside the air
stream. At the upstream face, the fluid flow speed of the probe is taken to be
zero. Velocity head transforms into short pressure, which is sensed by a small
hole in upstream face. On the other side, a small hole of the probe measure
static pressure. The instrument measures the differential pressure.

Figure 8.8 shows a pitot tube with the tabs of measuring static pressure.

The pitot tube produces no loss of pressure in the flow stream. It is
installed over a nipple in the pipe. If installed over an isolation value, it can be
moved backward and forward over the stream to create the flow velocity pro-
file. For high-speed flow streams, it is necessary to use tubes of high strength
and stiffness.

A tube installed in a high-speed stream has the possibility to fluctuate and
get broken. Pitot tubes are commonly used for low to medium velocity flows.

» » Flow of measurable fluid

Static pressure

Pressure
Free stream -Stagnation Pressure
Velocity
Density
b > Pressure
transducer

Total
Pitot Static Tube pressure

Static pressure

FIGURE 8.8 Pitot tube installation
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EXAMPLE 8.3

The air velocity in a duct is measured as 40.1 m/s by a pitot tube and the
recorded pressure is 0.12 m of water column. Take air density as 1.2 kg/ms,
and determine the coefficient of velocity, C.

Solution: By applying Equation (8.1),

Ce_ V.
2gh Pu g
C= 40.1
2x9.81x0.12 —1000—1
1.2
C=0.905 Ans.

8.6.2 Vane Anemometer

It is shown in Figure 8.9, the moving stream forces the vane to rotate. The
strength of force increases with the velocity of air. The rotational velocity
of the vane anemometer also increases. The vane anemometers are used to
measure the speed of air in large flow areas. The anemometer calibration is
carried out by measuring the rotational speed of vane at known wind speeds.

FIGURE 8.9 Vane anemometer
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8.6.3 Hot Wire Anemometer

A thin platinum wire of 0.005 mm diameter and 1 mm length is electrically
heated and put perpendicular into a flow area as shown in Figure 8.10. Heat
is transferred from the hot wire anemometry to the fluid stream by conviction.

Leads to the electronic

Vv, T, Supporting needles equipment
—>
—> )
— —
—>
Approaching
flow Sensing wire, Ty Probe body

FIGURE 8.10 Probe of a hot wire anemometer

If the wire current and its temperature T, are kept constant, the equation
between the power input (to the wire) and the difference of temperature

between the fluid and the wires is as follows:
2

=A+B\pV 8.3
= p (.3)

w

where R is the wire resistance, I is the current in the wire, p is the density of
the free stream and V is the velocity of the free stream. B and A are constants
and calculated by probe calibration curve. The hot wire anemometer is very
suitable for measuring speeds in turbulent flow. The hot wire anemometer
may record changes of velocity with a frequency (up—‘(o—lO5 Hz), and speeds
as small as 0.02 m/s. The hot wire anemometer is very suitable for small speed
flows. It is used in the analysis of the boundary layer.

The hot wire anemometer has
been used on a large scale for many
years as a tool of research in fluid
mechanics.

The hot wire anemometer is
shown in Figures 8.11 and 8.12 as
a small, electrically heated element.
These elements are sensitive to heat
transfer between the element and
its surrounding and also structures
and temperature changes can be
sensed.

FIGURE 8.11 One type of hot wire anemometer
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Tungsten wire with thin platinum

(0.00015 inches)

Flow Hot wire made of
velocity platinum or tungsten (0.0038 mm)
~ /

Support
prongs

Gold plated stainless
steel supports
Plating to Define
Sensing Length

0.050 inches
(1.25 mm)

FIGURE 8.12 Another type of hot wire anemometer

EXAMPLE 8.4

The velocity data of air (p =1.2 kg/m3) flowing over a 24 cm, diameter
pipe is recorded by the hot wire anemometer and given in the table
below. Calculate the mean velocity, the mass flow rate of air, and the
ratio of maximum to mean spread.

r (cm) V (m/s) r (cm) V (m/s)
0 9.7 7 6.8
1 9.6 8 5.9
2 9.4 9 4.8
3 9.2 10 3.5
4 8.7 10.5 2.9
5 8.2 11 2.4
6 7.5 11.5 1.0

Solution: The mean velocity,

V:1

m 2

T p2

ol + v

i=1

[9.7%1% +9.5Xx2x1x14+9.3x2x2x1+8.95%x2x3%x1 +8.45%2

X4X1+7.85X2Xx5X1+7.15X2X6X1+6.35X2X7Tx1+5.35x2x8x%x1
+4.15%x2x9%x1+3.2x2x10%x0.5+2.65%x2%x10.5%x0.5+1.7x2x11x0.5]

At each strip, the velocity is the rate of the top and the bottom speeds.

Thus the mean speed is V,,

=471 m/s, V

max

=9.7 m/s.
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8.6.3.1 Principle of Operation

Consider a thin wire fixed to probes and subjected to a velocity U as shown in
Figure 8.13. As current is passed through the wire, heat is produced (IQRW).
This is balanced with loss of heat to the surrounding under equilibrium con-
dition. With change of velocity, the coefficient of convective heat transfer
will change, the temperature of the wire will alter and finally arrive at a new

equilibrium state.
Current, |
Sensor dimensions:
length ~ 1 mm
diameter ~ 5 micrometer

\

Wire supports
Velocity, U / Pp

(St. St. needles)
Sensor (thin wire)

FIGURE 8.13 Principle of operation of hot wire anemometer

8.6.3.2 Classification of Hot Wire Anemometer

Based on the number of sensors, the classification of anemometer is shown in

Figure 8.14.
Single-sensor probe Dual-sensor probe Triple-sensor probe

FIGURE 8.14 Classification of hot wire probes

8.6.4 Laser Doppler Anemometer (LDA)

In the case of a hot wire anemometer, dirt inside the flow may be deposited
on the wire acting as insulation, or because of high wire temperature, fluid
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may be spoiled in the measurement area. Furthermore, because of the probe
size, the floor may be distributed under such objectives. LDA can be used for
perfect measurement of speed and turbulence in liquid and gas flows.

As shown in Figure 8.15, a fixed at wavelength laser acts as a light source
and the visual components divided the beam of the layer into a second beam
and a reference beam and then these beams intersect at measurement particle.

The lighter frequency is dispersed by moving particle by a quantity pro-
portionate to the practical velocity. Laser Doppler anemometer uses this prin-
ciple in measuring the particle speed. Each of the frequency following filter
closes onto the modification frequency to obtain the frequency of Doppler.
The frequency of Doppler is linear regarding the speed over the geometry of
the visual system.

The particles should be of small size sufficient to pursue the flow. The
inflow of liquid-like particles is normally attended, but the inflow of gas, parti-
cle with size 10° m, are grown. To transmit the light beam, the fluid surround-
ings should be diaphanous. The applications of a laser Doppler anemometer
include flow inside engine cylinders, pipe flows, combustion process, and flow
between blades of the pump impeller.

Measurement particle

Secondary beam
Beam splitter
E Photo detector

Laser :I—

Frequency
tracker

Lens
Reference beam

Flow

FIGURE 8.15 Operation of laser Doppler anemometer

8.7 FLOW MEASUREMENT

For a gaseous or liquid matter, flow can be measured as either the volume
ow rate or the mass fHlow rate, per unit time. A mass tlow rate gives more

fl te or th fl te, p tt A fl t

precise measurement.
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8.7.1 Mass Flow Rate

The mass flow rate is measured by different techniques depending upon the
fluid state, that is, gaseous, solid, or liquid.

8.7.1.1 Variable Area Flow Meter (Rotameter)

The area of orifice is used in rotameters to measure the flow rate. It is inex-
pensive, reliable, and used widely in industry, accounting for around 20% of
all flow meters sold. For its use in automatic control charts, rotameter is com-
bined with a row of fibers, which gives the float location by sensing the light
emitted from it.

Figure 8.16 shows this instrument, which comprises a glass tube with
tapered shape and a float is made of stainless steel that moves freely in side
of the tube. The fluid flows over the float, the forces establish a balance float
location in the inside of the tube.

Flow outlet

Tapered glass

=

Flow Inlet :ipipe
connection

FIGURE 8.16 Schematic of rotameter

The device should be fixed vertically, and basically, the motion of float
is linear with the flow rate. Variable area flow meters are not suitable for
high pressures and liquids with large particles. The inaccuracy of the low-cost
device is usually £5%; however, more costly rotameter offers precision as high
as £0.5%.

A simple rotameter (Figure 8.17) consists of a tapered glass tube and a
float that takes a steady position when flooded. The float location is a measure
of the flow rate.
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As the flow increases the area
— 100 Y around the float must increases

Gravity —90
= ) U )
ilibri - Float
Equilibrium > | — 60
— 50
Float —
.:g;. —40 )
— 30 Taperred
Tapered —20 tube
metering Flow — 10 \ \ r ’
tube —
Scale

FIGURE 8.17 Flow meters (Rotameters)

EXAMPLE 8.5

At standard conditions (p = 1 atm, T = 20°C), a Variable Area Flow
meter is calibrated for water, (p =998 kg/m3). However, the rotameter
is used to measure the oil flow rate (p = 880 kg/m®) and the scale on
the rotameter reads (12 L/s). Calculate the oil flow rate.

Solution: The equation of flow rate in the rotameter is V=AxV, where A
is the flow area between the float and the tube with a tapered shape. Thus,
the ratio flow rate becomes V,/V, =V, /V, . The float of acrodynamic suspen-
sion is got by the same value of pressure drop through the float, Ap, = Ap,.
Assuming that the pressure drop is commensurate with V,,

pw ‘]j = p() ‘]02

V() /‘/w = pi
Po
Hence,
V, =12x1.066
Or

V, =12.79 L/s. Ans.
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8.7.1.2 Orrifice Plate

The orifice plate is a metal disc having a hole in its center, which is installed
inside the pipe, carrying the flowing fluid. Orifice plates are cheap and avail-
able in a board range of sizes. As a result, they represent around 50% of the
devices used in the industry for measuring the volumetric flow rate. One
restriction of the orifice plate is that its inaccuracy is usually +2% and may
approach +5%. Furthermore, pressure loss caused in the measured fluid flow
is between 50 and 90% of the pressure change, (P, — P,). The other orifice
plate problems are a progressive alteration in the coefficient of discharge
through the hole edges and a tendency for particles inside the flowing fluid to
block the hole. There may be decrease in diameter progressively as the par-
ticles stick. The last problem can be decreased by using an orifice plate with
a hole at the center. If this hole is near to the pipe bottom, solids inside the
flowing fluid incline to be swept across, and particles build up is decreased.

The same problem appears when there are gas or vapor bubbles in the
flowing liquid. This difficulty can be removed by installing the orifice plate in
the vertical portion of pipeline.

The hole shapes in orifice plates may be eccentric, concentric or segmen-
tal as illustrated in Figure 8.18. Orifice plates are damaged by erosion.

Concentric Eccentric Segmental

FIGURE 8.18 Eccentric, concentric, and segmental orifice plates

_ 2(P = P)+pglz, —7,)
Q= SOCII\/ o~ (/)] (8.4)
n e R

The discharge coefficient to C, for a particular orifice meter is a function
of the portion of the pressure tapes, the diameter ratio of the orifice to the
inner pipe diameter, the Reynolds number (R,) in the pipeline, and the orifice
plate thickness.
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As shown in Figure 8.19, an orifice meter consists of a thin plate with an
aperture in its center. The orifice aperture is commonly circular. The abrupt
constriction of area in these devices produces a high loss of pressure com-
pared with the other two devices. The downstream pressure is measured at a
place of 0.5 D, length and upstream pressure is measured at a place D, length.

(+P)
N
1 2
A
” |
v D, D,
— ]
\4

FIGURE 8.19 Orifice meter

As a function of pressure drop, the measured flow rate over the orifice
plate is expressed as follows:

V =KxA,2AP/p (8.6)

where K is the coefficient of the orifice plate and, depends upon the plate
diameter ratio and the Reynolds number (R,) of the flow that is expressed as,
R, =pVD,/u.

EXAMPLE 8.6

A pipe of diameter (30 cm) loads oil, (p = 880 kg/ms, p=0.799 kg/mz),
and to determine the flow rate an orifice (diameter = 15 cm) is fitted
to the pipe. A mercury manometer is used to read the pressure drop
through the office as 0.95 m. Calculate the flow rate of oil.

Solution:
D, = 0.5, and assume high Reynolds number flow.
1
From Figure 8.20,
K=0.62
Ap =pmgh =13.6x9.81x0.95=126.745 kPA.

0.15°

A, =3.14x =0.0176 m”.
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These values are substituted into Equation 8.6

V =0.62%0.0176 X /% =0.185 m%/s

The condition of R, must be checked.

10 C T T T TTTTTT T LA T LA T LA T T TTITT]
E Laminar | Tarbulent ]
09
< E
©
8 E
< 07 [ D2/D1°=0.7
E 0.6
r 0.5
06 F 0.3
05 E 1 [N 1 L1 1iiill 1 L1 1iiill 1 L1 1iiill 1 1 IIIIII:
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Reynolds Number
FIGURE 8.20 Coefficients of discharge of the orifice [J. H. Perry, 1984]
0.185
A, =0.07m*, V=—""=2645 m/s,
0.07
And
880x2.645x0.3
= =874.
0.799

With respect to Figure 8.20,

K =0.72, and the corrected flow rate becomes,
V =0.214 m%s.

8.7.1.3 Venturi Meter
The Venturi is an accurately machined tube. This shows measurement inaccu-
racy of just (+1%). However, it requires machining, which means cost. Pressure
loss in the measuring system is (10-15%) of the pressure difference (P, — P,).



194 * ENGINEERING THERMODYNAMICS

The first use of Venturi meter was by J.B Venturi in 1797. As shown in
Figure 8.21, reducing the flow cross-sectional area, some pressure head is
transformed into speed.

The head differential has to be measured between the throat part and the
upstream to evaluate the flow rate.

(a0)
N

\l )
V—» o, D,

FIGURE 8.21 Cross-section of a Venturi meter

V=CA, = /LIZ (8.7)
p(1-B")

where P is the density of the fluid, and [Bz&} for Venturi meter, 0.25

< B < 0.50. D,
C is the coefficient of discharge and changes in the range of 0.935-0.988.
The upstream part closeness angle is 21° with the axis of pipe and the
diverging part has an angle 5°-7°. In linking the Venturi meter to a pipeline,
the upstream part of the Venturi should have a distance 10D, straight pipe.
The total losses in a Venturi are approximately between 10 and 20 percentage
of the total pressure drop.

EXAMPLE 8.7

A venturi meter was designed for measuring the flow rate of water in
horizontal pipes of diameter 300 cm. The evaluated discharge over
the pipe is 15 m’/s, and the pressure drop is restricted to 250 kPa at
the venturi. Determine the diameter of the venturi throat. Assume
that the coefficient of discharge is 0.95.

Solution: From Equation 8.7, the relationship between A, and B is,

225000
V=8 " 000
= =1416
A, 15
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Substituting,
D, =0.9481-B*)"*

This relation is determined for A, by method of trial and error. Suppose
B =0.35, calculate (D,), D, =0.944 m, and = 0.314, after that finally diame-
ter of venturi throat is D, = 0.945 m.

8.7.2 Calibration of Flow Meters

8.8

The first consideration in selecting calibration method for flow measuring
devices is to establish the precision level necessary. The calibration system
should not be costly and should satisfy the statutory requirements needed.

The flow measurement precision is influenced greatly by the conditions
of flow and the flowing fluid characteristics. Flow measuring devices are cal-
ibrated on-sight in the field. The calibration is achieved under the conditions
of practical flow, which are difficult to re-produce in a laboratory. For the
validity of calibration, it is necessary to replicate flow calibration tests so that
the same value of reading is obtained in two sequential tests.

If onsite calibration is not possible or is not of sufficient precision, the
device may be sent for calibration utilizing equipment supplier or device
manufacturers or other calibration organization. However, this can be costly.
Moreover, the calibration facility does not repeat the normal working condi-
tions of the meter examined, and suitable compensation for variance between
conditions of calibration and conditions of natural utilization should be

applied.

MEASUREMENT SYSTEM ERROR

In a perfect measurement system, the measured value should be the same
as the correct value. The system precision can be defined as nearness of the
measured value to the correct value. A completely precision system is a theo-
retical system. Processor of a real system is quantified utilizing the error of
measurement system (E),
where E = [measured value] — [true value].
E = [system output] — [system input].
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REVIEW QUESTIONS

1. What is a measurement system? How will you define its performance?
Explain the following terms:

i. Calibration
ii. Measurement uncertainty
iii. Sensitivity and repeatability
iv. System error
2. Explain the following:
i. Temperature scales
ii. Temperature measuring instruments
iii. Thermocouples
How will you select your temperature measurement instrument?
4. Write a detailed note on pressure thermometer.
5. Explain the following devices for velocity measurement:
a. Pitot tube
b. Vane anemometer
c. Hot wire anemometer
d. Laser Doppler anemometer
6. Compare the following flow meters:
a. Rotameter
b. Orifice plate

c. Venturi meter

NUMERICAL EXERCISES

1. During temperature measurement, it is found that a thermometer gives
the same temperature in °C and °F. Express the temperature value in R.
(419.67 R)
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A platinum resistance thermometer has resistance of 2.8 ohms at 0°C and
3.8 ohms at 100°C. Calculate the temperature when the resistance is indi-
cated as 5.8 ohm. (300°C)

A certain thermometer using pressure as the thermometric property
gives the value of pressure as 1.86 and 6.81 at ice point and steam point,
respectively. The temperature of ice point and steam point are assigned
the number 32 and 212, respectively.

Determine the temperature corresponding to p —2.5 if the temperature
t is defined in terms of pressure p ast = a In p + b, where a and b are
constants. (73°C)

A turbine is supplied with steam at a pressure of 20 bar gauge. After

expansion in the turbine, the steam passes to condenser, which is main-

tained at a vacuum of 250 mm of mercury by means of pumps. Express
the inlet and exhaust steam pressure in N/m” and kPa.

(2101396.2 N/m* or 2101.4 kPa

68024 N/m” or 68 kPa)

A vessel of cylindrical shape of 50 cm diameter and 75 ¢cm height contains
4 kg of gas. The pressure gauge mounted on the vessel indicates 620 mm
of Hg above atmosphere. If the borometer reading is 760 mm of Hg, cal-
culate the absolute pressure of gas in bar. Also determine the density and
specific volume of the gas. (1.84 bar, 27.21 kg/ms, 0.036 mS/kg)
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Table A-22 | Ideal Gas Properties of Air

Table A-23 | Ideal Gas Properties of Selected Gases

Table A-24 | Thermochemical Properties of Selected Substances at 298 K and 1 atm

Table A-25 | Standard Molar Chemical Exergy of Selected Substances at 298 K and p0
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TABLE A-1 Atomic or Molecular Weights and Critical Properties of
Selected Elements and Compounds

Substance Chemical M T, P, 7 = Pv,
Formula (kg/kmol) (K) (bar) ° RT,

Acetylene C,H, 26.04 309 62.8 0.274
Air (equivalent) - 28.97 133 37.7 0.284
Ammonia NH, 17.03 406 112.8 0.242
Argon Ar 39.94 151 48.6 0.290
Benzene C,H; 78.11 563 49.3 0.274
Butane CH, 58.12 425 38.0 0.274
Carbon C 12.01 - - -
Carbon dioxide Co, 44.01 304 73.9 0.276
Carbon monoxide CcO 28.01 133 35.0 0.294
Copper Cu 63.54 - - -
Ethane C,H; 30.07 305 48.8 0.285
Ethyl alcohol C,H,OH 46.07 516 63.8 0.249
Ethylene C,H, 28.05 283 51.2 0.270
Helium He 4.003 5.2 2.3 0.300
Hydrogen H, 2.016 33.2 13.0 0.304
Methane CH, 16.04 191 46.4 0.290
Methyl alcohol CH,OH 32.04 513 79.5 0.220
Nitrogen N, 28.01 126 33.9 0.291
Octane CH 114.22 569 24.9 0.258
Oxygen C,Hq 32.00 154 50.5 0.290
Propane 0, 44.09 370 427 0.276
Propylene C,H, 42.08 365 46.2 0.276
Refrigerant 12 CCILF, 120.92 385 412 0.278
Refrigerant 22 CHCIF, 86.48 369 49.8 0.267
Refrigerant 134a CF,CH,F 102.03 374 40.7 0.260
Sulfur dioxide SO, 64.60 431 78.7 0.268
Water H,O 18.02 647.3 220.9 0.233




202 ° ENGINEERING THERMODYNAMICS

ve ¥6LS8 | $ESE0 | ¥'S¥Se | L¥PPe | OL'00T | #'G0¥c | OL°00T | €88°SH Le00'T | $86¢0°0 ve
€e 11098 | €6L€°0 | §€¥Se | OL¥Pe | 6596 0°LOve | 1996 | PLS'SP ¥e00'T | 018¢00 €6
(44 6¢¢9'8 | TSee’0 | L'IvSe | ¥6¥Pc | €Ee6 | L'GOve | ¢E66 | L¥PIS G600’ T | S¥960°0 (44
1c 05798 | 601€°0 | 66856 | SISV | ¥I'SS evove | vI's8 | vISYS 0c00°'T | L8¥c00 1¢
0c ¢L99'8 | 996¢°0 | T'8€Se | T¥SPe | 96€8 | 6¢Ove | S6'€S | T6L°LS 8I00°'T | 6£€¢00 0%
61 L6898 | €6S¢0 | ©¢98Se | §9S¥6 | LL6L | 9TOFG | 9L'6L | €619 9100°'T | 861¢0°0 61
ST €CIL'8 | 6L9¢°0 | ¥ ¥ESE | §8'8S¥6 | 8SGL ¢00ve | LSGL | 8€0'99 ¥100°'T | #90¢0°0 ST
LT TGEL'8 | S€96°0 | 9¢LSe | ¢'T9vG | SC'IL 8'86¢c | S8EIL | ¥¥0'69 ¢I00'T | 8€610°0 L1
91 G8GL'S | 06LT0 | 80Lse | 9€9¥e | 61°L9 | ¥L6EG | SI'L9 | €eeEl ¥000°'T | SISTO0 91
< VISL'S | S¥ec0 | 68656 | 6'99¥6 | 66'¢9 196¢¢ | 669 | 9¢6LL 6000'T | SOLTOO <1
4! Sr08'8 | 660¢0 | T'LeSe | €'89Fc | 088G | L¥6CC | 6L85 | 8¥8CS 8000°'T | 865100 4!
¢l g8e8'8 | €961°0 | €9eSe | L'OLVe | 09%S | €¢e6Le | 09FS | PEI'SS LO00'T | L6¥TIO0 el
¢l ¥es8'8 | 908T0 | ¥'€eSe | 0°CL¥e | Tv0S | 6'168c | IV 0S | PSL°C6 €000°'T | cO¥100 ¢l
IT €9.8'8 | 899T°0 | 9'T¢eSe | ¥'aL¥e | 069% | G068 | 060V | LS8'66 ¥000°'T | CICTO00 1T
01 80068 | OISTO | S'6iS¢ | L'LLVG | T0Gy | ¢68¢c | 00¢y | 6L890T | ¥000'T | 8¢cl0°0 01T
8 10568 | ¢Iel'0 | T91Se | ¢eSve | 09'¢e | $98¢e | 65¢E | LI60¢T | TO00'T | GLOTOO 8
9 €0006 | ¢I600 | ¥GlSe | ¢L8¥c | 06'Se | 9¢€8¢e | 6196 | PLLLET | T000'T | <£600°0 9
g LEe06 | T9L00 | 90ISe | 968¥6 | 8606 | €68¢¢ | L60c | OGT'L¥I | T000'T | ©L800°0 S
i V1506 | 01900 | L'80SG | 6'16¥c | SL9T 6°05¢c | LLI9T | GLe LS 100°T €1800°0 ¥
100 ¢9ST'6 | 00000 | ¥'10SG | ©'T10SG 100 €'GLET 000 | 9¢T'90¢ 000°T 1T1900°0 100
Do s s "y y y *n n A | oLxa| aeg | D,
‘dwa] | sodep | pinbry | uodep | ‘deag | pinbr | uodep | pinbr | uodep | pinbry | ssauq | ‘dway
‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg
1 1/P /B /B B/ w
Adonuzg Adreyaug A3iauz [eusau] | awnjop dyadsg

3|qe] aJnjesadwa] :(dodep-pinbi) ua1epp paieanies jo saiuadoud Z-v 379VL




APPENDIX: THERMODYNAMIC TABLES S| UniTs © 203

0L
€9 0TES’L | S€68°0 | €819¢ | G9%CC | 90'cLe | T'€9%¢E | ¢0GLE | 66101 66T10°'T €05¢°0 <9
09 9606°L | ¢I€80 | 9609¢ | 9'8S¢c | €T'1Se | 995ve | TI'IIT | GLIO'T G¢LIO'T ¥661°0 09
ge €166°L | 6L9L°0 | 6'009¢ | L'OLET | €60€c | T0SPe | T60€e | 9¥I0T 9101 9LST 0 q¢
0s €9L0'8 | 8€0L0 | T'e6Sc | L68¢e | €€°60C | S€¥ve | 68606 | TGlO'T 1210°'T qeerTo 0s
i 8¥9T'8 | L8C90 | G'E8SG | 8¥6EC | S¥'SST | 89E¥e | #¥'SST | 66001 6600'T | €6960°0 i
or 0LSE'S | SGLS'0 | €PLSG | L'90VE | LSLIT | TOE¥G | 9S°L9T | SLOO'T 8L00°'T | #S€L00 oy
8¢ 0s6¢'8 | 8s¥S'0 | L'0LSG | S'TI¥e | 16651 | ¥Leve | 06°6ST | TLOO'T TLOOT | ©€990°0 8¢
9€ 9Lee’8 | 881S°0 | T'L95¢ | ©91¥c | 98°0ST | L¥eve | S8°0ST | €900°T €900°'T | L¥6S0°0 9¢
ge 1€6E'8 | €80S°0 | €699¢ | 9'SI¥e | S99¥L | ¥ E€eve | LO9VT | 0900°T 0900'T | 869500 5%
23 8cLe8 | LI6GYVO | 9°€956 | 0'Teve | 0Sevl | 06eve | 0SePT | 9500°T 9¢00'T | ¥6€S0°0 ve
€t Le6E8 | ISLV'O | L'199¢ | ¥'€eve | €C°8ET | L'0e¥e | ¢E8ET | €900°'T €900'T | #€0S0°0 €e
43 LeI¥'8 | ¥¥9¥°0 | 6'655c | L'Seve | STPET | €61ve | ¥PIFET | 0S00°T 0S00'T | 69L¥0°0 (43
1< 6ce¥'8 | LOSYO | 1'89S6 | 1T'Sebe | L6'6¢] | 08Ive | 96'6¢T | S9T'1E 9700'T | 96¥¥0°0 1€
0¢ €Lay'8 | 69¢¥°0 | €999¢ | §0¢¥e | 6L°Gel | 99TIve | 8L'SCl | ¥657¢E €V00'T | 9¥¢¥0°0 0¢
6¢ 6CLY'8 | TE€CH0 | 9%9Se | Seeve | 1916l | ¢GIve | 09'1¢L | €EL7VE 0¥00'T | 800¥0°0 66
8¢ 9P6¥'8 | €60¥°0 | 968Se | ¢'ee¥e | €V LIT | 6°€Tve | GV LIT | 0699¢€ LEOO'T | 68LE00 8¢
Lc 94TS'S | $96C°0 | 8°095C | 9LLVG | SG€TT | S6lve | SECIT | PLL'SE | SE€O0'T | L9S€0°0 LG
9¢ L9€S'8 | ¥ISE0 | 0'6¥Se | 6°68¥c | LO6OT | T'TI¥G | 90°60T | ¥66°0% ¢C00'T | €9€€0°0 9¢
<1d 08558 | ¥L9€°0 | GLySe | €evbe | 69701 | 860¥c | 88F0T | 09¢°CP 6600°T | 691€0°0 1
Do s s *y y y *n n A | oLxa| ueg o

‘dwa) | sodep | pinbry | uodep | ‘deag | pinbr | uodep | pinbr | uodep | pinbry | ssaug | “dway
‘Jes ‘Jes ‘Jes ‘Jes ‘Jes | es ‘Jes ‘Jes
M B/M /41 /41 31/ w
Adonug Adreyaug A813u3 [eusazu] | awnjop dynads

(panunuod) z-v 319v.L




204 ° ENGINEERING THERMODYNAMICS

09¢ 61009 | 8€88CG | 996L¢ | SG99T | PFEIT | 0'66ST | ¥'SGIT | 16600 | SSLE'T 88°9% 09¢
0<tT 0€L0'9 | L36LG | GT0SG | G9ILT | #'S9SOT | #'¢09¢ | ¥'0S0T | €10S0°0 | GISE'T €L'6e 0S¢
0ve LEVTO | STIOLG | 8°€09c | S99LT | €LEOT | 0'T09¢ | ¢'€E0T | 9L670°0 | 16Gc1 yree 0ve
0¢e 9YIc9 | 6609C | 0F708E | S'CIST | G066 | 6'€09L | ¥L9S6 | SSTLO0 | SS0C'1T g6'LC 0€c
03¢ 19829 | SLISG | T'TOSG | S8SST | ¢9¢€¥6 | ¥'3609¢ | L8'O¥6 | 619800 | 006T'T ST¢e 0Gc
01c G8GE'9 | S¥e¥'G | 9'86L¢ | L'006T | 9LL6S | S669¢ | €9°G6S | ¥¥OT'0 9GLT'T 9061 0T¢c
00g €GET'9 | 60€ECG | GE6LE | L'OVET | S¥'6S8 | €969¢ | 99098 | ¥LTT0 GOCT'1 12391 00¢G
06T 6,099 | 69€GG | ¥'98LG | 8'SLET | G9L0S | 006S¢ | 61908 | PIVI'T VIVI'T ¥ael 061
08T LG899 | 96€TG | G8LLG | O°GIOG | €6°€9L | L'E€8SE | 60°'TIL | WLGI'T VLeT'1 001 08T
0LT €999'9 | 6I¥0CG | L'89LE | S6HE | TG6IL | S9L9G | €CSIL | €VIT'T CVIT'T LI6'L 0LT
091 €0GL9 | LeP6'T | T'8GLE | 9380 | S9°GL9 | #'899¢ | 98FL9 | 0cOT'T 0G0T'T SLT9 091
0<tT 6L€8°9 | SIPS'T | 99¥Le | €FIIG | 066E9 | S699¢ | 89'1€9 | S060°T S060°'T 8CLV 0sT
ovl 6666’9 | T6ELT | 6'€ELE | LFPIG | €1°68S | 0099¢ | #L'S88S | L6LO'T L6L0'T €19¢ ovl
0¢T 6960°L | ¥PE9T | G06LE | GVLIG | TE€9PS | 66€9C | c0'9PS | L6901 L6901 10L°C 0¢T
0GT 966T°L | 9L6S'T | €90L¢ | 960GC | TL'€0S | €669¢ | 09°€0S | €090°T €090°'T gs86°'l 0ct
01T L8ETL | €8IV | 9169¢ | G0€Gc | 0L 19¥ | T'STSE | ¥I'T9% | 91<0'T 91<0'T eev'l OTT
00T 67SE’L | 690€T | T9L9¢ | 0LSGG | VO'6IV | S909¢ | ¥6'STV | SEVO'L GEVO'T Y101 00T
g6 6GT¥'L | 00SG'T | T'899¢ | G'0LeG | 96'L6€ | 9009C¢ | 88°L6C | L6CO0'T L6E0'T Gg¥80

g6
06 I6LV'L | €66T°T | T°099¢ | G€S8GG | ¢6'9LE | ST6¥VE | 98°9LE | 0SE0'T 08€0'T ¥10L°0 06
€8 SrPaL | €PETT | 6'199¢ | 0'96G¢ | 06'GSE | ¥'88¥E | #8°GSE | S6e0'T Gee0’l €8LS8°0 a8
08 GGl9'L | €GLO'T | L'€P98 | 8'S0ET | 167EE | G68¥e | 987EE | 16601 1630°T 6€TV°0 08
qL ¥689'L | GSTIOT | €689¢ | ¥'16Ee | €6°C1E | 6°€ELVE | 06'CTIE | 69601 659¢0°'T 8G8¢E°0 QL
0L €QQL’L | 67960 | 8'969¢ | 8'CEELT | 86'66G | 969¥E | 666G | 8660’1 8Gc0'1 61TE°0
Do s s %y y y *n n A | oLx'a| ueg o

‘dwa) | sodep | pinbry | uodep | ‘deag | pinbry | uodep | pinbry | uodep | pinbry | ssaug | ‘dwaj
Jeg Jes Jeg Jes Jeg Jes Jeg Jes
) 31/ /P 31/P B/ w
Ado.yug Adfeypug A813u3 [eusalu] | awnjop dynads

(panunuod) z-v 319v.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 205

VIvLE
09¢
ore
0c¢
00¢
06¢
08¢
0Le

866V 'V
9¢50°S
LEEES
[SSISRS]
SyoL's
1e8L'S
1L98°S
10€6°S

866V 'V
LV16°¢
¥899°C
08¥¥'¢
yesee
¥6S1°e
8990°¢
16L6'C

£'660¢
0°'I8¥¢
0°'Te9e
1008
0'6¥Le
¢'99Le
9'6LLE
L'68L%

<0cL
6°L30T
9'8¢%l
670V
T'LLYT
9€vsel
G9ILT

£'660%
S09LT
G 1I8ST
S19rl
0¥vel
1'68¢l
09¢el
SPsIl

9'660¢
G16ee
9V9re
§'6ese
0°€95c
09LSe
1'98¢6
L'€656

9'660%
G'SoLl
€0LST
9VIrl
0°TeeT
6'8LCL
§'Leel
VLLIT

GSIe000
S¥6900°0
08010°0
6¥S10°0
L9120°0
LSS600
LT0E00
$95€0°0

cere
GL6S'T
6LE9'T
88671
9e0v'1
989¢'T
168¢'T
€e0¢’T

6°0c6
G981
6'Sr1L
LGl
18°G8
9e VL
cl'v9
66 7S

VIvLe
09¢
ore
0ce
00¢
06¢
08¢
0Lc

(panunuod) z-v 379Vv.L



206 ° ENGINEERING THERMODYNAMICS

0% | S9998°9 | LO0GS'T | 6'¢€¥Le | LOclc | S6'169 | 9LSSE | S6669 OvI¥F0 | 68801 | 6L¥I 0s'y
00% | 69689 | 99LLT | 98CLG | §€CTG | PLVO9 | 9C€SSe | 1€F709 Seor'0 | 9¢80°T | 9¢vI 007
0s'¢ | SO¥6'9 | SLeL'T | ¥etle | T'SVlc | CE€¥8S | 69¥5C | S6°€8S €veg0 | 98L0T | 6°8CI 0S¢
00°¢ | 61669 | SILIT | €9cLe | 8€9T6 | LV'I9S | 9¢¥Se | STT9S 85090 | GLLOT | 9¢Cl 00°¢
0sc | LeSO'L | €LO9'T | 691Lc | S'ISTG | L&'SES | ©'LESe | OT°GES LSTLO | ©L9O'T | ¥Lcl 0S¢
00¢ TLel’L | TOCS'T | L'90Le | 6'T0CG | OLV0S | S°6¢Sc | 67705 LE88°0 | S090°T | ©0cl 00c
0T eLec’L | 9LEV'T | 9°€69¢ | S9¢ce | [1°L9% | L'61Se | $6'99F 6ST1 8¢S0'T | ¥'III 0S'T
00T 9¢0¢'T | 960¢'T | §°GL9¢ | 0'8Sce | 9V LIV | 19056 | 9€° LIV 7691 ¢Vl | €966 00T
060 | 6¥6&°L | S69¢°T | 60L9¢ | L'S99¢c | ST'SOV | 96056 | 90°SO¥ 6981 0Tv0'T 1.96 060
080 | 9PC¥'L | 66CC’T | 8999¢ | T¥Lee | 9916C | 8'86¥¢ | 8SI6E L80'¢ 08€0°'T | 0S°€6 080
0L°0 | L6LV'L | 6I6T'T | 0099¢ | €€8¢6 | OL9LL | S¥6¥E | €99LE a8ec 09¢0'T <668 0L°0
090 | 06LS'L | €SPI'T | §€99¢ | 9°€666 | 98°65C | 9°68¥C | 6L65¢ cLLe 1€€0T | ¥6'S8 09°0
050 | 6€65°L | OI6O'T | 6'G¥9¢ | ¥'S0€c | 6V 0OFC | 6°€8¥C | #¥0VE 0re'e 00€0°'T | €18 0s0
070 | 00L9°L | 6560°T | 89L9¢ | ¢61€G¢ | SSLIC | O°LLYG | €SLIE €66'¢ G9e0'T | LS'GL 0¥'0
080 | 989L°L | 6£¥6°0 | €969¢ | T9¢Ee | €E'68¢ | ¥'89¥c | 0G68¢ 666 'S €ee0'T | 0169 0¢0
00 | S806°L | 06e80 | L'609¢ | €85€c | OV'ISe | L'9S¥e | 8CISC 6¥9°L G¢LIO'T | 9009 0G0
0T°0 | @0SI'S | €6¥9°0 | L¥8Sc | 8'TI68c | €8161 | 6°LE¥c6 | GS'I6I VI9vl ¢0I0'T 18°sy 010
800 | L8¢e'8 | 96650 | OLLSG | T'€OVG | S88'CLT | ' IE¥G | LSELI €0T'ST ¥800°T 1Sy 80°0
900 | P08 | OTeS0 | ¥#L95¢ | 6'GTve | €SIST | 0'Sebe | €QISI 6LL’¢e | ¥900'T | 91'9¢ 90°0
¥O°0 | 9VLY'S | 9¢ev' 0 | ¥¥SSe | 6'6Lve | 9V Iel | ¢'SIIG | SPIGI 008%e | OVOO'T | 96'8¢ ¥0°0
Jeq s Is %y Yy Iy *n n ‘A OLX| Jaeq Do
ssald | 1odep | pinbry | uodep | ‘deag | pinbry | uodep | pinbp | uodep | pinbiy | ssauq | ‘dwaj
‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg
NS /M /B 31/ w
Adonug Adreyyug A3iau3 [eusazu] | awnjoa oydadg

3|qe] a4nssa.d :(4odea-pinbi) ua1eAA paiBUNIES JO Saiuadold €-v FT9VIL




APPENDIX: THERMODYNAMIC TABLES S| UniTs © 207

8'664c | L'€Yl | 665100 | 988¥'L G8I¢ | 00IT
0°00T | TPFI9'G | 96SC°C | L¥ele | T'LICT | 9LOVL | ¥'¥PSe | 0'€6ET | €OSIO0 | ¥esy'l T'TIE | 0001
006 | GLL9'S | 848C'E | T'ehle | 6'SLET | €€9ET | 8L89¢ | S0S€T | 8¥0G0°0 | SLIV'I | ¥'€0¢ 006
008 | GevL's | 890C°¢ | 0'85Le | €TIVL | 99ICT | 8695¢ | 9°G0CT | @6SLT00 | GFSE'l 1'96¢ 008
00L eeI8's | TIer'e | T'elle | T'SOST | O°L96l | §085¢ | 9LSGL | LELGO0O | €ISE'T 6'98¢ 0°0L
009 | @688'S | L9¢0'C | €F8LE | OTLST | ¥'€Icl | L'68S¢ | ¥'S0GL | ¥PGE00 | LSIET | 9GI6 009
008 | PEL6'S | ©60G6C | €¥6LE | TOVIL | GPSIT | TL6SC | SLVIT | ¥P6E0°0 | 6S8C'T | 0796 0°0¢
0S¢y | 66109 | 0198°C | €86L¢ | ¥9L9T | 61GIT | T009¢ | G9IIL | 90¥¥0°0 | G69T'T SRS 0S¥y
0°0¥ T10L0°9 | $96LC¢ | ¥'108¢ | T'PILT | €L8OT | €3G09¢ | €T801 | 8L6V0°0 | GGST'T | 7056 0°0¥
06 | €919 | €96LC | ¥'€08e | L'CGLT | 8'6¥01 | L'€09¢ | ¥'SPOl | LOLSOO | L¥VEGT | 9GFe 0'¢e
00 | 698T'9 | LSP9C | G¥08G | L'S6LT | #'S00T | €F%09¢ | SFO0L | 899900 | SIIG'T 6'¢Ee 0°0¢
066 | GLSG9 | LPSSG | T'€08e | O'IPST | T1@96 | 1'€09¢ | TI'696 | 866L0°0 | €L61'T | 0VGe 0'¢e
00c | 60¥€'9 | PLVPC | S66LC | L'O6ST | 6L°806 | €009¢ | ¥F906 | €9660°0 | LILT'T | ¥'GIG 0°0c
0°SI 8¥r¥'9 | 0S1€T | G66LE | €LV6L | #P8FPS | §F65C | 9I'CPS8 SIET0 | 6CST'T €861 0°ST
00T €989°9 | LSCT'T | T'8LLG | €'C10G | I8GIL | 9€85¢ | 89'T19L VPe1°0 | €LCI'T 6'6L1 00T
006 | 96699 | 9¥60C | 6'CLLEG | T'1€0G | €8CGPL | §085¢ | €8'IVL 0¢1¢°0 | GIel'T | ¥GLT 006
008 | 86999 | G9¥0C | 1'69L¢ | OS¥0G | TT'T6L | 8'9LSG | GE0GL yore'o | SYIT'T | ¥OII 00'8
00°L 080L'9 | G661 | S'€9LE | €990G | G6'L69 | S6LSG | ¥P'969 66Lc'0 | 0S0T'T | 0991 00°L
009 | 009L'9 | GIE6'T | 8'9LLE | €980G | 95°0L9 | ¥L99¢ | 06'699 LETE0 | 90011 6'8ST 009
00'¢ | @Ie8'9 | LO9S'T | L'SPLe | S'801c | €60¥9 | ' 199¢ | 89'6€9 6VLE0 | 92601 6'1ST 00°¢
Jeq s Is *y Yy Iy *n n ‘A OLX| Jaeq Do
ssaid | 1odep | pinbry | uodep | ‘deag | pinbry | uodep | pinbp | uodep | pinbry | ssauq | ‘dwaj

‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘1eg ‘Jeg
NS /B /0 B/ w
Adonyug Adreyaug A3aau3 [eusazu] | awnjoa oydadg

(panunuod) g-v 37gv.L




208 ° ENGINEERING THERMODYNAMICS

6°0cc
0°00g
0061
0°08T
00LT

0091
0°0<T
0'0vL
00T
0031
0°0TT

866V ¥
6966V
8¢360°¢
¥or's
LLLT'G

Qare's
860¢°9
LILE'S
€eey'g
Ye6v'Q
PSSR

86¢¥ ¥
6€T0¥
88€6°C
SILSC
6L08°¢

191L°¢
8789°¢
[ANSRY
9095°¢
c96¥'C
S6cr'C

£°660c
L6076
SYI9re
1'605¢
G'LySe

9'085¢
G¢'019¢
9°L£9¢
66996
6'¥89¢
9'G0Le

¥'€8¢
0'889
T'LLL
6948

9°0¢6
0°000T
9901
LOCTT
9¢611
G'egel

£'660c
€9681
SOLLT
0GELT
€0691

10891
<0191
TTLCT
arest
€ I6v1
T°0Sv1T

9'660G
0°¢6ce
1'8€¢e
€YLES
0°s0ve

LTEVE
§'esve
89L¥¢
1°96¥¢
L'€1Se

9'660G
9'G8LT
6'6ELT
6'8691
60991

L76e91
96841
9'8¥<l
T'TIST
0 €Lyl

Ge1e000
¥£8500°0
L59900°0
687.L00°0
¥9€800°0

90€600°0
¥£0T0°0
671100
8LGT0°0
9¢¥10°0

qare
90T
€¥3e6'1
L6EST
GOLL'T

LOTL'T
18591
LOTO'T
TL9G°T
L9GST

I'vLe
§'G9¢
a19¢
J WSS
Vst

VLve
Gore
89¢¢
60¢¢
8¥ce

6'0c¢
0°00¢
0061
0°08T
00LT

0091
0°0<T
00rI
00¢T
0°0gI

(panunuod) ¢-v 37gv.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 209

oFes's 1'SS¥E 9IEIE elsTels
9€99'S 7 19¢e 9'gE0E 86%°C
cere's T'SLTE 6'L963 €or'e
GLIF'S 6'S61E ZH063 L16'C
6¥85'S 9FIIE cI¥8% TEL'T
SHIT'S EFE0E 9'6LLE 9¥CC
6¥66'L GHS68 G'SILT 65€°G
eres L €'GLST 1'SS9% BLIG
L6S9°L T96LE §°L65% 7861
899¥L 9913 €°L6CT €6L'T
PIog L T'9L9% L90SG 9691
P68E L §'GL9T 1'9053 7691
(D0£9'66 = "I)
eJIN OT'0 =1eqOT=d
¥61E'6 §'SSFE T'1e1E IR
06716 TT9EE T'EL0g 00%'6
1620'6 T'6LTE 9'896% BLS'S
¥€06'S T'L61€ 1'068 PFe's
BILL'S 1'911E G'EFSE GIS'L
¥1€9'S 0'9€0€ 608 L18%°L
SBSF'S $'9G63 €08LE 86L°9
LETES 7'SL8G 70995 SG%'9
61ST'S 9'008% T 1093 969°'¢
PF96'L 1'S3LE V' ehee €91°g
POGL L 9'SP9%T L€y CE9F
SCIL'L 7' 1€9¢ 0'CLVE 938F
(0:91°9¢ = 1)
BJIN SE0°0 = 1eq g0 = d
AB/M | B/ /M | B/ w
S & n A

1666'S Q'SSFE §IEIE G60°S 00S
9828'S §'19¢€ 6 1€0€ 869F OFF
98L'8 9'8LTE %'996% Ve 00¥
9385’8 G'961¢ 9063 OLT'¥ 09€
POSh'S gelle 0'GhSe G06°C 03¢
291€'S 0°SE0E T0SLE 0¥9'C 083
1191'S G'GG6T €'61LE pLEE 0¥
3100'S L'9L8% 1'659% S0T°S 003
6LTS’L T'S6LT 76652 178G 091
CLEY'L 9'61LT L6553 1LSG 0G1
Teg L 0°089¢ L6052 VEr'e 001
L6LY'L 00993 SF6¥E coeg BLIN

(D568 = "L
BdIN L0'0 = 18q L0 =d

9ceT0T | T'6SFE €geIe L9V'6G 00
€€96'6 939EE g'eeog 1S8¥S OvF
ceFs'6 9'6L3E 0'6968 VLLIS 00¥%
0S1L'6 L'L61E G'G068 969'S¥ 09€
65856 L9T1E 0'CPSG 819Gy 03¢
YOVF 6 8'9€0¢ G'T8LG 0¥ 0S¢
TS65'6 9166 0'TGLG g9¥'6¢ 03
S6C1°6 1’658 71995 €8€°9¢ 003
€696'S Q'E08SE L3093 B0gee 091
0¥SL'S 0'93L% L¥HCG 615°0S 0BT
7085’8 1'0993 €'LSFE TET'LE 08
708Ee'S ¥'L9GE 0'Ce¥e 6EL €T e

(0669'6L = L)
BJIN 900°0 = 18q 90°0 = d
AB/M | /M /M | B/ w Do
s Y n A 1

Jodep Ja1epA paieayJadng Jjo saiuadosd p-v 379VL




210 ° ENGINEERING THERMODYNAMICS

1657’8 SFE6E 9'9LFE €0¥9°0
9G61'S Z00LE G'S65E 8€.6°0
6626'L LISHT §'931¢ 0L0S0
1LSL°L g'eees 9'9%0€ L99F%°0
0S€9'L L'89BE 6'096% L6EF0
€90€'L LFSTE §'C68G 9%T¥'0
L69E"L 6001 €'1E8G TESE0
€ETG L T°L10€ 6'99L% ¥LSE0
790°L T'TE68 S'T0LG E6TE 0
£988°9 ST 8795 66650
08SL'9 1'66L3 S'66£3 L¥ST 0
0809 G'C9LE CILET 6GLE0
(0:91°9¢ = 1)
BJIN SE0'0 = 1eq g0 = d
368¢°S T'E0LE §°00€€ el
ISI€'8 0°9S¥€ 0°0€1€ LST'T
SEST'S L'SGEE 9°0€0€ 7601
0£€0'S 0'GLEE 9°C96% 2€0'T
1906°L TT6IE 71063 6960
TaLLL IN0INES 1'SES3 L06°0
6629°L 9'830€ ¥'SLLG 7780
PLLY L €'LV6G '€1LE ISL°0
CrIg’L G'G98T L0S9% 91L°0
9L3T'L €TSLE 11853 1590
61669 €'GELE 9°ChST 9090
(Dogceet = L)
eJIN 050 = eq g =d
AB/P | B/ H/M | B/ w
s Y n A

72688 6'CG6E G LLVE 69680 00L
TBEE'S LT0LE 9'665¢ 170€°0 009
€180'S 6'CSFE ¥'SeIe 601L°0 008
TeI6'L 0'958E 9'8%0€ S¥C'0 OFF
SE6L'L 6'6LGE T'€96% AN 00¥
0999'L 7'SS1E L'8685 96LE0 09€
80€S'L 9'€0TE L¥E€8G 9TFE 0 03¢
co8e’ L 630 TILLG $£0S0 083
LOST'L 6'6563 9'L0LG 9¥9¥'0 0¥
T6E0'L 7'€E8E 6'CV9G 6¥F 0 003
9£96'9 0'G183 L6093 eFO¥ 0 0ST
€128'9 L'SPLE T19€G 6FLE0 s
(0o693L =""L)
BJIN 900°0 = 18q 90°0 = d
1016'S €FOLE L10€€ G89'G 009
99¥9'S 9°L8FE ZIgIE 9.€G 005
LSL¥'S L°09€E 1'3€0€ 161G OFF
ceee's ¥ LLGE €'L96% 190G 00¥
€635'S 0°S61E G063 P61 09€
7960'S gelle 90V 6181 03¢
Se<iy) §°BE0E 9'QLLE G691 083
TS08'L L"BS68 TLILE 0LST 0¥
€ery’L 6'CLST %9593 P T 003
co9¥°L SE6LT T'S65% LIET 091
€695 L PI1LE €'CEeCs SST'T 0g1
€81% L 9°'€69% L6153 6ST'T BLIN
(DoLETIT ="1)
BN GT0=TeqgT=d
AB/P | B/ H/P | B/ w Do
s Y n A yi

(panunuod) p-v 379v.L




APPENDIX: THERMODYNAMIC TABLES S| UniTs © 211

TLEL°L LTI6E €'99¥¢ ¥SYT0
9019°L Q'ELLE 0'LSES $8ET°0
e80G'L €'G89€ 0'CSGE YEeT0
VLVE L 9'9¥Ge P'SLIE LTG0
8EET L g'9eFe 0'S01€ 29110
03S0°L g1ees 6'300€ Z90T°0
31269 6'0€GE S'GE6E 76600
10SL'9 L'SETE L1985 €360°0
c¥39'9 7' Eh0e 7'S8LG 0SS0°0
B9VF9 ¢ 1¥68 6'60L3 1LLO°0
C9EG9 €188 L6193 €890°0
69S1°9 EF08%E 1'709% £990°0
(0:06°€€E = L)
eJIN 0'C = 18q 0°0F =
16€6'L 9'€8LE SF9¢€ €6L5°0
c8es’L 0'F69¢ 6'C6EE 899%°0
€089'L 6'095E T'6S1E 81750
8695°L 'ELFE €'031¢ BSET0
0¥6<'L qEhes €'810€ 09120
0695 'L §'GCaE €156 0£0% 0
€9eT'L T'691E 77885 668T°0
8€66'9 6180 T'L1SG GOLT'0
18€8'9 L'G663 9'SVLE LZ9T'0
8%99'9 €'668% 69,93 es¥T0
9¥SF'9 S'96L% 1'S65G gBeT’0
SFFF'9 TT6LE SF6ET STET'0
(002€'86T = "L)
eIIN €T = 1eq oG] =d
AP | /M /B | By w
s U} n A

LSV6'L A 6 0LFE TETE 0 00L
ce0S'L 7'08LE TT9EE 160%°0 0¥9
YGOL L 1°069€ 6'065¢ 96610 009
PERS 'L 1'95G¢ 9'C8IE €e81°0 0F¢
LIET L §'L9¥E Z91IE LSLT0 00
0FET L g'gees 7’10 1191°0 OFF
1L3TL 9'L¥3E TSY68 EIST0 00¥
L166°9 €'6GIE 0'LLSG 1910 09€
TSS9 g'690€¢ 6'L0SE S0ET°0 03¢
8G89°9 7'9L6G ¥'98LE 00310 083
BS6¥9 G'918% 9'6£9% g801°0 0¥
60¥€9 G'66LE €009 96600 s

(Do2¥ 318 = "L)
®JIN 0'C = 18] 003 =
062T'S TLSLE ' L9EE 86T¥°0 0¥9
0620'S 6'L69€E $'962€ 11070 009
0BLS'L 9'g95E 9'g6IE 6BLE 0 0¥S
TE9L'L Q'L VFGIE 750 00
€88G°L ¢'6hes 9'€20¢ LSTE0 0¥
1€9%'L 6'€9%E €'LE6G 9900 00¥
6¥EC’L 6'SLIE 91685 1850 09€
B96T'L 6'€60€ 1'9%8% 8L9%°0 0g¢
coT0'L Z'800€ Z'09L% 08720 083
L1889 70563 62695 LTG0 0¥
0¥69'9 6'L3SG 61895 090 0 003
€98€'9 1'SLLE 9'€8ET ¥F61°0 SN
(Do16'6L1 = L)
BIIN 0'[ = 18q 00T = d
AP | /M HI/B | By w Do
s Y n A yi

(panunuod) p-v 379v.L




212 ° ENGINEERING THERMODYNAMICS

0L9% 'L 1'S96€ T'GISE | 095700
LS9T"L G'0LSE LVEPE | SSEF00
1€10°L L'€BLE 6'CIEE | SPOF00
63069 €'G39¢ LTFE | LESE00
$98L°9 0'93S¢ TF9IE | 6192070
%3999 1°Ce¥e 9'¢80¢ | ¥6£L00
882C9 7 13ES $'C00€ | 09100
G089 A4S 13862 | 1163070
0B159 G'960€ ¥'3E8% | T$920°0
0900°9 13963 1'62L8 | T££30°0
€0TIL'S €'18LE §'98C% | SE6T0°0
719°C LVGLE VIPSE | €0STO0
(D:90°TTE = L)
eJIN 0°0T = 18q 00T = d
061<'L Z'6S6€ €'eeee | LL9L0°0
Ve L ['#6SE reshe | BSELOO
1€L5°L 9EGLE 0TPEE | 698900
LLOT'L 7'9G9€ 6'993¢ | SS90°0
66669 0°L1SE 1'9SIE | S1090°0
€088°9 T TTS0E | €9950°0
€689°9 €'LLEE 0'0L6% | GEIS00
S0¥<S9 T LLIE 63685 | 6SLVO0
3SLE9 T'TL0€ GTISE | TEEHO0
9¥ST'9 9'GS63 0'08L% | 9.8£0°0
TST6'S EF08% T'C09% | LIELO0
3688°S CFSLE L'68SE | FFEL00
(Do¥9°6LE ="1)
eJIN 0°9 = 18q (09 = d
AB/P | B/ H/M | B/ w
s Y n A

TELEL L'SLBE 70858 | 6BLS00 0FL
GISEL 'S8 6'CHFE | TSFS0°0 00L
€8eT'L €'seLe 1°08€e | B01S0°0 0¥9
9020'L 0'EF9¢ VHCEe | SPST00 009
BLO6'9 ey L'SLTE | BSSHO0 09¢
1.8L°9 L'LVHE L30TE | €IEH00 03¢
9859°9 'Sy L'S0€ | FE0F00 0S¥
061<9 1'9¥5¢ L'9¥6E | GFLEO0 OFF
$€9€°9 €'sere §'€98% | BEFE00 00¥
6IST'9 $'610¢ LBLLE | 680800 09€
6SV6'S T LLSGE L3998 | 889200 03¢
eEPLC 0'SGLG §'695% | BEET00 e
(D590°66% = L)
eJIN 0'S = 1eq 08 = d
WILL 9°'666¢ 9°9¢5¢ LSTT0 OFL
S619°L 6'S06€ 1'T19¥€ 0LIT0 00L
0BLY'L 9'99L€ §ICES LEOT'0 0¥9
SS9¢°L 7'7L9€ I'6L3E | S8S60°0 009
9505 'L 695G T'TILIE | SFI60°0 0F<
1060°L ¢'ehbe G'660€ | £7980°0 008
706'9 1°L0€€ TT66% | GLSLOO OFF
069L°9 9°CIEE 6'6165 | IFELO0 00¥
cIz9°9 T LIIE L'SPSE | $8L90°0 09€
€CCF9 7'<10€ ¥'L9LG | 661900 03¢
89G%9 S 1063 00895 | 9S00 083
10209 71083 €095 | SL6V00 BLIN
(Do70°05% = L)
eJIN 0F = 1eq OoF = d
AB/P | B/ H/P | B/ w Do
s U} n A 1

(panunuod) p-v 379v.L




APPENDIX: THERMODYNAMIC TABLES S| UniTs © 213

€396'9 0'G36¢ 0'SLFE | €8¥30°0
08589 G'1eSe €'96EC | B9L00
S069'9 9'€99¢ €ELEE | FLIBOO
969<'9 9'ceee 0'SSIE | BH0B00
B6EF9 aaans LT0TE | F0610°0
09659 0'SLES STI0S | LSLIO0
CFET'9 T'€0%E 6'CI6G | 96ST0°0
SEHF'S $'E90€ %9085 | FIFI00
1889°C 0'LSSE §GL9G | 061100
IR SF9GE 6'STFG | 608000
PROT'S 1'60S3 €FLEG | 6FL000
(0090°L8€ = "L)
eJIN 0°'ST = 18q 08T = d
BS60°L L9¥6E TC6VE | SEEL00
6£66°9 T9VSE LCIFe | SLOSO0
93€8'9 1'#69€ 0'963¢ | £FST0°0
BLILO 1'16S€E ¥'CIge | €8920°0
7659 0°9S¥€ 9¢eIe | LISE00
019¥'9 §°LLEE §6Y0E | £FEE0°0
eFIE9 GF9EE GT96T | LSIT00
PLVTO TEVIE 9'998% | ¥S610°0
SFI6'S 6 100€ 6'09L8 | TELIOO
2099°S G918 VL19% | GEF10°0
LILES 9'L£9% S9LFE | 6FII00
(Do6L798¢ = "L)
edIN 0F1 = 1eq ofT = d
AB/P | B/ H/M | B/ w
s Y n A

1S30°L 6'GE6E L'9SFE | S0SZ00 0FL
VG269 6'CESE 090¥¢ | ¥.920°0 00L
08SL'9 6'SL9€E TFSTE | L9¥00°0 0¥9
6699 g'eLGE §T08E | €BEBI0°0 009
?eIC9 7' CoFe §LITE | BLIZOO 09¢
BCLE9 €'egee T'IE0E | €1030°0 03¢
CIG%9 VHEEe L'6E6G | GFSTI00 0S¥
0G¥0'9 L'€0TE ¥'6£8% | ©99T0°0 OFF
CLIS'G 9'L¥65 ¥'6ILG | 9gF10°0 00¥
YI9F'S 9'CILE 06658 | SOTTO0 09€
CShE'C 90855 LTIEPE | 16000 g
(DoFF LFE = L)
eJIN 091 = 18q 09T = d
9FLT'L ¥ LG6E L'€0SE | TSLEO0 OFL
6¥L0°L '8S8¢ TCEFe | 019800 00L
79169 0'60LE G'LOSE | SPECO0 0¥9
L£08°9 €'809€ L'SEEE | F9TL0°0 009
0¥89°9 z'90< 0'6VIE | LL6TO0 09¢
Sielelels g To¥E 0'890€ | TSLZ00 02S
¥S1¥9 Q'S V¥S6% | 9L£30°0 0S¥
98559 L'SLIE 19682 | SS€E0°0 OFF
L¥L0°9 €180¢ €'96L% | SOTZ00 00¥
19€8°C L'G68% ¥'8L9% | TISI00 09€
Va6¥'S 67892 L'€ISE | 9F10°0 BLIN
(DoSL¥3Ee = "L)
eJIN 0°GT = *eq 03[ = d
AB/P | B/ H/P | B/ w Do
s Y n A yi

(panunuod) p-v 379v.L




214 ° ENGINEERING THERMODYNAMICS

TLEO'L T'eSek | LBILE | €€9T0°0
996L°9 TCIOF | 0'SFSS | 09F10°0
19899 | SLPSS | 6°CIFE | 0SET00
10359 | SBELS | ¥'Seee | 1LEI00
062¢9 | <€3B8SE | SFSIE | 0SI10°0
8e8T'9 | 9Fare | €8S0€ | T9010°0
9v209 | TLSEE | 0'6L6T | €9600°0
L668°¢ | Leele | L0988 | €8500°0
8965°C | T6V6E | T'SILE | GELOOO
LTETS | 06898 | 06058 | FFS00°0
65CF | 69508 | FOS6T | 9SB00°0
BdIN V3E = 1eq 0gg = d
L9969 | 9TSOF | 0'8LSE | FL6I0O
82089 1368¢ | LISFS | <€ST00
LF699 | S€SLE | F998E | 6ELI00
PLIC9 | L919¢ | €¢eee | $SS10°0
GLSE9 | L00SE | TERIE | ISFI00
SPFE9 | 0'6LEE I'IS0E | 998100
Tr80'9 | gsFee | <0<t | T¥GEI00
0S68°C | €3T0IE | €8€SE | 001100
90€9'¢ | ¥'€E6T | 9003 | 636000
€6£TC | P'689% | SLLFG | €L900°0
edIN 0'FC = 1oq 0F¢ = d
AB/P | B/ H/M | B/ w
s Y n A

¥SOT'L S'S6GY €FLLE | €L8TO0 006
0BLS'9 7' Ee0p 1°€9SE | 089100 008
€c1L'9 0'TLSE 6'CEFE | 8SS10°0 0FL
6809°9 7'SGLE T9¥ee | €LVI00 00L
L8199 §'F8GE €012e | SEET00 0¥9
€BST9 0'€9¥€ 9'¢ITe | TFEI00 009
LOET'9 L'eege L'ST0E | 9ETT0°0 09<
99G6'S €e6IE §'906% | 020T00 03¢
9FFL'C g'S%0¢ S'08LG | ©8800°0 0S¥
VePF'S 93183 1195 | GIL000 OFF
VeVLY L'0EET G'CTEE | £8£00°0 00¥

edIN 0'S% = 18q 08 = d
PHC0°L L'690% L'E6SE | €8€E0°0 008
3S06'9 I'¥16¢ C69FE | ¥8530°0 oL
€66L°9 0'608E 798¢ | €1180°0 00L
98%9°9 IR Z09%E | 06100 0¥9
8F0S'9 9°L£8E 0FLIE | SISTIO0 009
C0LE9 0'CEhe 7'C80€ | 6891070 09¢
81259 TT0EE 073665 | TSS10°0 03¢
81S0°9 S0LIE 1685 | 66£10°0 0S¥
0SF8'S 7'610€ 6FLLE | GGELI00 O
0¥SS'S 1'S1S% €619 | ¥66000 00¥
6926 L'60¥5 0'C6% | £8500°0 s

(Do18°99¢ = L)

edIN 0°0% = 18q 00T = d

AB/P | B/ /P | B/ w Do
s Y n A 1

(panunuod) p-v 379v.L




APPENDIX: THERMODYNAMIC TABLES S| UniTs © 215

965€°E 9LOFT | 0°€E6ET | ¥BSFT
6698'G L'eeTl T'T3IT SF950
6£0S'G 6'SY6 1756 GOST 0
CLTI'G 7S L91 €9'9g/ 661T1°0
T6ELT e¥'S6¢ 89°%8G LELO0O
%665 1 0S'9%¥ eI 9Ty g8e0'0
8890'T €8°GFE 6SBEE SFZ0°0
9890 8E9LT ge 991 ¥£00°0
SFB3 0 €ee 9c'e8 BLB60
(0:90°TTE = L)
eJIN 0°0T = 1&q 00T = d
20363 EFSIT S LFIL 65850
SEISG VIv6 7’96 998T°0
CGTE'T 6'CSS 1'SFS 0£ST°0
vE1'e S gels)) €9'65L OFIT0
eFeLT G168 9198 8920°0
0€0€'T GLGEY TS LTV 01#0°0
03LO'T ¢8'8ee IRESS 8920°0
GOLS0 L6TLT G6'991 9500°0
9G6%°0 co1'ss cFes G666°0
(066°€9% = "L)
eJIN 0°C = 1eq g = d

AB/P | B/ H/B | By w
s Y n 0L x4

6¥9T'C %681 0'3SET LL9E'T s
€9.8'G 0FETT YIEIT 9695 T 09¢
€80S'G 1°Sh6 T9¢6 GesT'T 03
80€T'G gc99. eI'sgL 61211 0ST
LIEL'T 8L°€6G GL'GSS TCLO'T 0¥ T
I10€'T BT 1891 L6€0°T 00T
$0LO'T ¥S°07E grees 9Sz0'T 08
969<°0 STFLI $9'991 SF00'T oF
0S6%°0 6606 058 78660 03

(065063 = L)
BN G L =TeqgL=d
9¥SGE 1396 1'656 €L6T0 s
PLIGT L'SV6 L0V6 8681°0 03¢
¥63€G 9'3C8 6'6¥8 Gge1'0 003
GLETG L6°€9L 9T'T9L 19810 0ST
69€L'T 15068 S°LSS ¥8L0°0 01T
0S0€ T 8 0Gh Ve ST €eF0'0 00T
LELO'T 9¢'9¢E 65 TEC 0820 08
€ILS0 LL'69T cE 191 L900°T o
19620 0£°98 08°€8 9000'T 0%
(0:06€2% = "L)
BIN GG =1eqgg =d
AB/P | B/ BB | B/ w Do
s Y n 0L x4 1

Ja1eAN pInbiq passaudwon jo sanuadoud §-v 379VIL




216 ° ENGINEERING THERMODYNAMICS

IvLT'S 9 L3eT 6'LSGT p0ee'T
€683 €'co8 71es Z0ST'T
¥FS61 99 TH¥ 8L 0T 0620'T
L09S°0 68°C61 FOF9T 1S66°0
66850 PSITT LT38 9886°0
eJIN 0°0€ = 1&q 00¢ = d
6S10°F €991 9'GSLT 960G
1L03°E geeel 1'90€T 9681
658G g'eerl 9'S0TT B9VE 1
0LS¥G <66 6'C36 €69T°1
LFIT'G 03CLL G6'0SL 0GIT'T
€6ILT 70309 69°08S GL90'T
LI6TT 90¥Eh 6SCTY LEE0T
¥390'T 08°0SE 0¥'08E 6610°T
9¥9<°0 91°S8T LT°S91 36660
€B630 29301 LLES 83660
(D68°69¢ = "L)
eJIN 00 = 1®q 00g = d

AB/M | B/ BB | By w
s y n 0L x4

0061°€C T 0seT 99681 THET 00€
1965'G S'798 Ges PPET'T 003
188%'T e’ LEF S0°GI¥ €1e0'T 00T
939<°0 %G 681 09791 1.66°0 o
11650 ¥E LOT L1338 L0660 0%
eJIN GG = 1eq 0Gg = d
S¥89°€ c'0191 9°G8CT 1S99°T e
0935°€ ¢ Leet 991¢T 0LLE'T 00€
9168 peetl 9FITI 0SS’ 1 09%
€S6¥' QL6 6'636 SPLI'T 033
013L'% 0S0LL 9L°¢8L 65T T 0ST
eFeL1 L'S6C 99385 LOLO'T 0FT
GG6G T ST 0CH YLV 19€0°T 00T
9¢90'T 1S9¥€ SF1EE 3320’1 08
999¢°0 8L 08T 9L°691 €100°T o
V€630 66'L6 90°€8 0S66° 0%
(DF8EFE ="L)
BdIN 0°GT = 1Bq 0T = d
AB/M | B/ BB | B/ w Do
s Y Z LOL xA 4

(panunuod) s-v 379v.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 217

PPO'0T | OLT'GL | 6eS'1— | G°LGVG | 6'8€8G | OL'TIV— | 9'61¢CE | ©'TCLG | OL'TIV— | ¥SES 1780°T 6G10°0 0r—
969901 | €L0GL | LIS T— | 6'0€¥G | 0°'6E8G | 90'80¥— | ¥'6eLe | S'0€LE | 90'80F— | TE€L9 | ¥##SO'L 19100 8¢—
OLV'0T | GL6'IT | TOS'T— | L'¥E¥G | 1°6€8G | OV ¥OV— | G'S6Le | 9°6¢Le | OV ¥OV— | #¥PS | SPSO'L 10200 9¢—
98C°0T | GLS'IT | 9S¥'I— | ¥'8€¥G | 1°6€8G | TL'00¥— | 0'86Le | L'S¢Le | [L'00V— | 61FF | ISS0'T 05200 ye-
€0C°0T | €LLTTIT | TLV'I- | T'GPPG | 1'6E8G | 86'966— | 8'0ELT | 8'LCLE | 86'966— | 009¢ | PSSO'L 60€0°0 [
18G°0T | 9L9'TT | SS¥'I— | 8'GPPE | 0'6E8C | €CE6E— | 9'CLEE | 8'96LE | €T L6E—| €¥6C | 89801 18€0°0 0t—
IPT°OT | OSS'IT | 6EF'I— | §'6¥¥C | 068G | SP'68E— | ¥'9€EE | 8'GELE | SP'68€— | L'€T¥E | 19801 69%0°0 86—
G90°0T | 98¥'IT | ¥eb'I— | T'CSYE | 6'8E8G | $9'G8E— | G'6ELT | 8FELE | ¥9'S8C— | #9861 | #980°L ¥LS0°0 96—
G866 | ¥6CIT | SOF'I— | 6'95F6 | L'8ESE | 08'I8E— | 0'GPee | L'€ELE | 08'I8E—| T'0¥9T | 89801 10L0°0 Ve—
6066 | GOC'TT | €6€°T— | 9°09¥¢ | 9'8E8E | C6'LLE— | L'FWEC | L'GELE | €6'LLE—| ¥'8SET | TLSO'T €480°0 [
GE8'6 | GIGTL | LLET— | €F9FE | ¥'SEST | COPLE— | GLVEE | 9'TBLE | COFLE— | 9'SEIT | FLSO'T georo 06—
GI9L6 | €Gl'TT | Q9€°T— | T'89¥C | ¢'8E8G | O1'0LE— | €'09€CE | #'0GLG | OT'0LE—| SO¥V6 | SLSO'T 6Sel0 81—
0696 | 9CO'TT | 9PCI— | 8'ILVG | 6'LE8C | P1'99E— | T'CSEE | G'61LG | P1'99€—| 09SL | 18801 0T<T0 91—
6196 | 0S6°0T | TE€LT— | §'GLYG | 9°LEST | STG9E— | 6'GSEE | 0'STLG | STG9E—| 8899 | #8801 €I8T0 Vi-
096°6 | 998°01 | €TCT— | G6LVG | €LEST | PI'8SE— | L'8SEE | 8'9TLG | PI'8SE—| L'€SS | 88801 9LTE 0 cl—
I8¥'6 | I8L'0T | 66G°1— | 6'G8¥G | 0°LEST | 60FSe— | ¥'I9LC | S'STLG | 60FSE— | L'99V | 16801 60920 01—
VI¥'6 | 86901 | ¥8G'T— | 998¥C | 9°9E8C | 60°0SE— | GF9EC | GTVILG | G0°0SE—| ¥'¥6E | ¥680'1 G0I¢0 8-
8¥L6 | 9I9°0T | 89¢°T— | €°06¥¢ | ¢'9¢8C | 16'SPE— | 0'L9€C | 6°CILG | I6'SPE—| GTEE | 86801 689¢°0 9-
€866 | 9LS0T | €S6'T— | 0F6¥G | L'SESE | SL'TVE— | 8'69€C | 9'TILG | SL'TVE—| 8'€8¢ | T060'T €LSY0 V-
61c¢6 | 95701 | LEGT— | L'L6VG | €°GE8C | 69°LEE— | 9'GLEG | GOTLG | 69°LEE—| L'IVE | V0601 9LIS0 [
LST'6 | SLEOT | 166 I— | €T0ST | 8F7E8T | €F'eee— | €'9LEG | 8'80LT | £F'EEE—| €90¢ | 80601 80190 0
9416 | 8LEOT | 1EG'I— | #1056 | 8FE8E | 0F'€E— | €'GLEG | L'SOLT | OF'CeE—| 190G | 80601 €I19'0 100
I T O A N A I B N O TR0 (S B (o P
aodep | |qns | pios |4odep | ‘|qns | pios |Jodep | |qns | pijos |4odep | pios |aunssaid | ‘dwa)
‘Jeg ‘1S | 3ES Jes | IeS ‘185 | ‘IES ‘78S
1 34/P /B /B B/ w
Adonug Adreyaug A3a3u3 [eusanuj awnjoA >ynadsg

3|qe] aumesadwsa] :(4odeA-p1|OS) 491BAA PRIRINIES JO Saiuadold 9-v FT9VL




218 ° ENGINEERING THERMODYNAMICS

¥ €le6'0 | TP6I°0 | PLISE | ©S'10G | ©8'6F | €8L6e | LE6Y | SIVO0 | LSSL'O | 6199°¢ ¥

4 Ive6'0 | LSST'O | #9056 | S1'€0C | 9V Ly | LLT'LGG | VO'LV | &¥P0'0 | ¥¥8L°0 | €EICC ¢

0 1L66'0 | €LLT'O | e6'6¥c | I8F0C | Gl'Sy | 0596 | ©L¥y | OLVO'O | €08L°0 | TIS6F 0
[ 00€6°0 | 889T°0 | 0G'6¥G | I¥90G | SLGy | 68°9ee | &¥'ey | 10S0°0 | G9LLO | L¥99F [
e 0€e6'0 | G09T°0 | SP'S¥e | 0080G | 9¥'0OF | €1°96e | GL'0F | S€S0°0 | GGLL'O | 8E€9E¥ V-
9- 19€6°0 | LIST'O | OLL¥G | 99°60¢ | ¥I'8C | €F¥ee | €8'LE LS00 | €89L°0 | LLLOY 9-
8- 666’0 | TEVI'0 | €6'9¥¢ | OT'TIG | €8¢t | €L¢€6e | ¥9'se | 01900 | #%9L°0 | G908°€ 8-
01— Ver6'0 | SveT0 | ST'9%6 | G9¢le | ¥See | 60°€ee | Le€e | ©S90°0 | 909L°0 | S8¥SC 01—
(8 LSV6'0 | Q9610 | 9€°Sve | TI¥Ie | S¢'1€ | 0€6ee | 00'IE€ | 86900 | 69SL°0 | ¥POCC ¢cl-
4 06760 | TLITO | 9S¥PG | 6S°GIG | L6SC | 8G'I6E | €L'8¢ | SPLO0 | €LSL°0 | €EL0°C yi-
91— G6S6'0 | ¥80T'0 | PL'EVE | SO'LIG | 699¢ | S9806¢ | SP'9¢ | 60800 | L6VL'O | LPSSG 91—
81— 69S6'0 | 96600 | c6'ere | 6V’ ST | €v¥e | 11066 | €6¥e | 19800 | GI¥L'0 | G8¥9¢ 81—
06— 9696’0 | <0600 | 60CGre | 1661 | LIGe | LE'6IG | 6616 | 96600 | LeVL'0 | ¥ESV'G 06—
[ 1€96°0 | 61800 | ¥¢'I¥G | GL'I6¢ | 6661 G9'8Ic | 9L'61 | L6600 | €6CLL0 | S69GC C6—
96— LOL60 | T#FO0°0 | €S'6EG | S80VGe | SvSl IT°LTG | T€ST | 6STT°0 | LGELO | SVE6'T 96—
86— 9rL6'0 | TSS0°0 | 99'8€e | €¥'See | ¢eel | PL9I¢ | 60°€T | GSel'0 | ¥6EL0 | 6ISL'T 86—
(Vi L8L6°0 | 09700 | 8L°L€G | LL9GG | O0'TI 8G¢'GTG | 8801 | SS€T'0 | G98L'0 | 68€9'L 0t—
(S5 8686'0 | 69¢0°0 | 68'9¢C | 01'SGE 6L'8 08¥1¢ 89'8 89VT'0 | T€GL0 | 6V0S'T (S5
9t Y1660 | 98100 | 60°¢€e | TL'0€G 8EY gc'ele 6c'¥ 0CLT'0 | 69IL0 | LG9C'T 9t
0r— S000'T | 00000 | LE'CEE | LG'EEE 000 89°TT¢ | LO0— | 5060 | 60IL°0 | GGS0'L 0r—
- 90T | $€60°0— | 96'0€e | 6£°9¢C | PPre— | 0L'60C | 0S'S— | #9560 | LEOL'O | 06880 -
05— 9¢¢0'T | PL¥0'0— | 09'8¢e | ¥P'68c | S8°0T— | OL°L0G | 6801— | 6€GL°0 | 99690 | TS¥9°0 05—
09— LySO'T | ¥960°0— | I8°€Ge | S€'SPe | SS16— | L9€0G | LS'Te— | 0LES0 | €£89°0 | 67LE0 09—
o % ’s %y y Yy *n In A loLx| aeq | o

dwa) | sodep | pinbry | uodep | ‘deag | pinbry | uodep | pinbiy | uodep | pinby | ssaug | ‘dwa)
‘Jeg ‘Jeg ‘Jeg ‘78S ‘Jeg ‘Jeg ‘Jeg ‘Jeg
1 1/ /01 /0 B/ w
Adonug Adreyyug ASa3u3 [eusayu] | awnjoa oydadg

9|qe] ainesadwsa] :(4odep-pinbi) gz Jueaadlyay paienies jo sanuadosd /- 379VL




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 219

09 Gar8'0 | ¥9e¥'0 | 96'19¢ | 19'6CT | S€C¢el | ¥60¥e | 000Gl | 68000 | SOL6'0 | ISG¥E 09
0s €098°0 | e¥8E’0 | 06'19¢ | P8'CST | 90°80T | ¥&€'6¢C | 96901 | 9IT0°0 | 8EE6'0 | €EF'6L 0s
i GL9S'0 | G€9€°0 | 9¥'19¢ | ¥E091 | TG 10T | 698¢C | S966 | GLI00 | 6£06'0 | S6G LI <y
0¥ 8E€L8'0 | 6GVE0 | 6L°09C | G991 | €SP6 | 99°LEE | ST'€6 | ISTI00 | 849880 | IPESI 0y
9¢ 06L8°0 | 99¢€°0 | 11096 | G8°0LT | 6668 | €8°9¢¢ | 8088 | 89100 | ¥P6L80 | L6SET 9¢
(49 ar88°0 | TOIE0 | 6b'69e | ST'GLT | PIPS | 16°GEG | 90€8 | 98100 | 6658°0 | 955G (49
86 €688°0 | 9€6¢°0 | €¥'89e | LE'6LT | SO06L | @6FEe | 60QL | 80G00 | 08¥8'0 | €IETL 8¢
Ve ¥P68°0 | GLLGO | ¥PLSG | OV'EST | ¥O¥L | L8'ELE | 61°¢€L | ©€e00 | 69€8°0 | #9101 ve
0% 96650 | L09G°0 | LE'9SG | S8G'LST | 6069 | 9L6Le | €€89 | 65600 | €9¢8°0 | 0£01°6 0¢
91 8¥06'0 | eb¥e’0 | Te'SSe | cO'I6T | 61%9 | 69°1¢c | €5€9 | 16600 | GI9I8'0 | S9¢I'8 91
¢l G0I6'0 | 9L6¢’0 | 66'CSE | POTEL | S€'6S | 8€°0Le | LLSS | 96800 | 99080 | LOLGEL ¢l
ot 6GI6°0 | €61C°0 | SL'€SE | OV'96T | S6'99 | 9L°66c | OF9S | 9¥€0°0 | 06080 | €TI89 0T
8 LSI6°0 | 601G°0 | 0L@Se | PI'S6T | 9S¥S | €1666 | SOPS | 89€00 | ¥LELO | SOTV'9 8
9 8160 | S606°0 | €06Se | #8661 | SITeS | 8¥'8¢e | ILTS | 16800 | 086L0 | SLG0'9 9
o % Is %y %y Yy ’n In A |oLxa| seq | o,
dwa) | uodep | pinbry | sodep | ‘deag | pinbr | uodepn | pinbry | uodep | pinbry | ssaug | ‘dwa)
Jeg “Jeg Jes “Jeg Jeg “Jeg Jeg Jes
NEETLE 31/P 31/P B/ w
Adosuz Adreyug A3a3u3 [eusau] | awnjoa dyads

(panunuod) £-v 319V.L




220 ° ENGINEERING THERMODYNAMICS

gc's L¥e6'0 | TPST0 | 1S°0SG | 8¥'€0e | GOLy | ¥O'LGe | T99v | L¥PO'0 | 9€8L0 €91 ge'¢
00°¢ 69¢6'0 | LLLT'O | L6'6VG | TLV0G | SGSy | PS9¢C | 98FF | 69%0°0 | SOSL'O cl'0 00°¢
QLY ¢6¢6'0 | TILT'O | OV'6Fe | 86°G0G | GFey | 009¢e | SOCy | G6¥V00 | €LLLO | SVI- LV
0S¥ 9IL6'0 | G¥91°0 | 08'S¥e | Le'L0G | CS'Iv | Sv'see | LTIy | 6100 | OPLL'O | 8SO'¢— 0S¥
gy Gre6’0 | 69ST°0 | 91'S¥e | 1980% | SS6E | 98¥%6e | 666 | SPS00 | 90LL'0 | SL¥— ey
00¥ 0LL6°0 | €6VI°0 | SV'LVe | 66'60c | 6F'LE | ¥e¥ee | ST'LE | 1800 | GL9L°0 | 999- 00¥
qLe 66¢6°0 | CIVL'0 | LLOVG | GF'1IG | ¥PE€'SE | 89°C6E | 90°GE | S8T90°0 | 9€9L°0 | €¥'S— qL'e
0s'¢ 1€¥6°0 | 86CT'0 | 009¥¢ | 16'GIC | 60°€L | 88°CGee | @8GE | 19900 | 66SL0 | 6£01— 0s'¢
gc'e QOr6’0 | 8€CL'0 | ST'SPe | 9Vl | ©GL0E | €16ee | Ly0EL | 60L00 | T9SL'0 | 9¥'Gl— gec'e
00°¢ ¢6096'0 | €VITO0 | 68¥PG | LO9IG | GG8e | PL'I6e | 66'Lc | S9L00 | T6SL'0 | 99F%I- 00°¢
QLG ere6’0 | OV0T°0 | €E'Cve | LLLTG | 99°Se | 8¥'06e | 996 | 1€80°0 | 6L¥L°0 | 00°LI— QLG
0s'c 98¢6'0 | 0£60°0 | 66¢ve | LS'6IG | ©GLGe | S961¢ | ¥S6e | 01600 | 9¢¥L'0 | TS61— 0s'c
gc'e 9€96'0 | 60800 | ST'I¥G | LV'1GG | L96I €4'8Te | 1961 | S00T°0 | 68EL0 | GGG gc'c
00c 1696°0 | 8L90°0 | 886LC¢ | 64'tee | LE9II eV’ LTe | @69l | €CIT°0 | OPEL0 | SI'9e— 00c
SLT G€GL6'0 | TES00 | LVP'SEG | €L°96e | VLGl 8T9Te | 19%¢lL | PLGI'O | LSGLO | ¥¥'Sc— LT
0S'T 0€86°0 | 99€0°0 | 98'9¢6 | SI'S6E 0L's LLVIG 09'8 GLYT'0 | 0€EL0 | 80°6E— 0<'T
el 61660 | SLI00 | 667¢G | 98°0¢G er'y 9I'¢Te ¥0'¥ 9PLT'0 | 99IL°0 | €69¢— ge'l
00T 1€00°'T | TS00°0— | LL6te | s6'¢ee | 6I'T— | Se'lle | 9¢'1— | ¢S1¢’0 | €60L0 | 60'TF— 00T
060 ¥800'T | SST10°0— | PL'I€G | PE'GEE | 09'C— | LLOIC | 99°€— | PLEGO | TI90L'0 | 0€'Cy— 060
080 PPIOT | 0LG0°0— | 19°0€G | #8°9¢C | €E9— | I¥F60C | 8¢9~ | 05960 | 960L°0 | CL'GV— 080
0L0 €Ie0'T | L680°0— | S€°666 | L¥V'8Ee | ¢el'6— | PL'80C | LI'6— | G00L0 | 68690 | OV'Sy— 0L0
09°0 ¥6¢0'T | e¥S0°0— | ©6'LG6 | 8¢'0¥G | S€¢l— | PILOG | 6CCGI— | 99%€°0 | L¥69'0 | OV 1S~ 09°0
0s°0 16€0°'T | 60L0°0— | 0€9c¢ | €Leve | €091— | 9L°G0% | LO9I— | LOI¥'O | 10690 | €8¥FS— 0<°0
0¥°0 GISO'T | LOBO0— | 9€¥3Ge | 69FPC | PE06— | €1T70C | 9€°0%— | 95050 | L¥89'0 | 98°8S— 0¥°0
o % Is y Y Yy *n I 2 |oLx| aeq | o
dwa) | uodep | pinbry | uodep | ‘deag | pinbry | uodep | pinbr | uodep | pinby | ssaug | ‘dwaj
‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘JeS
31/ /B /B 31/ w
Adonuzg Adreyyug A3a3ug [eusau] | awnjoa synadg

3|qe] a4nssald :(4odea-pinbi) gz Jueaadyay paieanies jo sanuadoid 8-y 379VL




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 221

00¥e | €9¥8°0 | I¥er'0 | 66'19¢ | €V OVl | 9S'16l | G60¥e | ¥e'611 | 16000 | LL960 | 9¥'6S 00¥¢
000c | 98480 | 968€°0 | 86'19¢ | LIGST | 18601 | IS6€% | S6°L0T | GI100 | 16660 | 9¢'1¢ 00°0g
00°8T 6¥798°0 | S0LE0 | ¥9'19¢ | €I'SST | IS€0L | 98'8¢e | LS'IOT | LGIOO | #0160 | 699% 00°8T
0091 GIL8°0 | 00S€°0 | ¥O'19¢ | T P91 €896 | 008¢e | T¥'s6 | #¥I00 | 61680 | €LV 0091
0071 98.8°0 | LLGE0 | 91°09¢ | 67 0LI 8968 | 68'9¢¢ | S¥'SS | 99100 | PEL8O | 6G9¢ 0071
00Gl ¥988°0 | 660€°0 | ¥6'8S6 | PO'LLT | 0618 | 8¥'SLe | LS80S | S6100 | 9¥<8'0 | S 0C 00°cl
00°0T GS68°0 | S¥LE0 | 8G'LSE | 66'€ST | 0E€°¢EL 1L°eEe | 9¥'eL | 98600 | ©69€8°0 | 0F'ee 00°0T
006 10060 | 16960 | S695¢ | L9LSI 65989 | ¥96EE | ¥8'L9 | G900 | 65680 | 6961 006
00’8 99060 | 6170 | S0'SSe | GS'161 €9'e9 | €¥'1€e | 8869 | S6600 | 6VIS0 | <l 00’8
00°L LTI6°0 | 1€660 | ¥9°€Se | 09°¢61 | #08¢ | ¥0'0€e | S¥'LS | LEEOO | T¥080 16°0T 00°L
009 98160 | 61060 | 86'1SE | L6661 10eS | ¥¥'8ec | €919 | ©680°0 | L66LO e8¢ 009
qaLs 90e6'0 | ¢961°0 | 1S1Se | TT'T0G | OV'0S | 66'L¢¢ | ¥6'6F | 60¥00 | L6SLO 6¥'¥ qLg
0s'¢ 9¢¢6'0 | €061°0 | G0'1Se | 86¢G0c | ¥wL'Sy | €9Lee | 0L8F | LEP00 | LISL'O 80°¢ 0s'¢
6 % Is %y %y Yy ’n I 2 |oLx| aeq | o
dwa) | uodep | pinbry | uodep | ‘deag | pinbry | sodep | pinbrp | uodep | pinby | ssaug | ‘dwa)
‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘JeS
) 31/ /B /0 B/ w
Adonug Adreyyug A8a3u37 [eusau] | awnjoA syadg

(panunuod) g-v 319v.L




222 ° ENGINEERING THERMODYNAMICS

6160'T S6'7SE IL'638 | T¥2SE0
10S0'T 28198 S0'LG | FELVGO
1890°T 0L'S¥E SF¥s | ¥EeHE0
09S0'T 19°GFE 06’186 | GILEGO
SEPO'T VG eFe ¥E61G | LBISTO
eIe0'1 S¥'6£3 0891 | 6L9%50
LSTO'T P¥9€3 657G | SSIEE0
6500'T Ve 6L11G | €89150
1€00°T LL'GEE CE11G | SISIT0

(D60 TF— = 1)
eIIN 0T°0 = ®q 0T =
CPST'T €8°86% 85T | T93EF0
0SPT'1 1L°6S3 CE0ST | 9S¥Er 0
PIST'T 39°3S% C9'LTE | S09TF0
96111 CC6¥3 S0°SEE | 6LLOFO
LLOT'T 1S'9¥G VGEEE | SPE6E0
9560’ T 6V'C¥E 20038 | FII6E0
ces0'T 67 0¥E €CLIG | LLBSE0
T1L0°T 3G LET 90°GIE | LEPLED
98S0'T g Ao B9EIE | #6990
6SH0'T C9'1E€E 03018 | LPLSE0
0€0'T ¥1'SGG 08202 | S6SFE0
¥620'T €6°LTE PILOZ | 999%€0
(D.0F 16— ="I)
eJIN 90°0 = eq 90 =d
AB/P | B/ H/M | B/ w
s y n 0L xA

9%0T'T TG 589G LELTE | B90TE0 01—
8060'T CT'6¥8 SL¥EE | £8F0£0 qT-
88L0°T 90'9%5 TGTEE | 10860 0%—
9990'T VRS L 89'61% | L9I6T0 GG
€FS0'T 66 '6£3 LT'LTE | 08S8%0 0€—
STHO'T 66'9€3 S9¥IG | 06SLT0 gg—
%620'T 107€3 13818 | SFELE0 0F—
€910'T 70 1€3 9L'60% | LBS9T0 ap—
PFI0T 19°0€3 17608 | €0S9%°0 e

(DL ch—=""I)
BJIN S0°0 = 18q g0 =
PF6T T 61655 €ress | ISIS9°0 0
0€ST'T 60952 3C0ST | SB6L9°0 G-
PILTT 10°€S3 €6'L3% | L6990 01—
L6ST'T L6'6VG SE€'CTE | S9FI9°0 e
6LVT'1 S6'9¥G C8'GEE | 9€309°0 0%—
09€T T C6'CFE Ge0%% | G006S0 Q-
6€3L'1 66073 SSLIG | 99LLG0 05—
LITTT G0'SET CFSIE | 935950 et
€660'T €I'Ses 30°€IE | $E8LS0 07—
8980'T VG 5EE €901% | LEOFSO aF—
PL0'T S€'6G3 9%'80% | LSLBS0 0S—
Z190°T €S9%E 36'S0% | BESIS0 qe—
TIS0'T 9¢¥E% CIP0T | 685050 BLIN
(D:98'86—=""I)
eIIN F0°0 = q 0 =d
AB/P | B/ H/P | B/ w Do
s Ul n 0L xA 1

Jodep gz Juesadlyay paieayadng jo sanuadosd 6-v J79VL




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 223

66660 79°L5T PPEEe | 00¥80°0 8L00°T 9%'G5E €e08e | 1.660°0 0
9.86°0 g 19638 | ¥18S0°0 95660 €6'158 GG L8E | TSL600 G-
1GL6°0 98°05% S92 | SB0S0°0 1€86°0 19'S¥G 6LFCC | 885600 01—
€396°0 9" LV 96'CE | €£SL0°0 €0L6°0 63°CPE €0'ZE | €0£60°0 qI-
30S6°0 65 V5 Pe18e | 199L0°0 98S6°0 63°GVE CG'6IE | L6060°0 s

(0099F1-="L) (Do1€°61—=""I)
eJIN 00 = eq g =d eJIN G50 =Teqgg=d

€6IT'T €G'eLT 6¥'che | €6981°0 e

66S0'T 6LGLG L6VFE | EI6ET0 ISOT'T TE0LE 69CF% | SSESTO 0%
98.0°T 7698 VI'GFG | €99€T°0 8960'T €699 16'6€6 | STOST'0 1
12901 Z1°'99% €668 | €6£ET0 ¥S80'T 99°'€9% CI'LE8 | FLOLTO 01
cgc0'1 1898 ¥G9ee | BEIST0 8€L0'T 17092 eFvee | TEELT0 g
SEHO'T 15653 8L°€€8 | S9SEI'0 1390'T ST°LST 0LTIET | LS69T0 0
0TE0'T €595E €0'TEE | €092T°0 30S0'T 86°€5% 20638 | 0F99T1°0 G-
6610°T L635E 0£'SEG | 98€ET0 38E0'T 8106 Ce'9%e | B6TIT0 01—
9L00'T TL6VE SG'CEE | L90ZT'0 0920'T 19°L¥3 0L'€TG | T¥6ST0 qT-
3S66°0 L¥'9¥E $8G68 | SBLITO LET0°T Sy IvE LO'TEE | $8CST0 0%—
€860 €TeVe 61038 | 0BSIT0 1100'T 0€' 178 SH'SIE | BEEEI'0 qG—
96960 00072 IS'L1G | GFBIT0 £886°0 91'SE3 G8'GI% | BLSFTO 0c—
1696°0 88'6£3 SVLIE | BEBIT0 0£86'0 98°9¢E LLVIE | TBLFT0 e

(DoST'Ce—="I) (008036~ =""L)
BN 080 = 1eq 0g = d BIN IO =Teqer=d

AR €8$92 86°.62 | T9SEE0 01

COZT'T 05$92 PLLEE | €SL9T°0 PLET'T 79192 63°CET | 6620 c

IGIT'T 63192 $0'GEe | 198930 65211 L¥'8SE T9TEE | SIETE0 0
ceol'T 11°8S3 9¢'BET | LPLSTO CFIT'T e 86'652 | 0691€0 G-
AB/P | B/ H/M | B/ w AB/P | B/ H/P | B/ w Do
s y n 0L x4 s Y n 0L xA 1

(panunuod) 6-v 319v.L




224 * ENGINEERING THERMODYNAMICS

91901 €8'€SG 0L¥SE | BSBLOO
$0S0'T 9508 0L1SE | 9¥1L00
06€0'T CL'9L3 IL'S¥E | 010L00
¥L30°T TE'ELT €LehE | BLS900
€c10'T 1698 | LLGFE | €8L90°0
6£00°T 61'99% €8'6€8 | B6S90°0
81660 699G 6896 | 0SF90°0
S6L6°0 S1°65E g6'eee | 90£90°0
0L96°0 99°GEE 20'IEE | 091900
TFe6'0 ARE 60'862 | 110900
1760 09'STG 9e'ce | 098200
0L86°0 S¥° LV VEFEE | BI8S0°0

(0:9¢'9-="1)
edIN 0F'0 = 1Bq 0'F =

180T 79188 99352 | 099600
00L0'T LT'SLE TL6¥E | ¥8¥60°0
LES0'T CLYLE 0S'9¥2 | L0S60°0
BLVO'T ST 1L 68°€¥E | SBI60°0
LS€0°T ¢8°L9% 10T#8 | 676800
6£30°T P98 PI'SEE | L9L80°0
03101 70192 93'CET | S8580°0
AB/P | B/ H/M | B/ w
s y n 0L x4

6SL0°T S¥'¥8% LT°SSE | 9L£80°0 cF
S¥90'T L6°0SE ST'8SE | #6800 o
ceso'T 9" LG TE6¥E | 0L080°0 ce
1550'T L6CLE LT9VE | 916L0°0 0
c0e0'T 0S'0LE YeEFs | 09LL0°0 <%
SST0'T €0°L9%3 SFO¥E | €09L0°0 0%
6900'T LS°€9% zCe L€z | FRFLOO a1
S¥66'0 ET09% €9FEE | ¥8GLOO 01
€860 19°9GE VLIEG | TBTLO0 g
00L6°0 13°€S% 9888 | 996900 0
BLS6'0 GL6VE 66'SEE | 68L90°0 G-
79670 LT 9V 0T'€e8 | 619900 01—
1€96°0 00'9%3 $8GEE | S0990°0 e
(06€°01— = ""L)
BIIN GE°0 = 1Bq G'¢ =
Z00T'T 0$'3S% €ress | 69911°0 o
1680'T 99'8.G 12°0S8 | T19¥1T°0 g
6LL0°T Ph'QLE 1€'LVe | €SEIT0 0
9990'T V0'GLE WPe | SPOIT0 et
3€C0'T 99'89% SCT¥E | TES0T0 0%
9cr0'T 65 'G9G ¥L'8€8 | 61901°0 a1
STE0'T €6'19% T6'CEE | SOPOT'0 01
66101 65°8GE ZIees | 6SI01°0 c
AB/P | B/ /P | B/ w Do
s 1 n 0L xA 1

(panunuod) 6-v 379V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 225

¥910°T €T’ 18 8L6SE | FELV00 SFI0'T LT'SLG 03'0S% | 980200 oF
SF00'T CFLLE S9'6FG | SB900 1€00'T €CVLE STL¥G | 886700 ce
63660 9L€LE 8COFE | 08SH00 TI66°0 88°0L% LOFFE | CLSTO0 0
80860 LO'0LS 6F'€FE | TSHH00 0660 €5 L9G 10'TFE | S9LFO0 g
€896°0 L€'995 6S0FG | 0SEH00 L996°0 LS'€95 G6LET | 899F0°0 0%
09560 €9'39% 6GLEG | LEGHO0 0¥S6'0 06655 68¥ET | LFSHO0 gl
1€¥6°0 16'SS3 ST¥EG | GEIH00 11960 0%'9S% ISTE€E | €SPFO0 01
66260 ¥1°GGE SO'ISE | ST0F00 81360 9¥'6S% BL'STE | LISHO0 g
98160 86193 ¥F'SE6 | €680°0 93260 20193 €CLTE | TLGHO0 s
(0886 = ") (D:80°¢ ="I)
eJIN 09°0 = eq 09 =d BN GG0 = eqgg=d
01L0'T 9€'063 ¥€09% | GL990°0 cg
g6S0'T GL'6S% 06'65% | 696500 0090'T 9.°98% SELSE | 8SS90°0 0
¥ST0'T Z198% 38955 | 698500 SSHO'T ARE €EYSE | 08¥90°0 o
1LE0'T 05°3ST 9L°€S% | SPLS00 PLEO'T 65613 03'1S% | S0£90°0 o
LSZ0'T 6S°'SLE 0L°0S% | 9€950°0 6520'T 20'9LE 61S¥E | #1900 e
vI0'T SGGLE 99'LF% | €SSO0 SFI0T 9F'GLE 6L°SFE | 650900 0
€300'T 8913 €OVFE | 60¥S0°0 €300’ T 06'S9% 03eFe | £8650°0 <t
€066°0 L0°S9% 19TF6 | €68S0°0 70660 €'G9% TE6ET | S0SS0°0 0%
ISL6°0 LY 795 65'8€E | SLISO0 3SL60 8L'19% ¥G98% | 9L90°0 1
LS96°0 G809 LS°SET | 950S0°0 L€96°0 15853 9%°€ET | SPSS00 01
0£S6°0 T LST GCTET | FE6V00 6GS6°0 €9¥SE SG0SE | TI¥S0°0 G
66E6°0 LS°€CT 3C6%% | 0ISH00 66€6°0 €0°' 153 68 LEE | SLES00 0
69260 L6'6VG ¥S'98% | 989%0°0 91E6'0 08'S¥% GF'SEE | 6S1S0°0 BLIN
(05210 ="I) (Ds80¢—="L)
eJIN 050 = Bqg=d N G0 =Teq g =d
AB/P | B/ H/M | B/ w AB/P | B/ H/P | B/ w Do
s y n 0L xA s Y n 0L xA 1

(panunuod) 6-v 379V.L




226 ° ENGINEERING THERMODYNAMICS

30660 GT'LSG 9¢'8SE | 098300
09960 TG6LE 06'1S% | GELBO0
LOV60 LTTLE ST'SFG | $6S20°0
6S16°0 16398 ¥E'SET | LSFB00
3G68°0 S LGG IL'€E | 8SE30°0
(0.07€% = L)
eJIN 00T = 1®q 0T = d
0070’1 S€° L6 18993 | FI8L0°0
1830'T 9C'€6 ¥9'€9% | TFLEO0
VLIOT V. '68G 07098 | L99€0°0
8G00'T 36°'S8% ST'LSG | 86SL00
1¥66°0 0TS 96'€S% | LISE0°0
138670 9%'SLE ¥L0SG | OFFE00
0060 TFVLE BCLYE | €9££0°0
71860 PG 0LE SEHFE | €88€0°0
SF60 99'99% YOT¥G | G0BE00
cTE60 01393 9L L% | STIIL00
TS160 ¥1°8G% L¥FEE | €8080°0
9506°0 G0'CST SFICE | £9620°0
(DoSF'ST ="L)
eJdIN 080 18q 0'S = d

$0S0'T 03 563 GI'39% | S00S0°0
€620'T 16°88% 30655 | FI6V0°0
6L30'T eS'¥8E 06'SSE | 08SH00
AB/P | B/ H/M | B/ w
s y n 0L xA

C6L6'0 | S90SC | S6TSE | TS0800 0¢
6VS6'0 | TSTLE | LE9VE | 6£630°0 oF
65260 | ©€9F¥9% | €L6ET | 6SL300 0¢
€1060 | 69998 | T6TEE | 0£930°0 0g
10060 | €996 | ¥97EC | £2920°0 Jes
(06561 = ")
BN 060 = I8¢ (°6 =
TeS0'T | 1S96T | 89'L9% | SOPRO0 0L
THPO'T | SL¥6E | SPP9T | $EER00 9
0880’1 | 66'068 | 68198 | @Feh00 09
9120'T | €TLSE | 11'SSE | 09170°0 cc
10107 | SFE8e | ¥6%SE | 9L0V00 0g
PS66'0 | TL6LE | SLISE | E66£0°0 cp
C986'0 | 96'GLE | TYSKE | 906800 0¥
€PL6'0 | 61TLE | 9¥'She | 61S£0°0 ce
61960 | 0F'S9Z | 6TCFe | 0SLE00 0¢
€6V6°0 | 6998 | TI'6EE | 6292070 <z
€986'0 | CL09Z | ©6'CET | LPSEO0 0g
62260 | 9%99% | 0L73€E | 1SPE00 a1
LII60 | $9'€Se | $O0SE | TLEEO0 BEN
(Do16'0T = "I)
BIN 0L'0®q 0L =d
T090T | 0876 | 8STIE | S6VS00 09
06V0'T | €1'65¢ | 9¥'65% | ¥6£S0°0 cc
SLEOT | LP'SSE | 99998 | €63S0°0 0g
P920'T | TSTSE | LEEST | 0615070 <y
AB/P | B/ /P | B/ w Do
s Y n OL x4 1

(panunuod) 6-v 379V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 227

CIST'T ¥9GLE 9%EEE | ¥8820°0
¥eoT'T 95 H9¢ 66F73C | <0800
6eFT'T p6'cCe 6L°LIS | SBLT00
T€3T'T QO'L¥E ¥90TE | ¥¥920°0
630T'T 766 cee0s | 9S00
€380°T 61'TEE 05968 | SL¥E00
E190°T 00°€3E 6V'682 | £6£20°0
g6E0'T 08F1€ BCSESE | 90£20°0
BLIOT 09°90€ 95'GLE | LIGE00
T¥66°0 °96% 09'892 | SEIZ00
€0L60 10°06% 09’192 | 620200
ESF6'0 €G'1SG BEYSE | 686100
9816°0 18'GLE 6CLYE | €8ST10°0
0068°0 0L'€9% 8L'6€Z | SOLTIO0
9880 91°09% 6892 | 99100
(06639¢ = "L)
AN OF T = 1Bq 0L = d

06LT'T £9'8CE ¥L'6IE | 688800
c09T'T 1608 0LIE | TSLEO0
SOFT'T 9V Ve pL'G0E | BLISO'0
LOGT'T 9¥'FEe €8'86G | 9S00
€00T'T 8593 B0T6E | 0SFE0'0
¥6L0'T 19'STE ¥G'SSE | LEELO'0
08S0'T PL0TE TS'SLE | TBBE00
19€0°T 88°30€ ¥SILE | FOTL00
ce10'1 €0'S65 61°S92 | ¥8620°0
AP | B/ /B | By w
s Y n OL x4

€86T'T PS'CLE PI'eee | 6EE00 0L1
e6LT'T $GGo¢ T6'SEE | 10£€0°0 091
T09T'T 65°L8¢ | LL'SIE | 01BE00 05T
COFT'T 606V 89'TIE | STITE00 !
QOTT'T e6'07E COF0S | ¥20S0°0 0€T
Z00T'T C§BEee 69°L6C | 06200 03T
P6L0°T SL¥EE | LL06T | ¥ESB00 01T
3SS0'T €L9TE 06'CS8 | 9ELT0°0 00T
€9€0'T 0L'80€ | LO'LLE | 9£920°0 06
6ET0T 99°00¢ CEOLE | ¥€520°0 08
L066°0 SG'G6E PE98 | SEFE00 0L
9996°0 SV 796 0996 | BIET00 09
eT¥6'0 P1'9LG 696V | ¥0BZ00 0S
97160 9°L9% €OEFE | €8020°0 0¥
79880 16'SCT 8¥'Ges | SS610°0 Jes
(05208 =L
eIIN 05T = 1®q 03l = d
GI6T'T 6365 13038 | @FEF00 0ST
6ILT'T (RS 1E'€IE | €8gh00 OvT
€eeT'T 18°€HE 8%'90¢ | €OTF00 0<T
€eeT'T 95'cee TF662 | ©S6£0°0 03T
0GIT'T LE°L3E €9E62 | 098£0°0 01T
€160°T €g6I¢E 06'SSE | 9ELE0°0 00T
T0L0°T eLTIE €G'6LE | TI9S0°0 06
¥ST0'T 96'€0¢ T9TLE | €8¥£0°0 08
8920'T 15'96% F0'99% | £SEL0°0 0L
€€00'T 9¥'S8% 6¥'652 | 61800 09
AP | B/ /P | By w Do
s Y n 0L xA 1

(panunuod) 6-v 379V.L




228 ° ENGINEERING THERMODYNAMICS

LETO'T GE'BEE 11062 | S¥E10°0
90660 ceele €CE8% | ¥SBI0°0
£996'0 STH0¢E S8'¥LG | GEBI00
LOV60 GLV6E 10292 | 9ST10°0
€e16'0 €6'78% 68'SSG | S80T0°0
1€88°0 SFVLE 0058 | 900100
7SS0 89'39% SL0FE | €1600°0
€9¥8°0 66 192 TEOFE | L06000
(Do97'6S = "I)
eJIN 7' = 10q 0FE = d
ZEST'T 61°0LE L¥0SE | L0BZ00
Seer'T 99'19€ 01'€3E | G100
6SIT'T LT°€SE SLGIE | LLOTOO
LE60°T 0LFFE 0S'S0E | 110200
0SL0'T 75 9€e 9z’ 10€ | E£F610°0
LISOT QLG vO¥6% | ¥LST0°0
6620'T 0S'61€ €898 | ¥0ST10°0
€L00'T LLOTE 396LE | TELIO0
6£S6°0 91°30€ LETLE | SS9T0°0
G6S6°0 0F'$63 $0'S9% | 9LS10°0
LEE60 CF¥8% LSLGE | B6F10°0
1906°0 60°GLE 98'6¥% | TOFI00
86/8°0 ¥1°G9% BLTFE | TOST00
6¥9S°0 79'19% 98'SET | S9310°0
(D:69°9% = L)
eJIN 08T = 1Bq 0'ST = d

AB/P | B/ H/M | B/ w
s y n 0L x4

€80'T 1095 9,665 | £9910°0 031
0910°T LELTE PGS | 96S10°0 1181
66660 €9'S0¢ 60°SLE | STEI0'0 001
68960 08 668 L9°0LZ | LSFI00 06
9E¥6'0 L '06G TI'e9% | 1SET10°0 08
L916°0 9¢'18% CE'egs | 00S10°0 0L
€L88°0 CFILE 0GL¥G | GIGI00 09
98680 86'19% 1$°6€8 | ¥EI10°0 g
(0:9%1¢ = "L)
eJIN 003 = 18q 0°0g = d
999T'T SF1LE LETEE | €0SB0°0 OLT
CLVT'T L6'39€ CO¥eE | BEFE00 091
LLGTT 95¥8¢ 6L91E | T9£E0°0 0ST
LLOT'T 61°9¥¢ 8C'60€ | $8GE0°0 0¥l
BLSO'T 7S LEE I7280e | ¥1830°0 0cT
€990'T 1565 STC6E | 6SIE0°0 0G1
SFHO'T LTTEE SI'SSE | 390200 0Ll
S320'T ERALS 60'18% | €£S610°0 001
66660 EFroe 00¥7L% | TOBLO0 06
29L6°0 €6°G63 98'99% | LISTIO0 08
GIG6'0 05'L8% C9'6SE | STLIOO 0L
BCT6°0 €F'SLT 6855 | ¥£910°0 09
1.6S°0 ST°69% 99FFE | £8S10°0 0<
CILS0 70'19% 00'S€% | OFFI00 BLIN
(DoELTF ="L)
eJIN 09T = 1eq 0'9T = d
AB/P | B/ H/P | B/ w Do
S Y z OL xA 4

(panunuod) 6-v 379V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 229

cl— L9660 | 8SET0 | ST0¥e | LL'GOT 6¢7¢ 9€°0¢6¢ qeve 890T°0 | S6¥VL0 | OPSS'I (e
91— 86¢60 | ¢6IT0 | ¥L'LEG | S¥'80C 0¢°6¢ 01'8T¢ 81'6¢ | L¥Vel'0 | Sevl'0 | S¥LS'T 91—
81— g1e6'0 | ¥601°0 | €9°9¢¢ | 9L°60¢ | LL9G L691¢ | L99¢6 0S€T'0 | 96EL°0 | €SFP'T 81—
0%— ¢Ee6'0 | 96600 | T€GET | SO'TIC 9676 ¥8°¢Glce | LIVe YOPT0 | T9EL°0 | 666E'1 0c—
GG~ 16€6°0 | L6800 | SO¥ETG | eE¢ele | LL'T1G 0LvIe 89'1¢ 06ST°0 | 8GEL0 | C6ICT ¢6—
ve— 0LE6°0 | 86L0°0 | 98Cte | LSETC 6661 LGETC Te61 8¢LT'0 | 966L°0 | O9TT'I ye—
9¢— 06€6'0 | 66900 | €9°1€G | 08VIC 891 evcle L9l ¢88T°0 | 99¢L°0 | 6610°T 96—
86— IT¥6°0 | 00900 | 8€°0€e | T09IG | LEVI 6¢'11¢ 1€¥I ¢S0c'0 | €€eL0 | S0E6°0 8¢—
ce— 9¢¥6'0 | TOPO'0 | 06°LEG | LESIC ¢cS'6 10°60G LV'6 1S¥6'0 | GLILO | ¥#OLLO ct—
9¢— 90S6'0 | 10600 | O¥'See | L90GE €LY €L'90¢ 89V LV6G0 | €TIL0 | €90 9¢-
0v— 0966°0 | 00000 | 88CceG | S8¢G6E 000 S¥y0ec | ¥0'0— | 695€°0 | SS0L°0 | ¥IIS0 ov—
Do s ’s y y Yy “n ’n A |oux| aeq | o
dwa) | usodep | pinbry | uodep | ‘deag | pinbry | uodep | pinbry | uodep | pinbry | ssaug | ‘dwaj
‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes

M 31/ /41 /01 31/

Adonug Adreyaug ASi3u3 [eusalu] | awnjoa dydadg

3|qe] aJnjesadwa] :(dodea-pinbi) ¢ | Juesaduyay paleanies jo sanuadoid gL-v 379VL
8SET'T 0G'GLE LG'GEE €9910°0 €09T'T 8GLLE €0°LEE L36020°0 0ST
GO6IT'T 1¥°'99¢ 0L'L3E €1910°0 OTvT'T g6'89¢ 9¢'66¢ 696100 OLT
c660°T ¥9'LCE 9T°'0c¢ ¢9ST10°0 VIeT'T ¥€09€ v1'cee 0T6T00 091
LSLO'T L8'S¥E ¥9cle 60ST0°0 €I0T'T 9L'1SE CLYIE 0SST00 0ST
LLGO'T 80°0¥¢ y1'q0€ 9S¥10°0 8080°T 61°¢ve 0¥'L0E 68L10°0 ol
19€0°'T ST RS ¥9'L66 007100 8650°T 19%¢¢ 80°00¢ LGLT00 0¢T

AP | B/ /M | B/ w AB/M | B/ /M | B/ w Do
s Y n 0L xA s Y n 0L xA 1

(panunuod) 6-v 319V.L




230 ° ENGINEERING THERMODYNAMICS

09 €L68°0 | VIS¥O | 66'GLe | LSSET | GV LT | 1895¢ | ¢8°SET | ¥IT0O0 | 88¥6°0 | €I89I 09
9¢ 06680 | 6e9¥'0 | 89¥Le | SLEVI | €60CT | €6'6S¢ | TS'6¢l | Lel00 | 80€6'0 | S8Le'SI 9¢
¢S Y0060 | cL¥¥0 | ¥eele | 998¥I | 8G¥el | S9€se | TCCel | ev100 | V160 | 1ISSCI (4%
514 LI06°0 | €¥ev'0 | 89'TLe | €E°€ST | SCSIT | 6L°1S¢ | GG’ LIT | 6ST0°0 | 68680 | 965¢Cl 8v
v 0€060 | #5070 | TO0Le | 6L°LST | Geell | 96'6¥¢ | G6'TIT | LLIOO | LPSS'O | 66GTI 44
(44 €e06'0 | 096€°0 | ¥I'69¢ | ¥6'65T | 61601 | c06¥¢ | S6'SOT | 88100 | O8L8'0 | OGLOI (44
or I¥06°0 | 998€°0 | ¥6'89¢ | S0G9T | 61901 | 908¥c | 0L'SO0T | 66100 | ¥ILSO | ¥9T0I or
8¢ Lv06°0 | GLLEO | €€°L9¢ | GIPI9T | T6'€Ol | 60°L¥c | 8€C0T | 01600 | TS98°0 | 86896 8¢
9¢ €906°0 | 8L9¢°0 | 0¥V99¢ | ST99T | SG00L | TIT9¥e | L¥66 | €6c00 | 0658°0 | S89TI6 9¢
23 8G06°0 | ¥8SE°0 | S¥'99¢ | VI'G9IT I1€°L6 | ¢I'S¥e | 8996 | 9¢¢60°0 | 0€S8°0 | L¥e9'S 2%
(43 #9060 | 06¥€°0 | 87V ¥9¢ | 60°0LI 6L¥6 | ¢l'¥Pe | 0L°€6 | 09600 | €L¥80 | 8¢ST'S (4%
0¢ 0L060 | 96€€°0 | 0S°€9¢ | 00CLI 6V'16 | OI'€¥e | ¥8°06 | S9¢0°0 | LIPS0 | 900L'L 0t
8¢ 9L060 | ¢60€E0 | 05696 | 68°CLI 1988 | 80c¥c | 0088 18600 | ¢9¢8°0 | GLIG'L 8¢
9¢ ¢806°0 | 80¢E0 | 8¥'19¢ | CL'GLI gLe8 | SO'I¥e | ST'S8 | 86600 | 60€80 | 0€S89 96
ve 68060 | €TIE0 | SV'09¢ | SSLLT 06'c8 10°0¥e | LEG8 | LICOO | LSGS0 | 99579 ve
0c ¢016°0 | #6660 | 9€°85¢ | 60°ISI 9¢'LL 16°L€¢ | 08'9L | 8SL0°0 | LSISO | 09IL°G 0%
91 9TI6°0 | SELG0 | 66956 | 6S¥SI 69'1L 8L'GLC | 6C 1L G000 | 69080 | 9I¥0'S 91
¢l ¢C16'0 | G¥Se0 | €0¥Se | S8°LSI 8199 | €9'¢te | €899 | 09700 | TL6LO | ¥6cF¥ ¢l

8 0<160 | #5€¢0 | 08'ISc | LO'I6I €L09 | 9F'1Ee | €¥'09 | S6S00 | ¥88L0 | 9SL8°C 8

i 69160 | ¢91c0 | €S°6Vc | 61¥61 €L'es | Le'6ce | 80°GS | 00900 | TOSLO | 99LE°€ ¥

0 06160 | OL6T0 | €¢'L¥c | TE'L6I ¢0'0s | 90°Lce | 6L°6F | 68900 | TGLLO | ©¢8¢6G 0

e €1e6'0 | LLLTO | 06FFG | ST°00G | SL¥VP | ¥8Fec | 9SFF | ¥6L00 | ¥PIL'0 | ¥L6S@ e
8- 6£¢60 | €8ST0 | ¥Sebe | 00€0c | ¥PS6E | 09G6ee | 8€6E | 61600 | 69SL°0 | VOLIG 8-
o s ’s y y Yy n ’n A |oux| aeq | o

dwa) | usodep | pinbry | uodep | ‘deag | pinbry | uodep | pinbry | uodep | pinbry | ssaug | ‘dwa)
‘78S ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg
1 31/Py /B /B 1/ w
Adonug Adreyaug A3a3ug [eusazu] | awnjoa cyadsg

(panunuod) 01-v 379V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 231

8¢
Ve
0¢
8T
91
Vi
¢l
0T
80
90

L616°0
¢6c6'0
£566°0
€L66°0
€666°0
¢6e6'0
PSe6'0
S666°0
LY76°0
08S6°0

1161°0
OTLTO
18¥1°0
¢SET0
1Te1°0
Ss0T°0
6L80°0
8L90°0
0¥r0°0
LV10°0

¢S9Y6
60¥¥vc
0¢'Tve
1686
L6°LEC
¥0'9¢¢
98°Cee
GeICe
6L'8¢c
GLVG6

€1'861
¥1'106
906
96906
61'80c
L6016
vscle
90°CTe
¢6'LTc
LG1G6

6¢°SY
S6'cy
¥8°9¢
syee
8L°66
LL'SGE
ctle
6691
LV 0T
97'e

8€°9¢¢6
LO¥6E
€' 1¢e
¥6'61¢
¢ct's1e
¢S9T6
05¥Tc
81¢lc
97'60¢
¢1'90¢6

81'S¥
LL'GY
69°9¢
1eee
99°6¢
9966
€e'le
6691
1701
1¥e

61,00
¥£80°0
€660°0
860T°0
66¢1'0
S6CT°0
y19T°0
LI6T0
99¢¢°0
001€°0

L69L°0
8T9L°0
GESL’0
S8¥.L°0
SEVL0
18€L°0
€eeL0
8GGL°0
¥SIL0
L60L°0

Y
LEG—
60°01—
CLCl—
¢9ST-
08'ST—
9¢766—
€V 96—
16 TE—
LOLE—

8¢
¥e
0%
81
91
¥l
¢l
0T
80
90

3|qe] a4nssaud :(4odea-pinbi) ey | JueaaSILyaY pateanies jo sanuadoid [ -V JT9VIL
001 LIIS0 | 96IL°0 | €T'65¢ | OV¥E | ¥PL¥GE | 6V'S¥e | 09816 | LE00'0 | €VPS'T | GPL'6E 00T
06 €eo8’0 | 08€9°0 | 6€9Le | €968 | 69¢€6I | PE€19¢ | 68681 | 97000 | 6V61'T | SE¥VGE 06
08 LE88°0 | ¥I8S'0 | GI'6LE | T¥P90T | TLGLT | P1G9¢ | 88691 | #9000 | 99L0°T | %696 08
0L 8I68°0 | 60€S0 | €¥'8LE | SO¥Gl | PEPET | ST09¢ | G6eST | 98000 | LeOO'T | 69116 0L

(panunuod) oL-v 379V.L




232 ° ENGINEERING THERMODYNAMICS

0°0¢ GLL80 | 99190 | T0'8Le IL¢6 | 0€°S8T | 91696 | S8'I8T | €500°0 | 9I¥I'T ¢G6'98 00¢
0°¢c 9880 | L89S0 | LT'6Le | 90'TITL | GI'89L | #819¢ | SV'S9T | 69000 | ¢9S0°T 65" LL 0S¢
0°0c PL68°0 | SLIS0 | ¥6'LLe | S6°Lcl | 666V | I¥'65¢ | ¢O'SYL | €6000 | 8L86°0 6V°L9 00c
08T 65680 | ¥S6¥°0 | €8°9Le | 09FCT | Geevl | 88°LSe | 6V°0OFL | SOTO0 | T€96°0 16'¢9 081
091 ¢868°0 | VILVO | €€°GLe | TE€TFL | GOFCT | 009S¢ | ¢Seel | ICI0°0 | 66860 66'LS 091
0¥l €0060 | €SP¥0 | OV'€Le | VISYVIL | 96'Gel | #L'CSe | 86°¢el | OVIO0 | 65160 e€vcs 0¥l
0cl €606'0 | ¥9I¥0 | 66'0Lc | €6SST | 9L'GIT | €0'ISe | 69FIL | 99100 | §¢680 cL9v 0cl
00T €Y06°0 | 8€8E°0 | L6°L9% | 89GIL | 66°G0T | LLLVG | GV ¥POL | ©060°0 | S698°0 6L°6¢ 001
06 5060 | 999€°0 | ST99¢ | ©9991 99°66 | 88'G¥e | 6L86 | 96¢00 | 9L58°0 €ace 06
08 99060 | 6SPE€0 | ST¥9e | €LOLI ar'e6 | SLCYe | QLe6 | SS60°0 | PSES0 eeIe 08
0L 08060 | evet0 | S8°19¢ | LOGLI 8L98 | e¥'I¥e | 6198 | G6600 | 8¢L80 ¢cL'9¢ 0L
09 L6060 | 66660 | 6165¢ | TL'6LT 8¥V'6L | ¥L'8EG | 66'SL I¥€00 | 96180 8¢'1¢ 09
0¢ LIT6°0 | €6Le’0 | L09SC | PLFST eCIL | 9686 | €6°0L | 60700 | 950870 PLGT 0s
0¥ Sr16'0 | 66€¢0 | 68056 | 6L 061 0069 | L6'TICE | 6919 | 60500 | ¥06L°0 €68 0y
9¢ 09160 | TS660 | 85056 | 9L¢61 G8°LS | 86°08G | PSLS | $9S0°0 | 6ESL0 ¥8'¢ 9¢
(RS LLT60 | 680G°0 | 998FC | SE'SG6L 1ees | €v'§cc | 90°€S | ©€90°0 | OLLLO 8¥'c ¢'e
1eq s Is %y %y Iy *n In o loLxMl o Ieq
ssaid | sodep | pinbry | uodep | ‘deag | pinbry | uodep | pinbry | uodep | pinbry | ‘dwa) | ssaud
‘Jes ‘Jes Jes ‘Jes Jes Jes ‘Jes ‘Jes
) 3/H /B /41 31/ w
Adonyug Adreyyug A3a3u7 [eusau] | awnjoa oydadg

(panunuod) | 1-v 379V.L




APPENDIX: THERMODYNAMIC TABLES S| UniTs © 233

BLVT'T 6LF0C 1€'8L | OILYT0
LSTT'T CF'G68 S8'69% | GEGHT0
8680'T V598G €C19% | 0SLETO
7090'T LT'LLG 9€'€SE | 08BET0
$0€0'T €589 €CSHE | €BLET0
86660 17658 VFLEG | LOGETO
7896°0 69053 L9688 | SLITTO
B9E6'0 90'e¥3 %0GE | SEITT0
€L360 1L6€3 ¥6'61G | £860T°0
(Do€L2T—="I)
eJINST0=1eqgT=d
66,51 LSFEE LTS0S | GOS6T0
SECE 1 L8¥EE 07965 | ¥9¥S50
¥<ee 1 ZEGIE 0LL8% | €B9LT0
LL6T'T 76'G0€ 9I'6L% | 6LLITO
96911 BL'96% 6L°0L% | 0S6S50
185281 99°.8% 8¢39% | 9L0ST0
TEIT'1 9L'8L% Veyes | 916G 0
63S0°T Z0'0LE L9OVE | 6VECT0
1€50°T €¥'19% 96'SET | €L¥ET0
LTE0°T 6635T 1€ | LSSIZ0
SI66°0 0L V¥ 10732 | 989020
2096°0 7S 9€E LL9TE | OLL6TO
S6E6°0 ce1€s SI'GIE | OLIBLO
(DoS¥92— = ""L)
N OT'0 =1eqOT=d
AB/P | B/ H/M | B/ w
s Y n A

069T'T LE°G0E ¥L'SLG | 0BOBT0 09
LOVT'T 60963 TEOLG | FOFSTO 0S
0GIT'T 96'98% 90695 | €SLLTO o
8BS0'T L6'LLG 96'€S% | SSILTO 0
TES0'T €169 109%¢ | 08S9T°0 0%
0€20'T €F'09% 13'8€E | SLSST0 01
TG66°0 98’155 GC0Ss | 6TBST0 0
90960 as¢d €0'€TE | 6VSHTO 01—
TGE6'0 70'9€3 TC9IG | SHESTO0 e

(D08'ST— = "I.)
BN FI0=TeqpT=d
VGee 1 00°6EE 8C'G0E | TE06¥0 06
¥S63 1 s GL'96% | 0S9L¥0 08
189%°T ¥S'GIE S0'S8% | 993970 0L
CO¥e T 15°90€ SC6LE | 6LSFFO 09
9315 1 7€ L6 CTILE | LSFSFO 0<
PFST'T GE'S8%E 01'€9% | T160EH0 o
LEST'T €C6LE BI'SSE | $S90¥°0 0
L9BT'T 6S°0L3 BELYE | 6LB6E0 0%
€L60'T 17398 69'65% | T9SLED 01
cL90'T 01¥S3 VEeEs | €8¥9£°0 0
1LE0'T 96'GHG L6¥EE | G66VE0 01—
2900'T 86°LE3 98'L1% | 985E€0 0%—
03S6'0 BLVEE 31905 | €00IE0 BLIN
(D020 L8—="L)
eIIN 90°0 = eq 90 =d
AB/P | B/ H/P | B/ w Do
s Y n A 1

Jodep B¢ | ueaadiyay paieaysadng jo sanuadoid Zi-v 379VIL




L9€0°T L9°€8E 19656 | STSLOO T610'T ZI'GLE €812 | 08€80°0 0g
%900'T SG¥LE 6T'TSE | FIBLOO €896°0 16'G9% 6SCFE | BLELOO 03
6760 S679¢ 1STFE | 106900 9986°0 91968 ¥Heee | €19L0°0 01
LTV6°0 G9'GSE 1978 | 9L890°0 8€E6°0 79°L¥E LELBE | OFBLOO 0
LLI60 99'S¥2 €F'888 | BEE90°0 L6160 TSIV 8€'98¢ | €61L00 oS
(D873 = L) (Do€2T="I)
eJIN 30 = eqgg=d eJIN 830 = eqgE=d
€SPe 1 eyere LG€Ie | TE6FT0 00T
93eT T €0'CFe LTETIE | SB6EET0 GIge'T SF'eee LFY0S | FOSFT0 06
e\l v0'eee STH0S | LEOZT'0 6€6T°T 89°C3E €ceee | €LOFTO 08
0SLT'T 61°C3E QT'¢6e | FLITTO 199T'T IR QLS ¥L'98¢ | 689€T°0 0L
TOST'T 67T Ge98g | LOSITO 08ET'T 0S70€ 0188 | TOBET0 09
STZT'T 16°€0€ LOLLE | LE6OT'O ¥60T'T E1'S68 19698 | SSLEI'0 0S
0€60'T L¥'¥68 TI'692 | ©9S0T°0 7080'T 98°GS% 9%'19¢ | TIEET0 oF
LE90'T 91°G8% TL092 | TSTOT0 80S0'T LL9LE 90'¢e | 9g8TT°0 0¢
6£€0°T G6'GLT CF'ESe | ¥6L60°0 9020'T 8."L9% 66 ¥ | FBEIT0 0%
¥€00'T ¢8'99% 0SFFe | 66£60°0 8686°0 68'SGG CO'LEE | BE6OT0 01
13L6°0 7S°L5T 9%9¢e | £6680°0 88S6°0 01058 €638 | SEFOT0 0
66560 68°S¥E 1€'868 | L8800 98E6°0 Q¢ T¥g 0188 | S€660°0 01—
TGE6°0 60 F¥¢ LOVGE | €¥€S0°0 €CE6°0 0€'1¥¢ €F'18e | €8660°0 s
(DoL86—="1) (0o60°01— = ""L)
eJIN ¥G0 = QG =d eJIN 050 = ®q G =d
€LC3'T €9'C¥E BLeIS | ©899T1°0 e8LE T FOTYE T0F1E | 6¥FIG0 00T
€083’ T 0L€es €9F0c | SPI9T0 91S3'T PIvES S6F0S | 98050 06
0€03'T ¢6'C3E IL'G6E | BLISTO ¥HEe T 6£ T3 90'962 | T¥B0G0 08
€CLT'T SEHIE €6'982 | €BISTO 696T'T 0S¥1E TELSE | €896T°0 0L
AB/P | B/ H/M | B/ w AB/P | B/ /P | B/ w Do
s Y n A s Y n A 1

234 ° ENGINEERING THERMODYNAMICS

(panunuod) z 1-v 319V.L



APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 235

9FLTT eV'ESEe 6L'6¥E | ¥8590°0
¥SPE'1 GLILE 86'66C | LPE900
ST%G 1 PT19€ 0£0SE | $9190°0
6F6T'T 89°0SE VL0BE | $8620°0
cl9T'1 eeove IET1E | S08S0°0
L6ET'T 01°0£E 0030€ | 08900
PITTT 96'61€ 08'G6% | BEFS00
ce80'1 36'60€ BL'ESE | 0FBS00
18501 6668 CLVLE | €P0S0°0
6820'T 70063 €8'69% | GFST00
81660 91083 66'9S | £8970°0
L6S6°0 SE0LE 03'S¥E | 9TFH00
$926'0 7€ 093 0655 | SSTHO0
LTT16°0 L0958 $9'CEE | 980¥0°0
(DobL 6T ="L)
eIIN 0S°0 = B G =
119%°T €L39E SHIeS | FLLBOO
ChET T 0¥"3SE 0038 | €0S60°0
9L08'T 13 89GIE | 683600
Z0ST'T qI'zes 0S'€0S | €9680°0
Qesl'l TG GG 968 | ¥,980°0
CFel'1 INaqis 95'G8Z | B6£80°0
LS60°T LT30S 6L°9L2 | 90180°0
Q9901 GI'€63 PI'892 | ST1SLO0
AP | /M DI/ | By w
s Y n A

17631 ST'E8¢ Qe0se S0GS0°0 g}
1892°1 ¥QeLe 8S0¥¢ 166L0°0 0¢T
LIVC'T €0'c9¢ ¥6°0€¢ TLLLOO 0cl
6VIC'T ¥9°1S¢ ¥¥1¢e 0SSLO0 OTT
SLST'T SC Ve LO'GIE LGELO0 00T
C09T'T eeIee ¥8°00¢ G0TLOO 06
ceeT'T €e'16e €L'C6G €L890°0 08
SEOT'T ¢O'TIC QLT8G 1¥990°0 0L
SYLO'T 1S TOE 68°GLG <0900 09
cSrO'l 6L'16%G €1°L9G ¥9190°0 0s
SYI0'T ¥1°¢8¢ L¥'85¢6 L16S0°0 oy
LE86°0 ¥QeLG 68°'6¥G ¢99<0°0 0¢
G1S6°0 96'G96 LETVG L6€S0°0 0¢
G816°0 SRS LS'GET 611S0°0 01
Sri60 [E NS L6'TEE 680500 Fes
(00868 = "I)
BAIN OF'0 = q 0¥ =
LeLET | soe9e | 1LTEe | C0aTT0 02T
19T | SLGee | LEdes | L6S0T0 o1t
€61GT | ©9ebe | S6TIE | LSSOT'0 00T
0G6TT | 093€e | €8°€0E | SLEOTO 06
PROTT | 1L78E | @SF6T | 0966070 08
POSTT | S6GIE | 96'S8G | T¥960°0 0L
6L0TT | B€'eoe | €TLLE | 6126070 09
6SL0T | 18'€68 | ¥9'89 | @6680°0 0g
P6ROT | GFPSE | LT09 | 09980°0 o
AP | /M DB | By w Do
s Y n A 1

(panunuod) z 1-v 319V.L




60TT'T 96°ceE 11'90¢ | S60€0°0 LTET'T 80°LEE €6'80¢ | 61500 00T
6T80°T 9G'CBE 9%'862 | 086200 0¥60'T BS'93E LE66E | €6££0°0 06
13501 Z9VIE 18'88% | 198200 L¥90°T 009TE 68'682 | ¥9300 08
¥120'T 76'€0C 0£'6L8 | SELE00 che0'T 0S°S0E cF08e | TETL00 oL
L6860 15°€65 GL'69Z | 609200 ¥€00'T 86768 FO'ILE | @6620°0 09
99¢6°0 €383 60092 | BLFE00 T1L6°0 6£78¢ %9192 | 9¥820°0 0S
LTE6°0 CE1LE TE0SE | SBET00 7,860 99°'€L €1'gse | 169200 0¥
¥S06°0 81°99% 88'CFE | SSBE00 9906°0 ST'¥9% SLE¥E | LS00 BN
(Dogsge =""1) (Do881E = L)
eIIN 060 = 1®q 0'6 = d eIIN 08°0 = 1®q 0§ = d
€96%'T ES30F 28'89¢ | LSSF0'0 00TE'T 1S°€0¥F TE69E | 869500 091
90L3'T 6L 16€ 89'8¢E | 6BLY00 PFS5 1 S B6E 13'68¢ | 0SSS0°0 05T
VG T 98°08€ 99°'8¥E¢ | 66SF0°0 ¥8CE'T 79 18E €E6¥E | BOFS00 ov1
6L13'T F0'0LE 9L8¢¢ | S9¥F00 0BE3'T 88°0LE 8e'6EC | TSBC00 0¢T
0T6T'T £€'65E 86'93C | <ELF00 €208’ T 7509E ¥9'63¢ | 660500 031
LE9T'T IL'SVE I€'61E | 108700 ISLT'T 0L6¥E €003E | 9¥6F0°0 01T
8ceT'T 61°86E ¥L'60S | F90F0°0 QoST'T LT 6EE €coIS | 06LF00 00T
PLOT'T L LGS L300E | ¥8680°0 Ceel'T €6'93¢ PIT0S | TE950°0 06
¥SLO'T ceLIS 88°062 | TSLEO0 8€60'T L9'STE 98’168 | 69¥F0°0 08
LSVO'T 10°L0€ LST1SE | $£9€0°0 ch90'T 8¥'80€ 9928E | FOLF00 0L
ZST0'T 69968 I€6LE | BSFE00 9¥20'T G868 yaeLe | FETR00 09
L986°0 GE'98% 80'€9Z | ¥BEL00 LE00'T €5'S8% SFF9Z | 896200 0
6£S6°0 €6'GLT €8°€SE | LSIL0°0 6160 60°SLT GH'egE | FLLEOO 0¥
L6160 L€°G9T ISFFE | 6L6300 88€6°0 68°L9E W9¥e | 185200 0g
0806°0 ¢8'19% FI¥e | 816200 L606°0 61658 ¥L'8EE | SOFE00 e
(D08L°9% ="L) (Ds8€'18 ="L)
eIN 0L'0 =Teq(L=d eJIN 09°0 = eq 09 =d
AB/P | B/ H/M | B/ w AB/P | B/ /P | B/ w Do
s Y n A s Y n A 1

236 ° ENGINEERING THERMODYNAMICS

(panunuod) z 1-v 319V.L



APPENDIX: THERMODYNAMIC TABLES S| UNniTs © 237

08631 9T'GeF 15°L8€ | BI680°0
VeLE 1 0L 0TV 699LE | ¥E€8T00
COFET €e66E | L899¢ | ¥SLB0O
10381 $0°98E ceece | $L920°0
€e6T'T €8'9.€ eLere | 65200
099T'T 89°Go¢ ggcee | 805200
I8ET'T 9GFCe 16°¢ee | €8¥800
960T'T SRS 0S'STE | <E€200
7080'T LV'BEE ¥S'G0E | F¥80°0
€0C0'T 6£° 13 65'C6E | 0STE00
T610°T Y5 0lE 29'S8e | 10200
8986°0 96'36¢ 6S°GLE | LVBI00
L3S60 V¥ LST eV'e9s | <8100
¥916°0 BSCLT 86FSE | GILIOO
€306°0 66'0L% €0'ISE | €9910°0

(Do3E°9% = L)
CIIN 05T = 1®q 03l = d
creeT 0FEF | LSSSE | 6£6£0°0
B663'T 89'GT¥ PI'SLE | SE8E0°0
ceLT T PP 10V 88°L9E | 98L£0°0
CLFET 1€°06€ 19'28¢ | €£920°0
11321 LTBLE ISLFE | 68SE0°0
CF6T'T £€'89¢ eCLES | €EFE00
0L9T'T LV LS T9LBE | 9T€€0°0
B6ET'T 89°9¥¢ BS'LIE | L0OBEO0
AB/P | B/ H/M | B/ w
s Y n A

6FIE'T 0F €5 BI'SSE | 8BSE00 0ST
¢695'T 20T 99°LLE | 98¥£0°0 0LT
8€93'T L 00% 1€°L9¢ | ##E€00 09T
9.5 1 9¢'68E 90°L8¢ | 09800 0ST
I11e1 9¥'QLE Z69¥E | FSIL00 OFT
HST'T 9¥%°L9€ 88°9¢¢ | 8S0£0°0 0cT
LIST'T BG9SE €6'93¢ | 696200 03T
982T'T GO'GFE 90°LTE | 898200 0TT
000T'T Z8vee LEL0E | SSLT00 00T
LOLOT 10¥2¢ €GL6E | 679200 06
cOF0'T 05T T8'L8E | 885200 08
€600'T ¥€20E 1T'SLE | €8¥e00 0L
89.6°0 9¢° 168 ce'89z | T0LZ00 09
SEF6'0 6108 9F'8¢e | TLIZ00 0S
9906°0 89'89% 6E9¥E | 620200 oF
€F06°0 L6193 LLL¥E | 080200 e
(D6€6¢ ="1)
CIIN 00T = 18q 00T = d
16e€'T €O'VGy T0'68E | BSFFO0 08T
860€'T eeeT 19'8LE | OFEPO0 0LT
€F83'T P130F TE'89E | LETFO0 09T
¥SSE'1 C0'16€ GI'sse | €I1¥0°0 0ST
13621 LO0SE 60'SFE | LB6LO0 OvT
€G0%'T 61°69€ PI'8EC | T88E0°0 0<T
PSLT'T 0%'SSE 1€'96¢ | B9LEO0 03T
S0ST'T 1LL¥E LSSTE | B9800 01T
AB/P | B/ /P | B/ w Do
s Y n A 1

(panunuod) z 1-v 319V.L




238 ° ENGINEERING THERMODYNAMICS

e1eeT IT'SH 06'90F | €9820°0
0963’1 ee1e 80'96¢ | €03Z00
YOLG T 2961 ceese | BrIg00
CHFE T 66°L0F IL¥LE | 0803070
IS1Z'1 e¥'96¢ SIy9e | L1080°0
ZI6T'T 1678¢ 99°¢ee | €9610°0
8E9T'T PyeLe VEere | LSST00
LSET'T 66'19€ 183€C | 088100
69011 €60G¢E €GEEE | 0GLIO0
€LL0'T 70°'6€€ 033IE | LL9T0°0
L9VO'T 9¥' LG ¥S'T0S | T09T0°0
SFI0'T BLGIE 6165 | T1BST10°0
€186°0 L '€0€E 8L08% | SE¥10°0
LSV6°0 €e' 168 68'692 | OFETI00
6906°0 0G'SLE 8F'8C¢E | €LBI0°0
ES6S°0 €CGLE 00955 | SOGI00
(002628 =""I)
eJIN 09T = 1®q 0'9T = d
AB/P | B/ H/M | B/ w
s Y n A

8eee'T Ve Ry €LLOV | 809200 003
8801 e 96'96¢ | T¥SE00 061
vESE 1 06'0%¥ 6G98¢ | GLYE00 0ST
9.83'T 9¢'60F LSl | €0¥30°0 0LT
cIeeE’1 6S°L6€ TEC9E | £8£30°0 091
SF0G 1 6798¢ BSYSE | 898300 0ST
LLLTT GI'GLE 0SHFE | 681200 0¥ 1
10ST'T 98'¢9¢ CEyee | SI180°0 0cT
STBL'T 6S3GE CO¥eE | 680800 0G1
L3601 ee ¥ 88€IE | 096100 0rT
8390'T 20°0€E €L'e0e | SLST00 001
6101 €9'8I¢ GE'€6% | GBLIOO 06
L6660 01'L0S 65°€8% | TOLIO0 08
8S96°0 1£°S63 LSGLE | €0910°0 0L
L6360 01°€8% LTG9% | S6¥10°0 09
€006°0 0F'€LE PLESE | SOPIO0 s
(DosF38 ="1)
eJIN OF'T = 1eq 0'F1 = d
AB/P | B/ /P | B/ w Do
s Y n A 1

(panunuod) z 1-v 319V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 239

9 665e'S | 90180 | ¥O'SYPL | 60°0VGl | S6°L0G | L¥'Geel | OT°L0G | 8¥€G0 | 998S'T | 6L¥E'¢ 9

¥ I8LE'S | OLLL'O | LOOVPI | S¥'L¥GI | 69861 | 66°0cCT | 08°L61 | ¥ISGO | 96LS'T | €LL6T ¥

4 8€0L'S | SEVL'0 | €OFPPL | LLPSCT | 9G°68T | PL'6ICT | €9°88T | S69G°0 | LELS'T | 0L69¥ ¢

0 86c'S | L60L°0 | ¥6'IPPL | L6'T9GT | 96'6LT | TL'LIET | 6G6LT | €680 | 09991 | G96GF 0
[ GI9SL'S | 69L9°0 | SL'6EVI | 80°'69¢T | 69°0LT | PO'9IET | LOOLT | 90I€°0 | ¥6SS'T | G¥S6°€ [
V- 1€8¢°¢ | SIFP9'0 | 99°LEVL | OT'9LEL | 9V 19T | GC¥ICT | 88091 | 0PL€0 | 86SS'T | 1069°€ V-
9- €0T¥'S | LLO9'0 | SG'SEVI | G0°€8Cl | 9GCST | LSGIET | PLIST | S6S€°0 | P9PS'T | ¥EIVE 9-
8- 08ev'S | PELGO | S6°GEVT | 98°68¢T | 60°€VT | SL'OTET | 09GPl | ¥L8E'0 | 00PS'T | GEST'C 8-
01— GO9S | 68LS0 | SSOEVL | T996G1 | ¥6'CET | S6'S0CT | 0S°€CT | OSTFO | 8EELS'T | 6806°G 01—
(8 8¥67'S | €¥0S°0 | TT'SGPT | 86 €0CT | €8Fel | SO'LOCT | GV ¥el | 9ISP'0 | 9LeS'T | 86L9°C ¢cl-
4 6€ceS'S | 96970 | T9°SEPL | 98°60CT | SL'GIT | LT'S0CT | LEGIT | €88¥°0 | SIGS'T | GS9¥'G yi-
91— 9€8g’e | 9¥EP'0 | QOEerT | GL9TET | OL'90T | €E°COET | 9€°90T | 16650 | SSIST | #9976 91—
81— LESS'S | ¥66E°0 | SYVOGKT | LL'GeeT | 89,6 | SGTOET | 9€°L6 | 6ELE0 | 960S°T | 69L0C 81—
06— VPI9'G | e¥9€°0 | 6L°LTVI | OT'6CCT | 8988 | €666 | 0F'88 | €€690 | 8COST | 61061 06—
[ LSV9'S | L8GE0 | 8OGIVI | 9€°GELET | CGL'6L | ST'L6GL | 9¥'6L | 08L90 | 0S6¥'T | 06CL'T C6—
96— 00TL°G | ©LSG0 | IS60VT | QOLYET | 9819 | L6CG6GL | S9T9 | 95080 | L9SV'T | SOrv'l 96—
86— 0EvL'S | G16e0 | 99°90F1 | 89°€SET | L6CS | G8°06GI | 8L'GS | €0880 | GIS¥F'T | 6S1¢T 86—
0¢— LOLL'G | 6PST'0 | GL'E€OVT | €9'6SCT | OT'FP | €9°88Gl | €6°€F | ¥E€96°0 | LSLV'T | 0S61°'T 0t—
¢l ITI8'S | #8¥I'0 | IS'00VL | SG°Q9ET | S6'GE | IF'98¢l | 60°¢e | T990'T | €OL¥'T | &80T (S5
9¢— 6I88'S | LPLO'O | LLP6ET | LT'LLET | 09°LT | LS'ISGL | LVP'LT | LSLG'T | L6SV'T | 09880 9t
0r— LES6'S | 00000 | 99°88CT | 99'88€T | 000 | 0G°LLGl | OL'0— | ¥@SS'T | €6FF' T | PLILO 0r—
- €6590'9 | TS60°0— | LS'O8ET | 6S'G0FT | S6'1¢— | 61'TLGL | €0Ge— | 0900C | LI9EV'T | €S¥S0 -
05— EVST'9 | 6e61°0— | GECLET | 06 9TFI | 88'Cy— | 6679 | ¥6°€F— | 99¢9C | S¥evr'T | 980¥°0 05—
o % ’s %y y Yy *n In A loLx| aeq | o

dwa) | uodep | pinbr | uodep | ‘deag | pinbry | sodep | pinbry | uodep | pinbry | sseuq | ‘dway
‘Jeg ‘Jeg ‘Jeg ‘78S ‘Jeg ‘Jeg ‘Jeg ‘Jeg
1 1/ /01 /0 B/ w
Adonug Adreyyug ASa3u3 [eusayu] | awnjoa oydadg

3|qeL aumesadwsa] :(4odea-pinbi) eluowwy paiteinies jo sanuadoud €1-v 3719VL




240 ° ENGINEERING THERMODYNAMICS

0s VO9LV | 601G T | 96 TLYT | 60°050T | LTIV | GV'evel | 9S°LIV | #€90°0 | S9LL'T | 1€L°0% 0s
i SISy | TPEV'T | 96°0LVL | #8FLOT | €1°96¢ | IS'TPET | TO'E6E | S6L00 | €0SL'T | 6IS'LIL i
or Y98V | 699€T | L6'69VL | 698601 | SETLE | OL'0PET | L9'89E | T€80°0 | 996L'T | 6VS'SI or
9¢ 8LOG¥ | 9¥6C'T | OL'S9¥L | O0'LITT | 69°1SE | LV'6LET | 6L6¥C | 08600 | 890L'T | 968°€L 9¢
(43 60567 | 6ILTT | €O°LIPL | LFPETT | LIGEE | L6'LLET | LOOCE | €VOT°0 | L8S9'T | 08E'GL [43%
8¢ 8¥66'% | 989T'T | 00°S9¥L | PGGSIT | SLGIE | 06°9¢ET | 66°01¢ | GLITO | PIL9T | €660L 8¢
ve ¥6£0°S | SVOL'T | T9GIFT | 96911 | S¥'€66 | 61FEET | P816C | 0GET0 | LVSO'T | PLGL'6 ve
0% 6¥V80°S | ¥OVO'T | 06'6SVT | #O°SSIT | 96¥LG | PE'ICET | 98°GLe | G6V1°0 | 98C9'T | GILE'S 0%
91 VICT'S | 99L6°0 | L8'9SVI | OL'TOGI | 8T'GSE | SV'66ET | S6'¢Se | 16910 | TE€E9'T | ¥6Ls'L 91
¢l I6LT'S | 6606°0 | SSCSPT | SE€LTGL | 06'9€E | 68'9eCT | ¥1°GEe | €661°0 | TS09'T | 06859 ¢l
0t €e0e'S | 69L8°0 | SLISYI | €0°Seel | SL'966 | 6v'Seel | LL'G6e | ¥S06°0 | 8009'T | 66519 0t
8 6L6c'S | 8EV8'0 | ¥O6'6VVL | 19°GECI | PE'LIG | 96'CeET | 6V 9Tce | S61G°0 | 9¢6S'T | S6ELS 8
o s Is %y %y Yy ’n In ooloLx| aeq | o
dwa) | uodep | pinbr | uodep | ‘deag | pinbry | sodep | pinbry | uodep | pinbry | sseuq | ‘dway
‘Jeg ‘Jeg ‘Jeg ‘78S ‘Jeg ‘Jeg ‘Jeg ‘Jeg
NS /01 /B B/ w
Adonug Adreyyug A3i3u3 [eusau] | awnjoa dyadg

(panunuod) g 1-v 379v.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 241

00°¢ Q9Le'S | T6LLO | 6T°9%FI | GOL¥Gl | ST'661 | GO'TGET | 6€°86T | €060 | 008S'T eIy 00°¢
QLy 9¥6e'S | Q9SL°0 | LLVPPT | ST'6SCl | 69661 | I6°61ET | #8161 | 66960 | GSLS'T GL'G L'V
0S¥ GETL'S | 80LL'0 | SE€FPI | 0S°LSGT | SL'GST | €L'STET | ¥O'SST | L9LE0 | GOLS'T qe'l 0S¥
gy 9eee’s | SVOL'0 | €9'TPPI | TO'C9CTL | G9'SLT | LV LIET | 96'LLT | 16660 | 0S9S'T | 660— ey
00¥ 8¥SE'S | 9LL9°0 | 68°6EVI | TL'89CL | ST'ILT | GT'9IET | SSOLT | ¥60€°0 | L6SS'T | 06'1— 00¥
qLe VLLE'S | 68790 | €0'SEVI | POPLGL | SC'E€I9T | SOFICT | 08°GIT | 68’0 | GPSS'T | 89'¢— qL'e
0s'¢ 9I0¥'S | 98190 | TO9EVI | I8°08CL | 0c'¢ST | PLCICT | 99%ST | TISE'0 | PSPST | 96— 0s'¢
gc'e QLEV'S | $98S°0 | P8EEVL | L&' L8el | LSOVI | OV TIET | 90°9FT | S9LE°0 | ¥evS'l | ¥ve'l— gec'e
00°¢ Pesv's | 08SS°0 | LVIEVI | SOP6CL | eV LET | S9°60€T | 96'9€T | T90¥'0 | T19€S'T | V66— 00°¢
QLG 8G8Y'S | GSIS0 | 888Gy | 0G'TOCT | 89°Lel | L9°LOET | 9G°LGT | S0FF'0 | S6CS'T | L&TI- QLG
0s'c 061S°S | €SLV'0 | €0°9GrT | 9L'80CT | 9 LTT | 6%'SOET | 8S'9IT | 16870 | S6eS'T | L9CT— 0s'c
gc'e 8GEG'S | 6IEF'0 | 98°Gerl | €8°91€T | €0°90T | SO'COET | 89'GOT | €6ES0 | TISIST | ST91- gc'e
00c 696S°S | €¥8E°0 | I€6IVI | IS'GeCT | 08°¢6 | 6€°00ET | 09°€6 | 9¥65°0 | TLOST | 98'ST— 00c
GL'T GE¥9'S | GILe0 | LESIVI | G6FECT | S€°08 | €&L6GT | 8008 | OVL90 | #8861 | 9816~ LT
0S'T €L69'¢ | GILG0 | T9O0I¥I | 8e'Gvel | GE€'S9 | 08°¢6el | 01'99 | LSLL'O | 6SSV'T | G696~ 0<'T
¢c'l 0T9L’S | ST0G°0 | IT'SOVI | 68°95€T | GG'Sy | S9°686I | €08y | LE€e6'0 | GSLV'T | LO'6G— ge'l
00T 16€8°¢ | I61T°0 | I¥'S6ET | €G0LET | 81'8¢ | T9FPSEL | €0'8¢ | ISET'T | 099%'T | 09°¢¢— 00T
060 09.8°¢ | 80800 | L&'G6LT | €C'9LET | VO'61 | ¥6@8el | 1681 695¢T | SO9%'T | L9°GE— 060
080 VLIE'S | 98€0°0 | SL'T6CT | €L7ESET ¥06 | 19'6LGL €6'8 0c0v'T | 9PSV'T | ¥6°LE— 080
0L0 €796'S | 9800°0— | PSLSCT | 68°68CT | T10G— | 99°9L6l | TT'T6— | #88S'T | SVP'1 | 97 0v— 0L0
09°0 98109 | 6G90°0— | PLE8CT | 9L'L6ET | GFVI— | Le€Lel | TS¥I— | SPES'T | OIFP'T | SCCv— 09°0
0s°0 66809 | SPGL'0— | LOSLET | €L'90FT | 99'86— | T€'6961 | €L'8¢— | GSLT'G | 0Lev' T | €997~ 0<°0
0¥°0 S8I9T'9 | 661°0— | GL'TLET | STLIVL | 9%'Sh— | PSPIGL | 6S'Sh— | S6L9CG | 9LeV'T | 9€°0S— 0¥°0
1eq % Is %y %y Iy *n n [ oLxa| 2, ieq
ssaid | 41odep | pinbry | sodep | ‘deag | pinbr | uodep | pinby | sodep | pinbry | ‘dwa) | sseud
‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg
4 31/P /0 /01 B/ w
Adonug Adreyaug A3aaug [ewsau] | awnjoa synadg

3|qe] anssaid :(4odea-pinbr) Bluowwy pajeinies jo sanuadosd pL-v J79VIL




242 ° ENGINEERING THERMODYNAMICS

000c | OL9LV | CGIOS'T | 9G'ILYT | LE'€S0T | 66°L1V | LEGVET | PP PIV | #%90°0 | TCLL'T | LE6F 00°0c
00'8T | 9808% | 66V’ [ | TO'LLYI | TO'CLOT | 00°86E | 88'TVET | S8F6C | LILOO | GoSL'T 8C'S¥ 00°'8T
0091 | ePS8¥ | 6GLE'T | €6°0LVT | LLE60T | 9V 9LE | L60VET | 69°€LE | 80800 | 90€L'T €01y 0091
00F%L | 0S06'% | LS6C'T | 6L°89¥I | 68°SITIL | L6GSE | 99°6CLET | 850SE | €6600 | OSOL'T 9¢'9¢ 00¥%I
0076l §e96v | ¢SIcT | €S9971 | eS6CTT | TOLGE | 69°LEET | 66F06E | GLOTO | IPS9'T ¥6°0¢ 007Gl
000T | ¥660°S | I6IT'T | ST'CIOVI | eV'SITTL | 9L°L6G | 99FCLET | 01966 | SSGI'0 | ¥8SI'T 68¥¢ 00°0T
006 GL90°S | 6V90°T | L609VL | PF'6LIT | €518 | 68GEET | S0°08¢ | ¥evl'0 | 9PF9'1 ¢cs'Te 006
00’8 660T°S | ¥SO0'T | 0€'8SPL | 9CFOIT | S6°€9¢ | ¥9°0ELT | #9696 | 96S1°0 | G0L9'L V8 LI 00’8
00°L 9LET'G | ¥6E6'0 | LO'GSPT | 8COICT | 69F¥c | ¥O'SGLT | 95°€¥e | SIST'0 | SVI9L 6L €¢I 00°L
009 ¢ele'S | 6¥98°0 | GI'TSPI | 6L°LCCT | ¢€€6c | 68F6LT | LEGee | VOIG0 | G86S'L LE6 009
qL's €LCG'S | 9PP80 | 6667 | T¥eecl | 8GLIG | 00FGET | 99916 | 16160 | 8C6S'L <08 QLS
0s's 0Lve'e | 9€68°0 | 08'SPPIL | STLECT | SOTIC | 90°€6LT | 8L°OTG | 98660 | €68S'1L 6L°9 0s's
gc's ¥65¢'S | S108°0 | €S LY | TOGVEl | ¢9°90¢ | LOGGLT | 69706 | 06€6°0 | LVSS'T 87’ S¢S
1eq % Is %y %y Iy *n n [ oLxa| 2, Ieq
ssald | 1odep | pinbry | uodep | ‘deag | pinbr | uodep | pinby | uodep | pinbry | ‘dwa) | sseuq
‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg
4 31/P /0 /M B/ w
Adonyug Adreyaug A3a3ug [ewsazu] | awnjoa synadg

(panunuod) p1-v 379V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 243

9/9T9 | STESFT | €C6FET | G6ECT
ISET'9 | LEBLYT | 00THPET | 9€I€T
81809 | LVI9VT | LOGEST | 08ST'T
LOV09 | ¥SOSFT | €C¥BET | 16981
9%009 | SS6SFT | 96°CIET | G9ETT
9196'¢ | SS'SEFT | LSLOST | 10151
CLI6'S | €SLIPT | ST'668T | SEST'T
€GLS'S | FF9OFT | TLO6BT | €LST'T
16€8°S | TF'S6ET | T9¥SGT | TISET'T
(0:09°€c—="L)
BIIN 01°0 =1®q 0T = d
LSEF'9 | SP9SFT | LTSSl | 9¥FEE
18S9 | SLGLVT | 19°CHET | SG0TE
8L¥E€9 | FI'COFT | 6FSEST | 6091°%
LLOS9 | 0SFSHT | LELBET | SSITE
89959 | SS'CPFI | SE6IST | 990G
16659 | 6I°SEPT | SU'TIST | €FE0°G
9819 | BSGeFl | 10°€0ST | SI66'T
06519 | €STIFT | SS¥6EL | 16761
9¥60'9 | SI'TOFT | SL9SET | 19061
06709 | 07061 | B9'SLET | 08981
98109 | ¥'€Sel | LEELEl | SvesT
(Do8T€F—="I)
BIIN 90°0 = 1eq 90 =d
AB/M | /M DI/F | B/ w
s Y n A

6IFG9 | SOFLFT | TEGHET | TLF9T 0
12029 | T€€9PT | 60FECT | €ST9T G-
GI9T9 | €SGSPT | SS'SBET | FESCT 01—
00gT'9 | GLTFPT | T9LIET | ¥ISST aT-
LLLO9 | 06°0SFT | 9€60ST | @IST 05—
€Fe09 | FO'0GFT | 60'TOST | S9S¥'T ao—
0066'S | ST'60FT | TSG6ET | E€FSH'T 0g—
9FF6'S | €8'S6ET | TSHSET | SIGHT ce—
PLI6'S | SLT6ET | T196L8T | To0¥'T SN

(Do¥6'L6—="L)
eJIN 800 = 1Bq g0 = d
08399 | 00°SSFI | S673CET | F9LE°C c
868¢9 | LVLLFT | 06FFEST | GHICE 0
60SC9 | S6'99FT | SS9EET | 08CES G-
PIIC9 | SP'9SkT | LS'SGET | 968T°C 01—
T1LV9 | S6SFPT | L80BET | 1LBI'S qI-
00SF9 | 9F'ceFl | SSBIST | FP90°S 03—
28SE€9 | 96FEFI | 06F0ST | S100°C GG
Cere9 | LFFIFL | €6°9681 | GSE6'C 0g—
ST0S9 | S6'COFT | 96'SSET | €SL8C gg—
€669 | SP'e6el | T10°1SEl | SIISE 07—
SI1G9 | S6'GSECT | SO'CLEl | ISFLE G-
%9919 | SPGLET | T1°G98T | 1¥S9E 0S—
SI9T'9 | BLTILET | ¥SH98T | S6L9C eI
(0:9€°06—="L)
eJIN 700 = Bq 0 =d
AB/M | /M B/p | B/ w Do
S Y n A 1

Jodep eluowwy paleaytadns jo sanuadold §1-v J79VL




0839 | S9'SLFT | 68CFEST | 1SEHF0 0989°GC | 69°0LFT | I66EST | €6£8S0 g
168S°S | T19°99%T | ¥9'9S€T | €BEEH0 1€F9'C | 906SPT | €9°0S€T | €610 0
60VC'S | SPFSFT | SELEET | BSEEH0 686G | OT'LPFT | S9TGET | 0S10S0 G-
€S6¥'S | SOGHFT | OSLIST | SErIv0 pECes | 00°CeFT | LEBIST | 1S06%°0 01—
PeSF'S | LPISFT | €9°60ST | L090F0 061S°S | €0°9gFT | 6F'SOST | €I8SH0 s
(Do¥86—=""11) (06L9°€T—="L)
eJIN 00 = ®q 0'¢ = d eJIN G0 = Teqgg=d
TEVT9 | 09FEST | 9L'SSET | €BL60 0
GEIT9 | 99°€3ST | ST0SET | €SS6°0 <t
$1009 | L9TEST | 9S98ET | €SSELO 1SL09 | TSBIST | BLTLET | @SE60 0%
796'S | #%08ST | €6'LLET | 9SBIL0 0L£09 | ¥F'TOST | 63€9ET | 01860 c1
0986'S | ST'60ST | SG69ST | BS669°0 1866'S | ¥EO06VT | SLFSET | LEOBO )
1.88'C | LSL6VT | 6S°09€T | 0¥989°0 G8SE'S | 0T6LFT | SB9FET | F988°0 g
eLPs'e | TSOSPT | LSTISST | 0BELY0 6LI6'S | BO'SI¥T | S9LEST | 68980 0
9908'C | 60°CLYT | TT'SFET | 686590 ¥9.8'S | 6L9SFT | S0'6BET | FISS0 G-
6F9L'S | 6S°€IFT | 6GFEST | SFIF90 8ce8'S | 6F'SHFT | FFOGET | 92€8°0 01—
18L'S | 00BSPT | TH#'Seel | ¥62£9°0 B06L'S | BI'FESPT | SLTIST | SSISO qT-
18L9°C | TE€OFFT | 9¥'9IET | 936190 VSYL'S | L9GEFT | 00°€0ST | SL6LO 0%—
8E9S | TS'SEFT | S€FLOST | @HS09°0 ¥669'S | STTIFT | 0BF6ET | S6LLO GG—
696SS | TE6IFT | 6L00ST | 09¥6S0 €69S | T9O0TFT | 08'€6BT | LSLLO BN
(0:98°ST— = ""L) (053855~ ="L)
edIN 03°0 = 1®q 0 = d PN GT'0=1eq g =d
6€6€9 | OT'LICT | SGGLET | GELLT 0%
91869 | 08'CICT | LEFLET | €SIFT 8969 | S£'90ST | TOL9ST | SIFLT a1
THPE9 | 96'F0ST | S6°G9ST | 006€T T6IE9 | 09°G6FT | LL'SCET | €OILT )
€909 | TTF6FT | $9LEET | LPOCT 60839 | PSFSFT | FS0SST | SSLIT g
AB/P | B/ BB | By w AB/P | B/ H/B | By w Do
s Y n A S y n A 1

244 ° ENGINEERING THERMODYNAMICS

(panunuod) s 1-v 319V.L



APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 245

G8'6I6T | SS'BIBT | 9S°069T | GBELEO
9T'TLST | 9T'TLST | SSTS9T | LBSHE0
9T'€eST | 9T'€e8T | 98°€I9T | €BEEC0
6L'GLLT | 6L'GLLT | SS9LST | S0S6¥0
L6'SELL | L6'SGLT | SS'6SST | 0SGLFO
8CG89T | SSESIT | ¥9°€OST | €ELVF O
IF9€9T | T#'9€91 | LLLOFPT | 091EH0
LTO6ST | LTOBST | LEISPL | 0SS6E0
SCEFST | SEEPST | S8°S6ET | $SS9£0
LS6IST | LS'BIST | 6FLLET | 0BSSE0
€CCVT | €CGAFT | T18'SSET | 6BIHE0
6FOLFT | 6V0LFT | S9'6EET | TOLZEO
9SFFFL | 9SFFFT | S6'6IST | LBGIE0
68'6EFT | 686SFT | BT9IET | @FB0LO0
(0006’ T-=""L)
edIN 0F0 = eq 0'F = d
8668°S | ¥E09ST | OL'SOFT | BIS0S0
ce98'c | LL'SFST | 99'66ST | LEY6F 0
$988'S | 9°LEST | 00'T6ST | 9SLS¥0
988L°C | 0L'SEST | 607BSST | OLSLY0
66VL°S | LOFIST | FICLET | SL69VO
€0TL'S | 9€G0ST | STH9ST | SLO9YO
L699°G | 9G06F1 | SO'SSET | 691SF0
AB/P | B/ BB | By w
s Y n A

09%L9 <9°0661 ST'1691 GLSS90 00¢
T1¥9°9 90°GLST 182991 S¢LE90 0ST
0€€s9 9T ¥¢S1 097191 9L86<°0 091
¢1er9 G6'9LLT SCLLST €T0LS 0 orl
9¢0¢9 9¢'0CLI 6L°0¥ST 9¢T¥S 0 0cl
0S8T9 LO¥S9T CLV0ST 0¥G1S 0 00T
98509 ST'SC91 90°'69¥1 0GeST 0 08
6¥366°S 6L e6s1 Qaeerl £96ST°0 09
SISL'S 60°9%<1T LS L6CT 0SCer 0 (017
LGOL'S 99°¢es1 IS'6LET ¥180%°0 0¢
65309°S LS'S6V1 67 19¢1 1SG6E°0 0¢
LI¥S'S 197.LV1 GS'CVel ¥G9LE O (18
¢esy'S 0L 6¥71 99°¢cel TT09¢°0 0
910¥°¢ T109¢v1 PICICT SOTSE 0 Jes
(0:9¢°6—="1)
eJIN €g0 = 1Bq g'g = d
LP66'S | FLTIST | 990TFT | L8090 o
6996'S | THICST | PSTOFT | SES6S0 o
€ZE6'C | SOOVST | OT'S6ET | €6L89°0 qg
1S8S°C | OL'SBST | FEFSET | SPLLSO 0¢
ILFSC | SELIST | SSQLET | 16990 <z
€908°C | 09'C0ST | BL'99ET | 089S0 02
C89L'S | SEF6FT | PSLGET | 09SFS0 4
SLELC | T9BSPT | 16'SPET | BSPego 0t
AB/P | B/ H/B | By w Do
S y n A 1

(panunuod) s 1-v 319V.L




246 ° ENGINEERING THERMODYNAMICS

TL06'C | BC9L9T | SE'66FT | 9¥S6T0
89LL'G | BE6B9T | BTEBIRT | €SLLEO
€L€9°G | SCTISST | 6F'SEHT | 186550
1€96°C | €0LSST | L990FT | 6S0SE0
1S8¥'S | €GeSl | B9LSeT | SITFE0
930F'S | TS'90ST | 06L9EST | BSICE0
SPIC'S | SCOSPT | GYLVET | SCI8E0
G6IES | 9T'ESPT | LV'98€T | SITIZO
TIGS | BU'TISFT | 6SFGET | SE0TE0
(D226 =""I)
edIN 09°0 = eq 09 =d
18969 | ¥ESI6L | SE'6891 | TLLSHO
939%'9 | 9¢'69ST | FS0S9T | S9LEFO
L6669 | FITEST | OFGI9T | 6FLIFO
GIPG9 | ISCLLT | 06FLST | GELESO
eFel9 | LE9BLT | L6LEST | 1S9LE0
03009 | 99°6L9T | 9¥'T0ST | 189SE0
€CL8G | $9GEIT | 9T'COFT | SESES0
B9EL'S | IS'SSST | 9L'SGHT | OIVISO
8.8C¢'G | LL8ST | FLI6ST | LTE650
080SS | STEIST | 9L'BLET | €01S%0
VEEF'S | 90°SSFI | BEESEl | 6F69%°0
0SS | 00G9FT | TEeeel | LSLSE0
€9.%S | 6L9FFL | GO'TEEl | ¥€0SE0
(0oCTF ="1)
BJIN 050 = eq g =d
AB/P | B/ BB | By w
s Y n A

GGS6'S | S0'SLOT | 9£°00ST | LOSEE0 00T
0€28'S | POTE9T | SS'€9FT | S6E0E0 08
SF89G | 09°€SST | STLGHT | 6F¥SE0 09
PIT9G | €9°6SST | €SS0FT | ¥SPLEO 0S
GFecs | L0'GEST | $9°68ST | IFF950 oF
peek's | LOOIST | SEOLET | €O¥SE0 0
1L9€°C | PEFSPT | 09°0SET | SEE¥E0 0%
€FLES | €9°LSFT | SS'6BET | LTEEE0 01
0SVE'S | 0S'SPFT | 90°€3ET | 198650 s
(Do6L9=""1)
eJIN GC0 = eqgg=d
80299 | FO'6I6T | L6'6SIT | S060S0 003
ce1c9 | 9z°0L8T | 05 1S9T | 189S¥°0 08T
690F9 | SI'GEST | SS9 | SFFIP0 091
9¥659 | S9FLLT | E€L'GLST | SOGHPO ov1
ISLT'9 | L9LGLT | 16'SSST | L¥BIF0 0G1
$9S0'9 | LO'TS9T | SSBOST | T1L96E0 001
G8E6'S | €9FELIT | LF99FT | 69ELE0 08
936L°G | 00°SSST | LEOSHT | 630SE0 09
09¥9°S | $9OPST | 0S'€6ET | 1€93E0 o
PL9G°C | SPOIST | SI'GLET | TOFIE0 0g
GFSF'S | BLIGFL | 60°9SET | EFI0S0 03
B96E’S | 6T'99FT | SF9LET | 9¥8SE0 01
cere's | CEeRbl | €LSIST | TL9L80 s
(Ds52'T="L)
BN GF0 = Teq g =d
AB/P | B/ H/B | By w Do
S Y n A 1

(panunuod) s 1-v 319V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 247

PFOGS | 90°9SST | LOT6ST | 66¥F1°0 983€'S | LVTPST | T1°S6ST | €£9891°0 0¢
S9LT'S | 0T'SOST | BS'69ST | S9SET0 9S¥ES | SPFIST | TIGFLET | ©SSST0 o
9I1S0°S | SS'SLFT | BS9FET | 90BET0 0ST'S | 0T9SFT | 9£7BSET | BLSFI0 0
¥630°S | ST'S9FT | 99FEEST | BSSEI0 GL90°c | L6'09VT | B8SBEET | 6EGHI0 s

(Do68¥2 = L) (003818 =""L)
BN 00T = 1®q 00T = d BN 06°0 = ®q 0’6 =d
11€€'9 | 6€€I6T | €9G89T | SFIST0 886€9 | TO'CIBT | BO'LSIT | TLSEE0 008
€FEE9 | P6'€9ST | LS9FIT | OLILEO G659 | SL'C9ST | 06LFI9T | TGITIE0 0ST
OFIT9 | $O'CIST | 96°L09T | 988550 988T9 | SO'LIST | ¥#609T | £996%0 09T
g666'S | T9'99LT | 68'69ST | 06SFE0 88909 | B6'S9LT | LSTILST | €618%°0 OFT
T08S'S | SFSILT | ¥88eSl | 082ET0 B0S6'S | BU'TELT | 9TFEST | 60,950 03T
opeLe | LE0L9T | LLF6FL | 6¥6IT0 8CES'S | 9F'€L9T | TOL6FT | S0BSE0 00T
6089°S | 99TE9T | FTLSPT | 065050 6€69°S | 99°C¢E9T | SS'6SHT | ¥LILEO 08
€9LF'S | STELST | LL'STFT | 6SI61°0 61SS'S | L8'9LST | 9T'GEHT | T01GE0 09
986€°G | LLOVST | SO66ST | S9PST0 09L¥'S | S6'ISST | 06'B0FT | €6GIE0 0S
191€°C | €508ST | LL'SLET | OBLLLO 8GBE'S | SF'98ST | 0G'ESET | ¥9¥0G0 oF
LI3ES | 6TEEFT | TLLSET | SPE9T0 FOIE'S | ST'00ST | S8°G9ST | 0T96T°0 0¢
QTIET'S | OLFIVT | 6CSECT | SET9T0 9818'S | LLGLFT | GLTIFET | TGLSTO 0%
660T'S | 0S'SSFT | ¥90SST | 8S6ST0 9.8T'S | LO'SSPT | O'SGET | SPISTO e
(DoP8 LT ="L) (Do6L°ET ="L)
edIN 08°0 = 8q 0'g = d eJIN OL'0 = t®q(L=d
99.F'9 | €9°9161 | 05'SS9T | T1LOSEO €08¢9 | SFLIBL | 6L'SS9T | I1LSIFO 003
L0LE'9 | 9G°L98T | TE6FIT | 06£9E0 9FTF9 | 9%'S9ST | SS6¥9T | GFLESO 0ST
€1959 | BI'6IST | 6OI9T | 669FE0 Ge0c9 | €T°08ST | 99 TI9T | €06LEO 091
ISFT'9 | @EILLT | ¥ECLST | L66BE0 9619 | LEGLLT | LOFLST | ¥S09€°0 0¥ 1
$0€0'9 | 9L°€ELT | LO9EST | 1ISGICO €¢L09 | LOGELT | BOLEST | 06IFE0 0BT
AB/P | B/ BB | By w AB/P | B/ H/B | By w Do
s Y n A S y n A 1

(panunuod) s 1-v 319V.L




248 ° ENGINEERING THERMODYNAMICS

88P¥'9 | 69TIIE | SCSFST | OT061°0
€Iee'9 | ©L'8S0% | SLTOST | €888T°0
€IgE'9 | €7'9008 | BLOILT | TSELTO
esFT'9 | €L¥S6T | SC6ILT | SIS9T°0
LEF09 | 6SCO6T | ¥9'SL9T | 890910
€ee6'c | F6BSST | €¢8€9T | SIEST0
8618'C | C9GOST | ©6'S6ST | BSSHI0
€T0L'S | BSBSLT | €9%6SST | LLLETO
€9LG'C | TEBOLT | TFO0BST | 986810
eery'e | 081C9T | 6L0SPT | BLIGLO
¥865°C | 6S°S6ST | 900FFT | FEEIT0
09ST'S | 69GHST | L6'96ST | SEHOT'0
€SPEF | €CTSYT | 6G6FET | BEF600
0S06F% | 6L'S9¥T | 9<¢6€CT | T1€860°0
(0:9%°9¢ = ""I)
AN OF T = 1Bq 0FT = d
IL1E9 | #TOTI6T | ¥#'€S9T | 0L98%0
g60T'9 | 6209ST | TI6CFIT | S€9TG0
I866'C | ¥6°0TST | L6F09T | SBSOE0
€6S8'S | 96°T9LT | TS99ST | SHSEI'0
BI9L'S | ST'CILT | €€'98ST | SL¥STO0
2€L9C | OT'F99T | 0B06FT | 6SELI0
096%'S | TEFIOT | 09'TSHT | 0LBITO
097€'S | 99B9ST | B6LTITHFT | 90TST0
AB/P | B/ BB | By w
s Y n A

L9359 | FLEITE | ¥OLFST | SGE6E0 0S¢
L6EF9 | 901902 | SFFOST | ESEIZ0 09¢
€0ee'9 | F0'6008 | €9TILT | ¥EC0T0 0¥¢
©8E59 | 99'L96T | 0STGLT | 089610 03¢
0€eT'9 | L9'906T | SO'TS9T | BISSTO 008
SF109 | €9°9SST | €ETIFIT | 0S6LI0 0ST
1206'S | 18'908T | S6T09T | GLOLT'O 09T
0S8L°S | 9T'LSLT | 60°€9ST | TSI9IT0 OFT
0899°S | TLLOLT | TF¥GST | SLESTO 03T
GTec’S | TLLS9T | SS'eSFT | LFEFT0 00T
906€'C | 99°909T | TI6CHFFT | LSELTO 08
LFEES | LOESST | FSFOFT | SLEGTO 09
€cco'c | ST'SBYT | €L'6SST | LSGITO oF
CE96F | €S99¥T | BCLEST | TSLOTO BN
(Do¥6°0¢ = "L
edIN 05T =1®q 03l = d
11289 | LLTIBL | $9¥S9T | LEBSE0 003
6€9T'9 | BI'G9ST | ¥ESFIT | LBOFE0 0ST
0£S09 | 00°€IST | 9F'909T | S¥6EE0 09T
6LE6'S | 6TFILT | 0G'S9ST | SSLIZO OFT
9L18'S | IS'CILT | 0£0SST | 19050 03T
8069°GC | ¥L99T | 0SEEFT | 9I¥6I0 00T
ggec'e | TI'SI9T | 6EFSHT | I6IST0 08
€80F'S | T19°L9ST | BECSIFT | 6910 09
AB/P | B/ H/B | By w Do
S Y n A 1

(panunuod) s 1-v 319V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 249

L03E9 | SSLOTE | SSEHST | ¥ELPIO
TGEE9 | SOFS0E | SE66LT | BEIFI0
01319 | ST'T00E | SS'9SLT | PLSETO
0L109 | €9'SP6T | 00CILT | 166810
9606'S | S6'96ST | SL'€L9T | 00¥EI0
G86L'S | 0SSFST | S0°€e9T | TOSITO
889G | €TFBLT | 9LE6ST | TOILT0
PI9S'S | SSEHLT | 197BSST | 0LSOT0
98ey'S | $6'069T | GEEIST | T€660°0
LE6TS | SLLE9T | L6OLPT | L9600
66ST°S | L6TSST | 6LLEHT | S9S80°0
L396% | 6TT8ST | LLOSST | T0SLO0
9808F% | TOTLYT | SSTFEST | FLILOO

(DoSE°SF = "L)
eJIN 08T = 1eq 0'ST = d
AB/P | B/ BB | By w
s Y n A

0£S8'S | $9°€68T | €CTL9T | 9TITT0 003
60VL'S | PLTPST | BEOLYT | TLSOT'O 0ST
79S| L66SLT | S9'68ST | 9T00T0 09T
BI0SS | S6'LELT | SO6FST | LFF600 OFT
€0LES | ¥E'S89T | €0°'S0ST | 198800 03T
€83S | 99°089T | 68'COFT | SFESO0 00T
9690°C | LTELST | 9CTIGHT | 96SL0°0 08
S€8SF | PS60ST | SOTLET | SLS90°0 09
0L9LF | 9TTLFT | LEGFET | SFFO00 s

(DoLE6F = L)
eJIN 00 = 18q 0°0g = d
60S€9 | ¥9'60IE | SOFFST | 66S91°0 083
6869 | @F'9S0% | LOTOST | 6S6ST°0 09%
€GST9 | I8°€008 | BL'SSLT | ¥IESTO 0¥
6SL09 | 6LTS6T | ST'LILT | €99¥T1°0 033
€GL6'S | 60061 | TE9L9T | SOOFI0 003
1298°C | €G6FST | 186891 | 6EEET0 0ST
GLPLS | SP'SBLT | S8°G6ST | €99Z1°0 091
939G | BLLVLT | FT9SST | ¥L6ITO 0¥ 1
800¢S | ¥9°9691 | FE9IST | S9EIT0 0G1
SF9CS | 9SFFIT | ©6°CLFT | 6ES01°0 001
9¢15'S | OF'06ST | BOFEHT | ¥PLLEOO 08
19¥0'C | SGBEST | 90°68€T | 1S680°0 09
eFeSVy | €TOLFL | L6OFST | 6L080°0 g
(D00 TF = 1)
eJIN 09°T = 1eq 09T = d
AB/P | B/ H/B | By w Do
S y n A 1

(panunuod) s 1-v 319V.L




250 ° ENGINEERING THERMODYNAMICS

Gl VEL'T ¢80 LGSV 89¢¢ 6'Scl q9ey 9vel 89890°0 cS6'l ¢tL’9 ¢l
8 LEL'T 90 ¥'SLy 6'¢9¢ g art e€eey VIl 999L0°0 1€6°T 1109 8
i VLT 0T¥°0 I'vLY 8'89¢ €601 18y V0l 16980°0 016°L 6vE'¢ 14
0 arL'l ¥LE0 9'69% avLE 166 R¥ Y G¥6 €9960°0 068°L VLY 0
01— LGL'T ¢8¢0 ¥'8S¥ 0'88¢ VoL cely 869 60€1°0 ¥PS'1 1sv'e (V) G
0c— CLL'T 061°0 89r¥ go0ov €9 ¥e0y 6'GY gI8T'0 c¢08'L Yry'e 0G—
0¢— I6L°T 960°0 0'eey ety 6% 9'16¢ 9°¢¢ €85¢°0 €OL'T LLI'T 0e—
ov— qIs'T 00070 ([R¥31 ey 00 0'18¢ 60— 86LE°0 SoL'l OIT'T ov—
05— are'l 860°0— ¢1y 9'¢ey V'ee— ¥'0LE q'ee— €6L59°0 ¥69'1 9v0L°0 05—
09— €881 S61°0— ¢'66€ qevy Evy— 6°65¢ Yyy— ¥£¢6°0 €991 19¢¥°0 09—
0L~ 666'T 10€°0— 1WASHY 1'esy 8°G9— g6ve 8°G9— 1681 €e9'l Yeve o 0L—
08— 9861 80¥'0— | ¥'4LE a9y 0°LS— €6ee 0°LS— VLL'G G091 T10€T0 08-
06— qg0'c 61S°0— | 9¢€9¢€ VLY 8§ LOT— €'6ce 8§ L0T— are's SLGT | 98¥90°0 06-
001— ov1Le ¥€9'0— | 0CsE ¥ 0S¥ ¥'8cl— g6le ¥'8el— LC'TI €481 | 888200 | 00T—
Do s ’s y y Yy “n ’n A |oLx| aeq | o
dwa) | sodep | pinbry | sodep | ‘deag | pinbr | uodep | pinby | uodep | pinbry | ssaug | ‘dwa)
‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes
M 31/M /B /01 31/ w
Adoayug Adreypug A3a3uz [ewsazu] | awnjoa syadg
3|qe] aJnjesadwsa] :(4odea-pinbi) suedoud paieanies jo saiuadoid 91-v 379VL
G99¢'9 09'¢0Te €0 T8I ¥eeeT 0 08¢
GL9T'9 VL1508 €9°L6LT 90LeT'0 092
89909 98661 06 7SLT e81eT'0 0¥¢
1196'¢ L8'Gv61 ¢8GILT c991T0 0cg
AB/P | B/ BB | By w AB/P | B/ H/B | By w Do
s n A S y n A 1

(panunuod) s 1-v 319V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 251

L'96 LEV'L LEV'L G'LSY 00 (2ci 6'7Ey 6vey | SLSP000 | SLSTY 8¥cv L'96
<6 ig*Ht 0ee' L L6V g6l vy VL9V 866 | 96€900°0 | 887'¢C 611V <6
06 8091 cre'l 6'¢IS 1'eeT 808¢ c'esy ¥'69¢ | SI¥S00°0 | 8€0C y9°LE 06
a8 8€9'1 SLT'T 9'T6s L¥9T 6'95¢ 6987 cLYG 10100 | L@8¢ 9L e a8
08 LS9 cel'l ¢'Scs ¢'681 0'9¢e 88y 9Lee | GSIT00 €89¢ I1ETE 08
GL 1L9T 6901 9'9¢< 860¢ 891¢ 8 LSV g'60¢ | €9¢10°0 €LGC 67'8¢ SL
0L 891 ST0'T ¥'9¢s L'LG¢ L'86¢ 1'98¥ £'e6c | 095100 €8¢ 98¢ 0L
<9 0691 696°0 ¢'Ses 8'¢eve VI8¢ 9°€sy L'GLe | 9LLTOO 90¥'¢ cree <9
09 LE69'T 1¢6°0 ¢'ecs ¥'85¢ 8¥9¢ 9°08¥ 8'6%¢ | ST0C00 oree 9T'T¢ 09
9¢ T0LT ¥88°0 1'1¢s ¢'69¢ 6'1<¢ LLLY VLive | Lecc00 £€6¢¢ LV'61 9¢
¢S SOL'T 980 981¢< €'6LC £'6Lc 9Ly €'6te | 657¢0°0 0sce 68 LI (4%
1514 60L°T 608°0 6'SIS 6'88¢ 0°Lcc VLY y'e€ee | ¥ILc00 1166 0¥ 91 8v
v CIL'T CLLO 6'¢clS 0'86¢ 6V1c 6'L9V L'TIe | L66¢0°0 VLTC 00°¢T v
or SILT 9¢L0 9'60< <90¢ 1'€06 evov ¢'00c | 0IELE00 orle 69°¢CI or
9¢ LIL'T 6690 ¢90s 9¥IE 9161 9°09% 6'881 659€0°0 801°¢ Lyl 9¢
(43 0cL'T €990 9760< yeee ¢'081 L9sy 8 LLT 8¥0¥0°0 8L0°¢ €Tl (4%
8¢ oLl Le90 6'86% 6'6c% 0691 6'csy 6991 €8v¥0°0 0s0¢ LE 01 8¢
ve St 1650 0°s6¥ 0°LEE 08<T 6'8¥v 1961 €L6¥0°0 ¥e0c 8L¢°6 ve
0c 8cL'T §eso 0'T6¥ RY2Y 'LV 8Viv yavl S65S0°0 6661 c9e'8 0%
91 TELT 6150 6987 §0se ¥9eT LOvvy 0°eeT 6¥190°0 GLE6'T SIS'L 91
Do s ’s y y Yy "n ’n A |oLx| aeq | o,

dwa) | sodep | pinbry | sodep | ‘deag | pinbry | uodep | pinby | uodep | pinbry | ssaud | ‘dwa)
‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘JeS ‘Jes
) 31/P /0 /0 B/ w
Adonuzg Adreyyug A3a3ug [ewsau] | awnjoA cyadsg

(panunuod) 91-v 379v.L




252 © ENGINEERING THERMODYNAMICS

00'ST SOL'T 6¥8°0 8'81< 9'8L¢ ¢ove 6V.LY ¢9¢e | Tvy¥e00 | €9¢'¢ 0¢cs 00'ST
00°LT LOL'T ¥68°0 0°LTS 0°68¢ 0cEe LGLY €8¢ | 909200 | L%ce <9'6v 00°LT
0091 (vl 66L°0 0°STS ¥'16¢ 9'¢ce ¥ OLY 1'0¢é | 06L60°0 | 00GC 68°9% 0091
00°¢T CIL'T GLLO 6'cls 6°L6C 0°STe 6'L9V L'TI¢ | L66¢0°0 | PLIC 10¥¥ 00°¢T
00vI VIL'T SVL0 ¥ oIS ¥¥0e 0'90¢ G'S9¥ 0'¢0c | 1€8€0°0 | SPIC LE6°0V 00¥vI
00°¢€T 9IL'T 91L°0 L L0S 0TI L'961 eIV 6'¢61 | 66700 | ©cl'e LLLG 00°¢T
007¢I SIL'T G890 8¥0s 8°LIE 0°LST 1'6sy ¥¥8T | 0ISE00 | 960C 6£7¢E 00CI
00°IT TeL'T 990 g'ToS Lyee 89LI 9GSy SYLT | PLIFOO | 0LOG 0s°0¢ 00'TT
0001 eeL'l 8190 6°L6V STCT 1991 81y 0%9T | 909%0°0 | €¥0C €6'9¢ 0001
006 9L’ 0850 8'¢6v 1'6ee LSl 9'Lvy 6¢ST | 661S00 | 910¢C ¢8'G6 006
008 6cL'1 0vso €687 LI9vE 9evl ey OTvL | 9LLS00 | 686'1 €e8l 008
00°L eeL’l g67°0 cysy 9¥se 9661 0'SEy ¢'8¢l | 869900 | 0961 I¥el 00°L
009 LOL'T 9y 0 €' 8LY 0'€9¢€ &SIl ¢ty GPIT | 089L0°0 | TC6'I €6°L 009
00 evLl 68€°0 9'ILY 1eLE <66 L'Sev 986 GL160°0 | 6681 VLT 00's
00% ISL'T ¥ee0 cegr 08¢ ¢S 0'ST¥ 808 LETTO G981 9Y'e— 00
00°¢ CIL'T ¥ve o 9°€sy €eee €09 L'S0¥ 864 96¥1°0 928’1 9IvI- 00°¢
00¢ e8L'T 6€1°0 ¥ ovy 6'90v gee 9'96€ 1'ee ¢61¢60 I8LT ey a6— 00¢
00T eS8l €e0'0— | €0y L'Sev Ve S'8LE 9¢- g817°0 61L°1 8Ceh— 00T
GLo P81 G80°0— | S8el¥y e€ety g6l- RVAY 961- LOYS0 S69'1 89'8y— SLo
0<0 IL8'T | L9T0— | 6¢0v <oy 9°LE- 1'€9¢ LLe- ¢96L°0 L9l €6'95— 050
gco Le6'T | L6G0— | 8L8E LcSy 679— 00s¢e 679— eIl ¥e9'l €e'69— gc0
01°0 IT0c | 0S7'0— | S0LE 6°S9¥ 1'S6— [8%3% 1'S6— orae 651 L8'¢8— 010
c00 I180¢ | 995°0— | 86SC yvLy | 9vIl— | 09¢¢ | 9VII- G6SL9 0LS'T 8¢ C6— <00
1eq s Is %y %y Yy *n n %A OLXl D, Ieq
ssald | 4odep | pinbry | uodep | ‘deag | pinbry | uodep | pinbry | sodep | pinbry | ‘dwa) | ssaud
‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes ‘Jes
3/ /B /41 1/ w
Adonyug Adreyaug A8i3u3 [eusazu] | awnjoA cyadg

3|qe] anssa.d :(4odea-pinbi) aurdouy paieanies jo sanuadoid /1-v 379VIL




9GG'6 0S¥y | RYAY 06T'¥ 963’6 6'T0¥ 8'19¢ ST0'S 09—
¥91'¢ S 10¥ <'19¢ 666'C €E3C'6 8'88¢ 9'0s¢ 6€9°L 0L—
101G ¥'88¢ €0%¢ 808°¢ 691G T9LE 8'6£¢ 8CC'L 08—
LE0'C L'GLE S'6LC L19°C €01'c 8'¢9¢ ¥'6GE LLS9 06—
110G S'0LE €'L9¢ raee 180G 8'65¢ 0'9g¢ ¢SL9 Fes
(D.L8°68~="11) (068266 = ""1L)
BJIN 100 =18q 10 = d eJIN S00°0 = 18q 600 = ¢
AB/M | /M /M | B/ w AB/M | /M /M | B/ w Do
s U] n 0L x4 s Y n 0L x4 1

sodep auedouy pareaysadng jo sanuadoid 8-V 379VL

APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 253

i LEV'T LEV'T (254 0°00T (%S4 67y 67EY | SESY000 | SEST 0L796 8y'cy
00°0¥ VLGT g6c’l €e0s €0l 0'TO¥ LyLy 6'L8¢€ | TSTLO00| 6L6¢C 8¢°C6 00°0¥
00°se €eo'l 06T'T ¢'0cs 1'6S1 ¥ 19¢€ €98y ¥1SE | TLL600°0 | 98T 1098 00°¢e
0o0'o¢ 7991 L60°T 0'9¢S 6861 I'LeE 1'88¥ ¢6IE | €9¢100 | 0€9C GL'LL 00°0¢
00°8¢ €L9'T 090'T 9'9¢S ¢ele ¥ere g LSY ¢90€ | 86ET00 | ©9C¢C 0TvL 00'8¢
00'9¢ 1891 120 T ¢'9es 6°9¢¢ 9'66¢ ¢98Y ['e6e | 6¥S10°0 | LSVC LE0L 00'9¢
007¢ 8891 18670 9°¢es 1'0ve G'G8e €vsy L'6Lc | TGLTO0 | ¥ev'e 1699 007¢
007c¢ g69'l 6¢6°0 0¥cs 0'¢Se 0'TLe LISy 869¢ | T¢6100 | #9€¢C 06'19 007c¢
00°0¢ 00L'T 9680 8'T¢S 6'G9¢ 6'GS¢ L'SLy €T19e | LSTE00 | 80EC LG LS 00°0¢
0061 €oL'T €L8°0 ¥'08s G'eLe G'8¥¢ 6'9L¥ 8€¥e | ¢66c00 | 08¢¢ €87¢ 0061

Ieq s Is %y %y Iy *n In ) OLxal 2, Ieq
ssald | 4odep | pinbry | uodep | ‘deag | pinbry | uodep | pinbry | sodep | pinbry | ‘dwa) | sseud
‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘Jeg ‘78S
1 B1/P /0 /B B/ w
Adonyug Adreyyug A3a3u3 [eusau] | awnjoa cyadsg

(panunuod) £ L-v 319V.L




254 ¢ ENGINEERING THERMODYNAMICS

g 6'L8S SRl 1139°0
€93 L'69G <'60S 8109°0
LOS'E 6'1SS L'E6V ¥88S0
1S58 oyeS TSLY 63950
761G 9'LIG €'eoF PEFS0
9e1's 0'10S 9'SFF €350
8L0'G Sy Vrey 070S0
610G 169 L'0By THSF 0
096'T L'ESh ¢ LOF H9¥%°0
6681 9'SEy TY6Ee 6EFF 0
L6S'T §'¢Ty S TSE PETH 0
TS’ €08y CQLE S8T7°0
(068 ="I)
CINT0=1®q0T =
7€9°G €038 1G9 816'S
8.8C 6'€0S 9'05F 63€°S
035G 1SSy L'9EF 681°G
€oF'G 9TLY 1'eey 0567
< 9'L5F 0°0T¥ 09LF
9vEe'T 0°CHy ¢ L6E 0LS
982G §'SEy 0°cSe 0SE¥
AP | B/ DI/ | By w
s Y n 0L xA

166G 168G 193¢ 6721 09
9672 6'0LS 701G g1 0S
0F¥'e BECe 9F76¥ CLT'T o
¥SCG 6'GES T6LY cel'l 0¢
SGEE I'61S CFoF 960'T 0%
L85G L1308 S 67 8C0'T 01
¢Iee L9S¥ g'gey 6101 0
GSI's 1LY 1'Ge¥ 186°0 01—
960G 6'GSF S'S0F TF6°0 0%—
LE0'E ' 0'96€ €06°0 0g—
9L6'T 9'9g¥ 7’8 €980 0F—
P16 GEI¥ ¢ILE 7380 05—
181 6'20F 1'€9¢ 96L°0 s
(008695 =""L)
BN 00 =eqgo=d
G9LG 7025 9°0L% co'TI 0%
60LC 170G ¥V sig L9°0T 01
TS9°T T'SSY g'9¢¥ 6501 0
765G SELY T'Ce 116'6 01—
9£C8 g L8 0Ty €ee6 0%—
LIV T ¥ L6E qs1'6 06—
ST¥'G 0'62¥ [RSS 9LL'S 07—
LSCT ocly €'eLE L6SS 05—
AP | B/ DB | By w Do
s 1 n OL xA 1

(panunuod) g1-v 319V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 255

G608 g'gLS ¥'61S e811°0
8€0°G G'6SS Q08 oFIT0
6L6'T 60V 1'98¥ 96010
6161 GGG 0'0LF 1S0T°0
Sl €F0S T'¥S¥ S00T°0
96L'T €'98¥ ¥'e¥ LLS60°0
SFLT 9 1LY L' BLI60°0
(DoPLT="L)
AN G0 = 18q O°C =
69€G g TH9 9FLG €3BT 0
VICG L1289 0'L8S LSTE0
SCEE €09 9655 0600
30%E 7’685 L'G5S 3030
CH1'G §F9¢ z'90S ¥S61°0
880G 9'9¥G 1°06¥ g881'0
0£0'G L'83G TELY 9181°0
1L6T TIIS §'9SF 9FLT0
ZI6'1 0'F6¥ g'ch ¥L9T°0
IS8T T'LLY 0'65¥ 309T°0
6SLT G'09F L¥T¥ LBET0
BOLT 9l L'SOF 96¥1°0
(09T F1-="L)
eJIN €0 = 1eq (¢ = d

AB/P | B/ H/M | B/ w
S Y n OL xA

G80'G TB9S ¥F0S SHFT0 0S
LB0G g'EHG 1'8S¥ Z6ET'0 0¥
6961 IR <Y TOLY 9eET'0 0g
606'T 6'L0S 9'9F €8ET°0 03
S¥S'T €'06¥ ¢ LBET0 01
98L'T 6'GLY 1'9%¥ 69TT°0 0
6L1 g9y 0'STH LETTO e

(D.97'c—="L)
eJIN F0 = Tq OF =
675G 7’9 1'9.8 coee0 06
V6C°G L'€%9 7'9GG L9ZE0 08
6£CG SF09 T'1¥S 691€°0 0L
€8TG L°GSS €3S 0L0€°0 09
L3EE €295 6°L0S 0L6%°0 0S
0LT'G i 6'16¥ 1,820 o
¢IT's L1188 €9LF 0LLZ0 0¢
950G SIS T'19% 699%°0 0%
L1661 9'L6¥ viag 99550 01
9e6'T ISy gIe¥ €o¥% 0 0
LIST 6'F9¥ LLTF 9GET 0 01—
9181 0'6F¥ 0F0F 1S8E°0 05—
eSL1 a\iag 9'96¢ E615°0 e
(Do¥'ce—="I)
eJIN 50 = 10q (g = d
AB/P | B/ /P | B/ w Do
S Y 2 OL xA 4

(panunuod) g1-v 319V.L




€68°C 7'969 €139 a8TT'0 0BT

19€°G 8969 Z'9%9 600T°0 8€€'E T'LL9 0'809 ISTT0 01T
90€'g €'cLy 8909 98,600 €8%'E %959 T'68¢ 9T1IT0 00T
0SZ'G €9 6'L8S ESF60°0 LTEE 9'ce9 L'0LS 1S0T°0 06
¥61'C 9'¢e9 769G GL160°0 ARS 7’19 L73ES SZN0) 08
LET'E Te19 T1SS £9880°0 ¢Il's G'G6S 0'eS 6001°0 0L
6L0°G T'E6S 7'ees L¥SS0°0 950G 0'9LS 9'LIS 6GL60°0 09
130°G g'eLS 6'C1S GBES0°0 L1661 §'9¢S L'00S LSE60°0 0S
3961 075G L'S6F 968L0°0 S€6'T 6'LES 0S¥ 81680°0 oF
1061 §FEC 6 1S 8GGL0°0 LIST T61S L'L9¥ $85S0°0 0¢
0¥S'1 L'Clg T'99¥ 01ZLO0 cIS'1 900 QIS L8T1S0°0 0%
9LLT L'96¥ g'Sh¥ L¥890°0 TSLT TTs 9'ceF 69LL0°0 01
eeLT THSF 0'Se¥ 86590°0 LEL'T e'SLY TTEF 089L0°0 BN

(DoTF€1 = 1) (0o86'L ="L)
eJIN L0 =teq(L=d eJIN 9°0 = 1eq 0’9 = d

13¥% 9089 7019 PSLT0 0Ll

9.€G 6'SL9 €609 E6ET0 99€G 6659 §'16S €OLT'0 001
13€G 0'859 G065 ISET°0 11€G 9'6£9 Q'eLS ZS91°0 06
GOT'G 9°L£9 1'GLS 0IET0 deratd L'619 L' 1091°0 08
603G G L19 78S S9ZT°0 661G 1009 1'SES 0SST°0 0L
€c1'g 6'L6S 996 9%31'0 S AN 018 ['18S S6¥1°0 09
AP | /M /B | By w AP | /M DB | By w ol
s y n OL x4 s Y n 0L xA 1

256 ° ENGINEERING THERMODYNAMICS

(panunuod) g1-v 319V.L



APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 257

ZI0g [R5z T'ers L1661 L1661 L°GSG T'S3S BGLS00 0L
1661 vy V35S 9¢6'T 9¢6'T %'99g Z0Ig G0SS0'0 09
6881 1'90S 1°90¢ PLST PLST 67V ¥'36¥ SF2S0°0 0g
Ve8'T §'LSF 9'LSF 0181 01S'T 93¢ QLY 086¥0°0 oF
1811 769 7'69% PPLT PPLT 705 T'LS¥ 969¥0°0 0
STLT 1'65¥ 1'65¥ €oLT eeLT 6'L6F g ICGH 909¥0°0 BN

(0s6€¥E = "I) (D:56'9% = L)
eIN T =10q gl = d BIN 0T = 18q 00T = d

A& €'6EL 0S99 682600 ial

SI¥'G LLEL §'€99 902800 88€°G 0°LIL 9 930600 0cT
€9€G €CIL 9'¢h9 69600 €ee's 1°669 0'S29 192800 0G1
L0EG €69 L°€39 6GLLOO LLTC g'eL9 9°c09 €6¥80°0 0Ll
3SET L1L9 €09 L8VL0°0 138G €399 G'98¢ 362800 001
G61g 7059 T'SSS 73L0°0 c91'g g 1€9 6°L9S S¥6L0°0 06
SE1'g 7659 G99 36690°0 101G 0119 9'6¥S 699L0°0 08
180G 1809 'ShS 8€290°0 670G L068 9°1€g G8eL00 0L
T30E €'98¢ 0°0€S 6.790°0 066'T §0LS 0F1S ¥60L0°0 09
396'1 1'895 TTls €12390°0 0S6'T 1SS L'96¥ 96,90°0 0
1061 1'SHS L6 8E650°0 698 gIes 9'6LY 68790°0 o
6£8T 1'SgS T LLY £5950°0 9081 131 L'39¥ 0L190°0 0
PLLT %'80S 0°09% GEEC0'0 OFL'T 9'g6¥ 6'Ch $£850°0 0%
93LT §'c6F T LV 6G150°0 65LT €68 e 9LL50°0 BLIN

(052832 = ") (Doge'ST = "1)
eJIN 60 = 1eq 06 = d eJIN §°0 =18q (' =d

AB/P | B/ H/P | B/ w AB/P | B/ H/P | B/ w Do
s y n 0L xA s Y n 0L xA 1

(panunuod) g1-v 319V.L




258 ° ENGINEERING THERMODYNAMICS

107G 9'€cLL g'869 969¥0°0
9¥CG 6'67L T'LL9 €65H0°0
062G g'9zL 0'959 LOFF0'0
€ETB 7'E0L €'ce9 6SEF00
9LT'E G089 SFT9 LOTFO'0
LIT'G 6'L59 L'F6S 856200
950G g'ge9 9¥LE B6LE00
L1661 TeT19 (e 939€0°0
ce6'1 6'06G JR<e €5F0°0
1.8°T g'89¢ z91S 0,200
708’1 g'crs 9'96¥ GL0€0°0
eeLT QBTG L'9LY 19820°0
01L'T 0'¢IS V0LV 06L20°0
(Ds68°9% = L)
BIN 9T =18q 09T = d

g6E'G

cee'g 9099 9099 0¥C'G

00S'G 1079 T°0¥9 ¥SE'G

V926 1039 1029 SGE'G

LST'G 7009 7009 GLT'G

631G 6'08S 6'08S VIT'G

120G 919G $'19¢ 950°G
AB/P | B/ H/M | B/ w
S Y n OL xA

167G g'9LL g00L SEFS0°0 09T
9.£°C 0'€sL T6L9 89%S0°0 0ST
13€°G 9'6EL €'8¢9 9010°0 OFT
C9T'E 6'90L L'L€9 EF6Y0°0 0cT
808G €89 GLT9 VLLVO0 03T
0ST'G 0299 C'16S $09%0°0 0TT
260G 6629 6'LLS 68F10°0 00T
€€0's T'ST9 9'9GS 6¥E0°0 06
TL6'T €'96¢ 7655 €9070°0 08
606'T 9FLG ¥ 08S 698€0°0 0L
crS'T 6'3SS 910G $99€0°0 09
QLLT 80€g 9GSy 9FF€0°0 0S
PILT 701G T'So¥ 1€320°0 e
(DoL6°0F ="L)
BIN F'T =10q O] = d
oG z'9EL 8399 8€EL0°0 ov1
0¥<'G LE1L CEF9 TGILO0 0¢T
¥8TG 9169 9'G29 £0690°0 03T
Sredtd 8699 0'€09 18990°0 01T
GLI'G €'sF9 L'€8G 95F90°0 00T
PIT'G ©'L39 6'F9¢ 93290°0 06
950°G €909 ¥'o¥G E6650°0 08
AB/P | B/ H/P | B/ w Do
S Y z OL xA 4

(panunuod) g1-v 319V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 259

9002 8'6£9 618G ¥I¥30°0
6T 7’19 909 €8%30°0
€L8T 706 0'6€S T¥130°0
08T 979¢ 0°LIS ¥S610°0
ToLT 6'9€S L'S6F B0ST0'0
889'T 9'C3S S T3L10°0

(01399 = 1)
eJIN 7' = 10q 0FE = d
651G 9918 q'geL LOBEO'0
YOV'G 0'6L Z91L 06L,£0°0
6¥CG 9°L9L 69 1L9€0°0
€6%C G'ChL GELY 0SSE0°0
9€%E L6IL z159 9G¥€0°0
QL1 0969 0°0€9 663£0°0
611G 9GL9 Z'609 691€0°0
650G T679 G'98¢ €€0€0°0
L66'T 6'S%9 '89S 368300
€e6'l G309 9'LYS ¥¥L30°0
L98T §'8LG L3S G8CT0°0
L6L'T Qe €90 BI¥g00
ToL1 1625 S8 913300
00L'T §'13¢ L'SLY LST30°0
(002328 =""L)
eIIN 0'G = 18q 005 = d

AB/P | B/ H/M | B/ w
S Y n OL xA

Z€0C 9F7¥9 €'G8¢g 169300 01T
696'T 8039 gF9¢ 195300 00T
€06'T L9968 q'ere LTVE0'0 06
PeST 1'GLS 'S 192300 08
T9LT ¥'9¥S g'00g 98030°0 oL
g69'1 0'73¢ SISF 13610°0 e

(006’19 = L)
eJIN 3 =10q0gE = d
¥Sh'E €618 P OvL €8e¥0°0 0ST
6Gh'G SF6L ESIL 98E¥0°0 0LT
VLT 9'0LL €969 LETF0°0 091
SICE L9¥L §¥.L9 966£0°0 0ST
39%C 1'€aL 9°¢c9 €98€0°0 0¥ 1
702G 8669 L3€9 9GLE0°0 0cT
1% 999 1319 985€0°0 0G1
180G L1659 L16€ SFFE00 0rT
130G 80€9 QILS €62€0°0 001
G96'1 0809 qIgs SE1€0°0 06
1061 1685 9'1ES ¥.6G0°0 08
PesT §'19¢ V11 86L,30°0 0L
€oL'T 0'8€S '16¥ 909300 09
QOL'T §'91¢ 6FLY 7#20°0 gL
(0508725 ="L)
BIN §'T = 18q 08T = d
AB/P | B/ /P | B/ w Do
s 1 n 0L xA 1

(panunuod) g1-v 319V.L




260 ° ENGINEERING THERMODYNAMICS

LI¥'G 7928 SISL | €9530°0
09€G 9208 €8gL | SLFG00
€0EG TLLL 7'G0L | 06SZ0°0
SHEG 91GL 9289 | 008200
981G €93 1099 | 908300
921G 0'T0L LL€9 | 6012070
€90°G 9'¢L9 PCI9 | L00200
666'T 0059 0'€6S | 6681070
Te6'T 6'€39 PoLS | €SLTI00
0981 $'965 TLFS | ¥S9T0°0
eSLT 0'99< §TeS | 90ST00
699'T 676 7'eek | SIST00
799'T 0'93< TSy | €9510°0
(DoBL'LL="11)
BIIN 0°C = 1®q 0°0¢ = d

91¥'G I'1IS gpeL | €61€0°0
09€G 1'98L 61IL | 160€0°0
F0EG P19 L'689 | 986200
LVE'S 6'9¢.L §299 | 088300
SS1'G cBlL 09%9 | 0LLZ00
621G £'989 9¥89 | 999200
890G 1799 Te09 | S€5T0°0
AB/P | B/ H/M | B/ w
S Y n LOL xA

TG gees gggL | B10£0°0 061
L6E'T 7908 GgeL | SI680°0 08T
0v€G zesL 6'60L | 188200 0LT
€SE'E z'8eL 7189 | €ELE00 091
9TE'E pees €Q99 | 189300 0ST
191G $'S0L Ver9 | 91200 gl
901'G T¥99 9739 | SOVZ00 0cT
SH0'G 9'69 0009 | ¥6E20°0 02T
86T $%€9 €8LE | PLITOO 01T
P16'T 9'609 79SS | G000 00T
P91 IR TYeS | 06100 06
LOL'T £9¢g 0TIS | BHLIOO 08
1891 C'98S TSy | 6FST00 e

(DeL2°0L = "1)
BIIN 9 = 1®q 09z = d
LEV'T 6'¢1S g9gL | LISE00 081
TSET T'6SL I¥PIL | 607€0°0 0LT
9zEG SP9L 6169 | S6EL0O0 091
692G TovL 109 | SSI€00 0S1
113E T'91L 98¥9 | 6908070 0¥ 1
€Cl's €369 €L39 | 676300 0€T
€60°C ¥7'999 T909 | 938300 0ET
AB/P | B/ /P | B/ w Do
s Y n 0L xA 1

(panunuod) g1-v 319V.L




APPENDIX: THERMODYNAMIC TABLES S| UNiTs © 261

L6CG v IvS €'G9L Z0610°0
0¥<g SIS TIvL €€810°0
1SE'G L'LSL CLIL T9L10°0
TGET 6'09L 7869 18910°0
091G I'¥eL 1699 60910°0
L60°C 0°L0L 6'S9 LBET0°0
1€0°G G'6L9 61289 6EF10°0
396'1 T'1S9 ¥ L6S PFEI0°0
18S'T 9139 1'3LG LETT00
7081 1685 L¥VS 0LT100
00L'T L'6¥S 1'GIS 0¥600°0
PLCT €609 L¥Ly GTLO00

(Do8€¢6 = "I)
edIN 07 = 18q O 0F = d
AB/P | B/ H/M | B/ w
S Y n OL xA

eeh's 0'S¥S C0LL 18320°0 008
9LEG 9128 QopL 9¥130°0 061
61C G €'GBL 6'GGL 890%0°0 0ST
193G T'69L 9'669 6S610°0 0LT
102G RS2 7'9L9 90610°0 091
o¥1g 0°LIL €'€g9 61S10°0 0ST
LLOG L1069 z'089 SBLI00 ov1
Z10G 1799 0'L09 1€910°0 0¢T
P61 899 7'€8¢ 935100 0G1
0L8T %809 6'9GS S0F10°0 01T
SSLT €LLS 62 0L310°0 00T
8891 Govs ¥'30S 98010°0 06
€e9'1 G'08S €'98¥ L1600°0 e

(01098 = ""I)
BIIN §°¢ = Teq O'ce = d
AB/P | B/ /P | B/ w Do
s Y n 0L xA 1

(panunuod) g1-v 319V.L




262 ° ENGINEERING THERMODYNAMICS

TABLE A-19 Properties of Selected Solids and Liquids: ¢, and K

Substance Specific Heat, Density, Thermal
c, p Conductivity, K
(k)/ kg K) (kg/m°) (W/m K)
Selected Solids, 300 K
Aluminum 0.903 2700 237
Coal, anthracite 1.260 1350 0.26
Copper 0.385 8930 401
Granite 0.775 2630 2.79
Iron 0.447 7870 80.2
Lead 0.129 1130 35.3
Sand 0.800 1520 0.27
Silver 0.235 1050 429
Soil 1.840 2050 0.52
Steel (AISI 302) 0.480 8060 15.1
Tin 0.227 7310
Building Materials, 300 K 66.6
Brick, common 0.835 1920 0.72
Concrete (stone mix) 0.880 2300 14
Glass, plate 0.750 2500 14
Hardboard, siding 1.170 640 0.094
Limestone 0.810 2320 2.15
Plywood 1.220 545 0.12
Softwoods (fir, pine) 1.380 510 0.12
Insulating Materials, 300 K
Blanket (glass fiber) - 16 0.046
Cork 1.800 120 0.039
Duct liner (glass fiber, coated) 0.835 32 0.038
Polystyrene (extruded) 1.210 55 0.027
Vermiculite fill (flakes) 0.835 80 0.068
Saturated Liquids
Ammonia, 300 K 4.818 599.8 0.465
Mercury, 300 K 0.139 1352.9 8.540
Refrigerant 22,300 K 1.267 1183.1 0.085
Refrigerant 134a, 300 K 1.434 1199.7 0.081
Unused Engine Oil, 300 K 1.909 884.1 0.145
Water, 275 K 4.211 999.9 0.574
300 K 4.179 996.5 0.613
325 K 4.182 987.1 0.645
350 K 4.195 973.5 0.668
375 K 4.220 956.8 0.681
400 K 4.256 937.4 0.688
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TABLE A-20 Ideal Gas Specific Heats of Some Common Gases

Temp. | ¢, c, k < c, k <, c, k | Temp.
¢ Air Nitrogen, N, Oxygen,0O, i

250 1.003 | 0.716 | 1.401 | 1.039 | 0.742 | 1.400 | 0.913 | 0.653 | 1.398 | 250
300 1.005 | 0.718 | 1.400 | 1.039 | 0.743 | 1.400 | 0.918 | 0.638 | 1.395 | 300
350 1.008 | 0.721 | 1.398 | 1.041 | 0.744 | 1.399 | 0.928 | 0.668 | 1.389 | 350
400 1.013 | 0.726 | 1.395 | 1.044 | 0.747 | 1.397 | 0.941 | 0.681 | 1.382 | 400
450 1.020 | 0.733 | 1.391 | 1.049 | 0.752 | 1.395 | 0.956 | 0.696 | 1.373 | 450
500 1.029 | 0.742 | 1.387 | 1.056 | 0.759 | 1.391 | 0.972 | 0.712 | 1.365 | 500
550 1.040 | 0.753 | 1.381 | 1.065 | 0.768 | 1.387 | 0.988 | 0.728 | 1.358 | 550
600 1.051 | 0.764 | 1.376 | 1.075 | 0.778 | 1.382 | 1.003 | 0.743 | 1.350 | 600
650 1.063 | 0.776 | 1.370 | 1.086 | 0.789 | 1.376 | 1.017 | 0.758 | 1.343 | 650
700 1.075 | 0.788 | 1.364 | 1.098 | 0.801 | 1.371 | 1.031 | 0.771 | 1.337 | 700
750 1.087 | 0.800 | 1.359 | 1.110 | 0.813 | 1.365 | 1.043 | 0.783 | 1.332 | 750
800 1.099 | 0.812 | 1.354 | 1.121 | 0.825 | 1.360 | 1.054 | 0.794 | 1.327 | 800
900 1.121 | 0.834 | 1.344 | 1.145 | 0.849 | 1.349 | 1.074 | 0.814 | 1.319 | 900
1000 | 1.142 | 0.855 | 1.336 | 1.167 | 0.870 | 1.341 | 1.090 | 0.830 | 1.313 | 1000

Temp. Carbon Carbon Temp.
K Dioxide, CO, Monoxide, CO Hydrogen, H, K

250 | 0.791 | 0.602 | 1.314 | 1.039 | 0.743 | 1.400 | 14.051 | 9.927 | 1.416 | 250
300 | 0.846 | 0.657 | 1.288 | 1.040 | 0.744 | 1.399 | 14.307 | 10.183 | 1.405 | 300
350 | 0.895 | 0.706 | 1.268 | 1.043 | 0.746 | 1.398 | 14.427 | 10.302 | 1.400 | 350
400 | 0.939 | 0.750 | 1.252 | 1.047 | 0.751 | 1.395 | 14.476 | 10.352 | 1.398 | 400
450 | 0.978 | 0.790 | 1.239 | 1.054 | 0.757 | 1.392 | 14.501 | 10.377 | 1.398 | 450
500 | 1.014 | 0.825 | 1.229 | 1.063 | 0.767 | 1.387 | 14.513 | 10.389 | 1.397 | 500
550 | 1.046 | 0.857 | 1.220 | 1.075 | 0.778 | 1.382 | 14.530 | 10.405 | 1.396 | 550
600 | 1.075 | 0.886 | 1.213 | 1.087 | 0.790 | 1.376 | 14.546 | 10.422 | 1.396 | 600
650 | 1.102 | 0.913 | 1.207 | 1.100 | 0.803 | 1.370 | 14.571 | 10.447 | 1.395 | 650
700 | 1.126 | 0.937 | 1.202 | 1.113 | 0.816 | 1.364 | 14.604 | 10.480 | 1.394 | 700
750 | 1.148 | 0.959 | 1.197 | 1.126 | 0.829 | 1.358 | 14.645 | 10.521 | 1.392 | 750
800 | 1.169 | 0.980 | 1.193 | 1.139 | 0.842 | 1.353 | 14.695 | 10.570 | 1.390 | 800
900 | 1.204 | 1.015 | 1.186 | 1.163 | 0.866 | 1.343 | 14.822 | 10.698 | 1.385 | 900
1000 | 1.234 | 1.045 | 1.181 | 1.185 | 0.888 | 1.335 | 14.983 | 10.859 | 1.380 | 1000
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TABLE A-21 Variation of cp with Temperature for Selected Ideal Gases

Gas o Bx10° | yx10° | §x10° | e£x10"
CcO 3.710 -1.619 3.692 -2.032 0.240
CO, 2.401 8.735 —6.607 2.002 0
H, 3.057 2.677 -5.810 5.521 -1.812
H,O 4.070 -1.108 4.152 —-2.964 0.807
0, 3.626 -1.878 7.055 —6.764 2.156
N, 3.675 -1.208 2.324 —0.632 -0.226
Ai 3.653 -1.337 3.294 -1.913 0.276
SO, 3.267 5.324 0.684 -5.281 2.559
CH, 3.826 -3.979 24.558 -22.733 6.963
C,H, 1.410 19.057 -24.501 16.391 —4.135
C,H, 1.426 11.383 7.989 -16.254 6.749
Monoatomic gases* 2.5 0 0 0 0
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TABLE A-25 Standard Molar Chemical Exergy of Selected Substances at 298 K and p0

Substance Formula Model I Model 1I°
Nitrogen N, (g) 640 720
Oxygen 0, (g) 3,950 3,970
Carbon dioxide CO,(g) 14,175 19,870
Water H,0 (g) 8,635 9,500
Water H,O () 45 900
Carbon (graphite) C (s) 404,590 410,260
Hydrogen H,(g) 235,250 236,100
Sulfur S (s) 598,160 609,600
Carbon monoxide CO (g) 269,410 275,100
Sulfur dioxide SO, (g) 301,940 313,400
Nitrogen monoxide NO (g) 88,850 88,900
Nitrogen dioxide NO, (g) 55,565 55,600
Hydrogen sulfide H,S (g) 799,890 812,000
Ammonia NH; (g) 336,685 337,900
Methane CH,(g) 824,350 831,650
Ethane C,H, (2) 1,482,035 1,495,840
Methyl alcohol CH,OH (g) 715,070 722.300
Methyl alcohol CH,OH (1) 710,745 718,000
Ethyl alcohol C,H,OH (g) 1,348,330 1,363,900
Ethyl alcohol C,H.OH (I) 1,342,085 1,357,700
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