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This chapter reviews the basic knowledge and working tools required to pass the thermody._
namics portion of the Fundamentals of Engmeenng (EE/ETT) exam. It excludes areas of the;.
modynamics not normally included on the exam. :

Typical solved problems are grouped at the end of this chapter and are referred to iy the
text section of the review material.

FIRST LAW OF THERMODYNAMICS

Except for nuclear physics, involving the conversion of mass into energy, mass is conserved
in a process. In thermodynamics, the mass in a closed system (such as a piston—cylinder) is
constant. In an open system, where mass is flowing in and out, the sum of the mass flowing
into the system equals the mass flowing out if there is no accumulation of mass within the
system. This is called conservation of mass.

Energy is also conserved and must be accounted for. The types of energy that are impor-
tant in thetmodynamics are the following:

» Internal encigy
* Flow energy

* Kinetic energy
* Potential energy
* Heat

+ Wok

The first four energy types are a function of the state or condition of the substance. Heat and
work are forms of energy which cross the boundary of systems and are not a function of the
state .

The first law of thermodynarnics is a bookkeeping system to keep track of these energies

Closed System

" For a typical closed thermodynamic system (Fig. 11-1), the kinetic and potential enexgy are

not important, and since there is no flow, the bookkeeping is simple and reduces to

u1+q=u2+w AE:@“LU:AU‘FDLE

PE
Open System T0
For an open system (T'ig. 11-2), the bookkeeping system yields
A v’
u +py +E——+Z1 glg.tg=u, +pv, +2—+Z2 glg. +w

In many common open-system processes, the kinetic energy (V#2g, ) and the potential
energy (Zg/g ) are not important. For convenience, u and pv are combined into /4 (enthalpy);
and the equatlon then reduces to

hi+g=h,+w
3
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_ The thermodynamic sign convention for heat and work is that g, is positive and w_ is
' pos1t1ve This is the normal flow of heat and wotk in an engine or power plant.
. Care must be taken to keep the units consistent. For example, the notmal units for inter-
) _ﬁal energy, heat and work are kl/kg or BTU/Ibm. In the S 1. system, V2/2g_and Zglg, must be
~ divided by 1000—in the U S. system by 778. Remember that g_inthe S I system has a value
of 1 butis 32 2 in the US. system.
. The first law is the most populai one by far in solving thermodynamics problems!

‘A piston-cylinder contains 5 kg of air During a compression process 100 kI of heat is re-
- moved while 250 kJ of work is done on the air. Find the change in internal energy of the air.
- Solution

"¢ system is a closed system since the mass is fixed So
(Fa=utw '

: IHBIG g = —100 k7, since heated leaving a system is negative, and w = 250 kI, since work
done on a system is negative Thus

' ' 150
uy —u, =—100 - (-250) = 150 kJ, or = - 30 kl/kg

Example 2

_Héﬁted air enters a turbine at a flow rate of 5 kg/s The entering and leaving conditions are
- shown in the table below The heat loss from the turbine is 50 kW. Find the power produced.

Inlet Exit
Pressure, kPa _ 1000 100
Temperature, °K 800 - 500
Velocity, m/s 100 200
Specific internal energy, kifkg 137 85
Specific volume, m*kg 0.23 144

Elevation, m 3 . 10
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Solution

The system has mass flowing across the boundaries so it is an open system

2 Z 2
u1+p1vl+%+gg—+q=u2+p2v2+gig + EVZTer
i [4 [4 [
Z, -7 Vi-v,?
W:(%_”2)+(P1V1_P2V2)+( : 2)g+ : 2tyg

8. 2g, _
(3-10) 9.81 100% —200*
1000~ 1.0 2x1x1000

=(137-85)+(1000x 023 -100x1.44)+

=52+86-0069-15=122 9kH
g

Ww=wxm=1229x5=615 kW

PROPERTIES OF PURE SUBSTANCES

Use of Steam Tables

Property tables for substances that go thiough a phase change during normal thermodynamic
processes, such as H,0, R-12 and NH,, ate divided into thiee groups:

» Saturated Tables. These show the propetties (v, u, /1, s) of the saturated liquid and
saturated vapor. For convenience, there are usually two sets; one using 7 as the entering
argument and one using P. The highest temperature/pressure entry is usually the critical
point The quality x is needed to define properties in the mixture region

» Superheated Tables. These show the properties (v, %, A, s) as a function of 7 and P in
the superheated area to the right of the saturated vapor curve and are usually grouped by
pressure. Amy fwo properties (v, i, b, s, 7, Py may be used to define the state. The
saturated state is usvally noted. At moderate pressures and temperatures well away from
saturation, perfect gas relationships may be used as an approximation.

 Subcooled or Compressed Liquid Tables. These tables show properties (v, %, 4,
and ) as a function of 7 and P in the area to the left of the saturated liquid curve
and are usually grouped by pressure. As with the Superheated Tables, any two
propestics may be used to define the state, and the saturated state is usnally noted.
For points in the region that ate below the tabulated pressures, the propetties are
approximated as those of the saturated liquid at the same temperature (v, u, 2 and s
are weak functions of pressure).

The procedure for finding the state-point properties for given daia whete the condition
of the substances is not defined is best done in a structured manner:
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Properiies of Pure Subsiances

1. Always look at the saturation tables first to determine whether the state point is
liquid, vapor, or “wet” (Fig. 11-3).

Critical point
Saturated Saturated
liquid vapor

Superheated
\, Tegion

T | Supercooled
region

WET
(liquid + vaper)

v

Fig 11-3

2. Whenoneis given 7 or Pand A, v, or i,

a. If b, v, or u are between £ and g, the point is in the wet region (inside the dome).
Calculate the quality x using saturation properties and given properties. For example,

X =
Uig

b. If A, v, o1 u are greater than the saturated-vapor value, the point is in the super-
heated region. Locate the propetties in the superheated tables.

“¢. If k, v, or i are less than the saturated-liguid value, the point is in the subcooled
liquid region Locate the properties in the liquid tables and/or calculate from the

S saturated-liquid properties.

. 3.GivenT ot Pand x,

7 Go directly to the saturated tables since an intermediate value of x implies it is in

the “wet” region.

. -4.‘ Given T and P,

Compare the saturation temperature with the given temperature. The saturation
temperature is read at the given pressure.

If 7 is greater than I, the point is superheated vapor.

I T'is less than T_,, the point is subcooled liquid.
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Exampie 3 e,
Fill in the following table for steam (water) using the extracted tabulations as well as the
Mollier chart where it is applicable

T °C P, kPa x, % B klkg  u kikg v, m¥kg

a 200 . _ 85245 ___
by 150 _ o 1000

¢) 300 800

d 200 5000

S 300 085
£ 300 _ 80

g 1000 90

Properties of Saturated Water (SI units): Temperature Table
v, em¥/g; u, KI/kg; b, kT/kg; 5, kKI/(kg)(CK)

Specific volume  Internal energy Enthalpy Entropy
Temp, Press, Sat Sat. Sat Sat Sat. Sat Sat. Sat.
°C bars  liguid vapor liquid vapor Hquid Evap vapor liquid  vapor
T P Vs Ve Ity Hg hy Ag he S5 S

110 1433 10516 1210 46114 25181 46130 22302 26915 14185 72387
120 1985 10603 8919 50350 25293 50371 22026 27063 15276 71296
170 7917 11143 2428 71833 25765 71921 20495 27687 20419 66663
180 1002 11274 1941 76200 2583.7 76322 20150 27782. 21396 65857
200 1554 11565 1274 85065 25953 85245 19407 21932 23309 64323
300  85.81 14036 21.67 13320 2563.0 1344.0 14049 27490 32534 5.7045

Properties of Satuxated Water (SI units): Pressure Table
v, {t*/lb; u and &, BTU/Ib; 5, BTU/(Ib)(°R)

Specific volume Internal energy Enthalpy Entropy
Press Temp Sat Sat Sat. Sat. Sat : Sat Sat Sat.
bars  °C lquid  vapor liquid vapor  liquid  Evap. vapor liquid  vapor
P T vy Vg Hy Ug hf hfg hg -1 o Se

100 1799 11273 1944 761.68 2583.6 762.81 2015.3 2778.1 2.1387 6.5863

Properties of Water (SI units): Superheated-vapor Table
v, cm®fg; u, kKVKke; b, XVkg; s, kI/(kg)(°K) ’

Temp,
°C v U h 5 v i h s

5.0 bars {0.50 MPa)(Tsu = 151.86 °C) 7.0 bars (0.70 MPa}(Tsx = 164.97 °C)
280 . 503.4 2771 2 30229 7 3865 3574 27669 3017.1 72233
320 5416 28347 31056 75308 3852 28313 31009 7.3697

10.0 bars (01.0 MPa)(Teu = 179.91 °C)

280 24890 27602 3008 2 7.0465
320 267.8 2826.1 3093.9 7.1962
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Properties of Water (SI units): Sapexrheated-vapor Table
v, cm’/g; u, kl/kg; b, kl/kg; s, kI/(kg)(°K)

Temp .
o v u h i v ] h )
' 1.5 bars (0.15 MPa}(Te = 111.37 °C) 3.0 bass (0.30 MPa}{Te = 133.55 °C)
280 1695 2776 6 30328 7.9555 844 27754 3028.6 7.6299
'320 1819 2840.6 3113.5 8.0964 907 2838.1 3110.1 7.7722
" Solution

See the explanations in the list below the table

T, °C P kPa  x % h, klikg u, ki/kg v, m¥kg
ay 200 1153 8 0 852.45 857.8 0.0012
b) 11137 150 026 1045 1000 03018
c) 300 800 — 3056 5* 27972 03241
d) 200 3000 — 8539 848 1 000012
e) 283.8% 300 — 3036 4% 2781 5 0.85
f) 300 8581 80 24679 2316 8 0.0176
g 1799 10060 90 25766 2401.5 0.1751

*Note that these values may be found also in the Mollier diagram

a) This state falls directly on the saturated liquid line.

b) The given value for internal energy falls between iy and Iy, SO the state is inside
the vapor dome. Calculate x and use x to find 4 and v.

¢) The temperature of 300 °C is higher than 7_, = 170 4 °C, so the state is supetheated.

dy The temperature of 200 °C is less than 7 o = 264 °C, so the state is subcooled.
Find the properties in the saturation tables for subcooled liquid at 200 °C
(good approximation) '

e} The specific volume is greater than v .= 0.6058 at the saturation pressure of 300
kPa, so it is superheated.

f) A quality value (x) is specified, so the state is obviously in the'vapm dome. Use x
to find A, u, and v.

g) Same as line f.

Mollier Diagram

The Mollier chart shows a small but useful part of the steam tables in graphical form. It shows
selected properties (%, s, 7, P, and x) in the area where steam turbines operate, that is, stiper-
heated vapor and “wet” areas of high quality The skeleton Mollier diagram (Fig. 11-4) shows
the trend of property lines, and Fig 11-A shows a representative Mollier diagram in S.I units
A typical use of the diagram is to evaluate turbine expansion—the ideal (isentropic) change in
enthalpy across the turbine, The twibine inlet I and P are usually specified, and they locate the
point in the superheated region (Point 1 in the illustration for Example 4). The ideal expan-
sion (s = constant) is taken to the specified turbine discharge pressure (Point 2 in Example 4).
‘The turbine discharge & and x can be 1ead and the Ak calculated. This chart will be used
further in the section on the Rankine cycle '
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Enthalpy, f

Superheated

Critical point :
region

Saturated
region

Eniropy, 5

Fig 11-4

Example 4

Find the enthalpy change across an ideal (isentropic) steam turbine where the entering condi-
tions are P =5 MPa and 7 = 500 °C, and the exit condition is P =50kPa.

Solution

Enthalpy

Entropy

On the ac_cbmpanying illustration, read at the intercept of P = 5 MPa and 500 °C: _
h;=3433kVkg, s;=697kl/kg K. Read at the intercept of P =50kPa and s = 6 97
h,=2427, x=091 Now, h, — h, =3433 - 2427 = 1006 kl/kg

Use of R-12, NH, Tables, and P-h Diagrams

Typically, the fomr working fluids used in most thermodynamic texts and on the EIT exam are
H20, R-12, NH3 and Air. The refrigerant R-22 has similar characteristics to R-12, so it_is not
custornarily tabled The refrigerants R-12 and NH, exhibit the same phase-diagram chatacter-
istics as water, so they have the same type of tabled data, that is, subcooled liquid, saturated
mixture, and supetheated vapor. The guidelines given for finding one’s way around the steam
tables apply equally well to R-12 and NH, -

- By tradition and for convenience, refrigerant properties are shown in a P-h diagram;
this is especially useful when analyzing a vapor compression refrigeration cycle, since it
operates at two basic pressure levels. A skeleton P—# chart is shown in Fig. 11-5 and will be
used later in the section on the Vapor Compression Reftigeration cycle.
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Example 5

Saturated liqi_iid R-12 at P = 2 bars is heated to 100 °C at constant pressure. Find the original
and final state point properties.

Properties of Saturated Refrigerant 12, CCLF: (S1 units): Pressure Table
v, cm¥/g; u, Kike; b, kl/kg; s, kKI/(ke)(°K)

Specific volume Internal energy  Enthalpy Entropy
Press , Temp , Sat. Sat Sat. Sat Sat Sat. Sat Sat
bars °C liquid ~ vapor liquid vapor  liquid  Evap vapor lquid  vapor
P T 1% Ve iy lg hf hfg hg 5F Sz

2.0 —1253 0.6962 8354 2443 16536 2457 157.50 182.07 0.0992  0.7035

Properties of Superheated Refrigerant 12, CCLF; (US units)
v, Ft¥lb; u, BTU/Ib; A, BTU/Ib; 5, BIU/(Ib “R)

°F v u h 8 v i h 5
20 psia (Te =-8.13 °F) 30 psia (T = 11,11 °F)
-200 28874 97 026 107712 02265 19116 96.852 107 464 0.21%6
220 29780 99.907 110932  0.2313 1.9735 99,746 110.702 0.2244

Solution
At P =2 bars

v, = 0.6962 m*/kg

u,= 24 43 kl/kg

1
hy=24 57 kl/kg
s,= 00992 k/kg * °K

At P =2 bars and 100 °C, the R-12 is supetheated.
v=180.9 m/kg
u=229.67 kikg
h=255%kVkg
s =0.9593 kl/kg « °K
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— {deal Gases

JEAL GASES

‘ Qaaiéﬁﬁﬁ of State

There are many relationships that relate the state-point properties of gases with varying
degrees of accuracy. In ordet of increasing accuracy they are as follows:

1. 1deal Gas
g 2 Van der Waals
3 Bealttie-Bridgeman
4 Generalized Compressibility
5. Property tables such as H;0, R-12, NH,

When dealing with a wide range of temperature and pressure for gases that are far from their
aturated vapor state, the ideal gas relationship is accurate for most engineering wotk Several
otking expressions are:

y=RT
R
Py=mRI =nRI, R=——
m.w
py.-—-—ﬁf,wherev=v= 4 =Z
mw. m

~ The Van der Waals and Beattie-Bridgeman relationships are cumbersome. They require
constants for each gas and are seldom used except pethaps in a computer simulation. Use of

PV
RT

]
N

where z can take on a value of 0 2 to 4 0 For most pressures and temperatures, 7 is in a narrow
ange around 1 0 (which, of course, is the ideal approximation). A skeletal chart is shown in

Pig 11-6 whete p, = £l and ¢, = L withp_and z_being evaluated at the critical point for the
. ) t
gas in question ¢ ¢
A typical application involves a given temperature and pressure for 7 and P and the

calculation of v. Solution steps are:

1 Lookupt?, p,, and R for the gas.
2. Calculate p, and ¢,
3 Check the generalized compressibility chart and read z.

4. Calculate v=zx R—;

-If tables are available in the temperature and pressure range for the superheated gas in gues-
tion, the specific volume can be read directly. This is the most accurate source of data, since
~ the tables are based on experimental data.
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Fig. 11-6 Reduced pressure, p,
Example 6

- Calculate and compare the specific volumes of water (H,0) at P = 10 MPa and T = 400 °C.
The gas (steam) table value is v = 0 02641 m3/kg For an ideal gas

R 831 _831

= ——=0462
mw. 18
=y_: 0.462 (673) 00311 m*/ke
P 10,000

Solution

The critical P and T for water are
p,=2209MPa, 1 =6473°K
Therefore,
read from com-
pressibility chart

10 673
=20 o483 =2 2104, 2=083
P 5009 647 3 ¢ {

v=0.0311 % 0.83 =0 0258 m’/kg

The steam table value is the most accurate, and the ideal gas value is the least accuzate.

—"
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Enthalpy and Internal Energy Changes
Enthalpy and Internal Energy Changes

T hé other condition which is usually considered to be part of the definition of ideal gas is that
the specific heats (C, o and C) are constant. This allows a number of working relationships to

be developed:
hy—h, = Cp I,~-1)
uy—u; =C (I,-1T,)
Cp = (', + R (always true)

C
k=—£=Constant
C

c, =%
k-1
|

c- R
k-1

Use of Gas (Air) Tables

Tables of gas properties all use the same general format. Normally, examination questions

*use air tables only. The tables show 7, k, and u as the primary propeities of interest and,
_ _typically, three other variables such as p,, v,, or s, where the latter is defined as

,
Lo

This considers the variation of C with temperature. The latter variables are all a function of tem-
perature, and any of them may be used as an entering argument. They reflect the fact that Cp and C,
are a function of temperature and are not constant. So for a given temperature change, the gas table
changes in 4 and u are more accurate than using the ideal gas relationships.

~The other three variables involve a knowledge of entropy. To use the ait tables, it is
sufficient to know only that a process (change in state) which has no change in entropy is
called isentropic and that it is reversible and adiabatic (no heat transfer) The variables are

“used as follows:

1. To calculate the change in entropy for any process:

P
s,—s5,=¢,~¢ ~Rln %
275 =6 ¢ P2

It is apparent that 7 and P must be known at the beginning and end states in order
to calculate s, — 5, _

2. The variables p_and v, ate used only for isentropic processes and relate to the
beginning and ending pressure and volumes as follows:

P _Pn M ¥
pr pl vr vl

1 1
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Tharmodynamics

The variables p, and v, are correctly referred to as “relative pressure” and “relative yj.
ume” and should not be confused with the “reduced” pressure and temperature used in the
compressibility charts.

PROCESSES

Thermodynamic processes usually involve a “working fluid” such as a pure substance (like
water) o1 a gas (like air) So tables of properties o1 ideal gas relationships ate used. For the -
process path to be known, the process must be reversible. If the process involves friction or
turbulence and is irreversible, then only the first law of thermodynamics applies.

So, generally, the processes are considered to be reversible (no friction or turbulence)
and are one of the following:

* constant pressure
+ constant volume
+ constant temperatuie

* no heat flow (adiabatic)

Figure 11-7 shows the applicable relationships for the various processes.

Exampie 7

Air at 27 °C is heated to 927 °C. Find the change in enthalpy and internal energy, treating air
as a perfect gas (C‘p and C, constant) and using the air tables.

1deal-gas Properties of Air (SI units)
T, °K; b, kT/kg; u, klkg; ¢, kKI/(kg)(°K)

T h Dr It Vi (0]
300 300 19 13860 21407 6212 1 70203
1200 1277.79 238.0 933.33 14.470 3.17888

Source. Adapted from Keenan, T M. and I. Kaye, “Gas Tables, Wiley, New Yok, 1945

Solution
For air at room temperature € = 1.0047 and C,=0.717 kl/kg, so

hy— Ry = (927 - 27) x 1.0047 = 904.2 kT/kg

ity — 1y = (927 - 27) X 0.717 = 645.3 kI/kg

2

Using air tables (which reflect the fact that Cp and C, vary with temperature):
hy—h =127779-300 19 =977 6 kl/kg

u,—u, =933 33 -214.07 = 719.26 kKT/kg

2
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"First and Second Thermodynamics Law Formulae for Reversible Processes of an Ideal Gas*

e

Open System (steady ﬂoW)

- nf(n-1) RN
P (_T_"z_ - (ll)
iy n ¥,

T : (n=1/n n-1
“hoh V2

L lin 14n-1)
.ﬁz[ﬂ =(£_)
- _ B! P2 T2

w= "le,m-1)
1-n

© Process Closed System (non-flow)
General g=C(I,-T)+w q=C/(T,~T,)+ AKE - APE +w
. ) )
(Pv=RT) w = LPdv w:—]'vdP-—AKE—APE
~ 41
v _ PaYa 52—51=Cp1n%—R]11£2~ - =th1%+R]nV—2
T T 1 5l 1 L1
_ (s, — s, for closed o1 open systems)
Polytropic r—n ' ben
~-py" = constant =1 C(1,-1h) g=1GL~T)
k=1

w=n%C;(T2—T1)—AKE—APE

sz—slchmﬁ—mﬂ& E . =Cv]n§—2—Ran—2

T P

Sy S =0y~ -

1 41

RInP2=¢, - ¢ +RIn 2

Py V1

- Constant volume (Isometric)

v'z=v1, H=c0

w=0

a=C(1,-T) q=C(T,~T)
w=-v(p,—p)— AKE - APE

i

Py _P ‘ .
pEL o FL s,—5,= C In(T /T ) 5,—5,=C W(T/T)
L, 1
- Constant pressure (Esobaric) g=C/(T, ~T Y g=C(T,-T)
=Py n=0 w = p(v, - V) w= —AKE -APE
w=R(T,-T)
% = -f;} 5~ 5,= C,In(T,/T) s, 5,= C,In(T/T)
A A .
.Constant temperatﬁre g=w=1(s,-5)) g=T(s;—5)=RT n¥2 o 2L
(Isothermal) N v, no b
“I=T, n=1 g=w=RInZ or £L w=RTln % - AKE - APE
- V) P ¢
' or
w=RTIn£L ~ ARE - APE
%)
. v P
— V P —, = 22 L1
PV, =PV S5 = Rhl;% or é s, —5; = Rln v RIn 7
. -Adiabatic (Isenfropic) g=0 g=0
.on=k w=C({I -T) w=C(1,-T,) -AKE -APE
. — PV — PaVy wzk(plvl_plvl)_'AKE_APE
k-1 k-1
w=R{I -IYk-1 w=kR(T — T )k—1-AKE -APE
278 52—51=0 52—51=0

*Per unit mass basis and constant (average) specific heats (C, Cp) assumed. B = Cp -C, k= Cp/ C,C =kRIE-1),C,=Ri(k-1)
Ay = y—u, = C(1,-1), Ah=h,—h = CP(TZ— D

7.2 _ 12
AKE(S_I):M,
2000x g,

APE (ST) 8z mz)

1000% g,

AKE and APE may be negligible for many open systems

Fig 11-7

¥




Thermodynamics

THE SECOND LAW OF THERMODYNAMICS

Iypically in the morning section of the EIT examination there will be several problems that
involve the application of one of the statements of the second law or the Carnot cycle Usefyj

statements of the second law are:

a Whenever energy is transfetred, some energy is reduced to a lower level
b. No heat cycle is possible without the rejection of some heat.

¢. A Carnot cycle converts the maximum amount of heat into work; it has the
highest thermal efficiency.

d. All Carnot cycles operating between two temperature 1eservoirs have the same
efficiency. ‘

¢ A Carnot machine’s efficiency, or Coefiicient of Performance (COP), is a
function only of the two reservoir temperatures.

A Carnot cycle consists of the following four processes:

1-2 Reversible adiabatic compression

2-3  Reversible constant temperature heat addition
34 Reversible adiabatic expansion

4-1

Reversible constant temperature heat rejection

The normal property diagrams are shown in Fig. 11-8 and 11-9. If the processes proceed in a
clockwise direction, the Carnot engine opexates as a power producing engine; if in a counter-
clockwise direction, the engine is a reftigerator or a heat pump.

A
\ L= 1 s 2
1
-
T=¢ &
Reversible 5
e adigbatic 3 Reversible g
g compression % adiabatic S 4 4 - 53
@ — expansion &
'_
]
0.
T= G- 3 J | o
3 5,
Volume, V

Entropy, s

Fig 11-8 Fig 11-9
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The efficiencies or COPs are

i

p Vo | T
in TH
I
COPyyrg =2 = e
in H C
QOH T' )
COPyparpume = W = T HT
in H ™ C

Example 8 _
A Carnot machine operates between a hot reservoir at 200 °C and a cold resetvoir at 20 °C  a)

When operated as an engine it receives 1000 kI/kg; find the work output. b) Find the COP
i .when operated as a refrigerator and a heat pump

Solution

Ty -T.  200-20
T, 473

={) 381

a) n=

W =nx 0, =0381x1000 =3811;E

4

T. 293
T, -1, 200-20

" b) COPyyeg = =163

COPparpune = ﬁ =COPggpg +1.0=263

ENTROPY

Eﬁti'ppy is another thermodynamic property that is useful in the evaluation of thermodynamic
‘systems and processes. The following statements are useful in solving problems:

- a. Natural processes (which typically involve friction) result in an increase in
"~ entropy.

b. Entropy will always increase when heat is added.
¢. Entropy will temain constant when processes are reversible and adiabatic.

d. Entropy can decrease only when heat is removed.

For reversible processes:

ds=ég- _
T ¢
Tds = du+ Pdv=dh—vdP
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For an ideal gas:

s
5,—5,=C,In 2+ Rln-2
1 Y

- ln2_gm&

4 7

In using the Air (Gas) tables, which take into account the variation of Cp with temperature

Sy=8;=¢,— ¢, —RIn P2

1

where ¢ is tabulated as a function of temperature.
Tust as woik for a closed system

W= Jf Pdv

can be shown as an area on a P—v diagram (Fig 11-10), so
can heat

0= J: Tds

be shown as an area on a T—s diagram (Fig 11-11), and the
area enclosed by the process lines on a 7 diagiam shows
* the net heat flow in a cycle. This, of course, is equal to the
net work :

An isentropic process is defined as one which is re-
versible and adiabatic. Of course, on a propeity diagram
showing entropy (s), the process would appear as a straight
line. For several important thermodynamic devices, the isen-
tropic process is a standard of comparison and is used in the
calculation of the component efficiency (twbine, compres-
sor, pump, nozzle)

Since all natural processes produce an inerease in en-
tropy, the ideal (isentropic) and the actual processes can be
compared as shown in Fig. 11-12 and 11-13.

turbine nazzie

hy=hy
hy
h

ncampr , pump=

fy —
=k
hy —

Pressure, P

Temperaiure, T

Fig. 11-10

Entropy, §
Fig. 11-11

H
i
H
f




