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PREFACE

This new edition has been written for those in the gas turbine field who are concerned with
research, design, manufacture, selection, application, evaluation, teaching, training,
marketing, and related activities. It is a comprehensive work that consists of 41 chapters,
with contributions from 57 authors. These individuals are recognized authorities from a
number of countries. They represent universities, research organizations, manufactur-
ers, users, government, training establishments, and consultants.

The book is to serve as a reference, text, and specific guide for people in the many
areas of gas turbine endeavor. The designer, engineer, manufacturer, user, selector of
equipment, instructor, student, researcher, and others will find it of considerable help.

The gas turbine field is broad and highly technical, thus it is not feasible for a single
author to put together a reference work with the vast scope and technical depth presented
here. For this reason it has been necessary to bring together a number of authorities from
the many areas of gas turbine technology to write this book.

Volume I concerns thermodynamics and fundamentals; cycle variations and cal-
culations; aerodynamic design of compressors and turbines; combustor design; bearing
design; structural design and analysis; computers in design and testing, and preliminary
and detailed design of the complete gas turbine engine.

Volume II deals with selection and application of gas turbines in the major fields of
use. These include: electric power generation; pipeline industry; marine, ships; off-
shore; cogeneration; cryogenics refrigeration and power recovery; combined cycles;
legislation and regulations; economic evaluation; calculation and performance adjust-
ment for on site conditions; maintainability, and the market.

Volume III covers materials, fuels, and treatment; controls; instruments, acces-
sories, and internal systems; heat exchangers; inlet air filtration; noise control, ISO
Standard testing and measuring tolerances; U.S. Standards; monitoring and control;
fundamentals of energy exchange in the turbine; training, and quality assurance.

A comprehensive subject index for the entire book is incorporated into each vol-
ume. This provides a detailed source of the subject matter contained in the book. It is
cross-referenced where appropriate.

It is appreciated that a single book cannot give comprehensive coverage to every
topic in this highly technical field. In order to provide additional reference sources,
extensive bibliographies have been included with a number of the more involved chapters.
In addition to the bibliographies, references are listed in many chapters to offer greater
detail on specific subjects under discussion.

Since the second edition was published in 1972, thirteen years ago, the develop-
ments of gas turbines have been extremely significant. The improvements include mate-
rials, component efficiencies, higher operating temperatures, design methods involving
use of computers, new manufacturing techniques, instrumentation, and new industrial
uses for the gas turbine.

The number of gas turbines in use and also the number and types of applications
have increased greatly during the past decade. This has resulted in impressive growth in
the number of people involved in manufacturing, design, marketing, selection, op-
eration, inspection, maintenance, development, education, and training.

In summary the rapid development in the past thirteen years has been such that it
was considered essential to prepare this third edition to provide an all inclusive update
on this prime mover. The gas turbine community will find this book to be a valuable
reference.
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CHAPTER
I

THERMODYNAMICS AND
FUNDAMENTALS OF THE
GAS TURBINE CYCLE

by Charles P. Howard

CONTENTS 2.0 NOMENCLATURE
1.0 Introduction ........oc0000.. 1-1 English Definitions
2.0 Nomenclature ...:ssecscssise 1-1 Symbols SI Units, [English Units]
3.0 Mass, Force, and Energy ...... 1-2
3.1 "LMIR8S: 5ok waninis iens w8 R Acceleration, m/s2, [ft/sec?]
3.2 Force ....vuu. e O e
3.3 ENOTEY vvvvvnerennnnens 1-3 Cp Specific heat at constant pressure,
4.0 Properties, Concepts, and J/kg-K, [Btu/lbm-R]
BDefinitionst % Sl ton o W N e o e 153
4.1 Properties .. ..vveen.. LN B Cy Specific heat at constant volume,
4.2 CONCeptS v.vveveveeaess 1-3 J/kg-K, [Btu/lbm-R]
4.3 Definitions ¢ ceecsessesss 1-3
5.0 FEquation of State ............ 1-4 B¢ Internal chemical energy, J, [Btu]
6.0 Continuity Equation.....c0.... 1-5 S
7.0 First Law of Thermodynamics ... 1-5 €c Specific_internal chemical energy,
8.0 Second Law of Thermodynamics . 1-9 J/kg, [Btu/lbm]
9.0 ProCesiesys ore » ocesraselae lens alatie uiel 1 =0
9.1 Constant Pressure E Force, N, [Ibf]
BEOCRES o) v lelars 008 fa"dka rele srave Q258
9.2 Constant Temperature g Local gravity acceleration, m/s?2,
Process cocoevceecceceas 1-10 [ft/sec?]
9.3 Constant Density Process .. 1-10 ol
9.4 Constant Entropy Process .. 1-10  &c Gravitational constant = 1/k¢, 1 kg-
10.0. BXample ... sdsienees ds e selanmlc-10 m/N-s2, [32.1739 Ibm-ft/Ibf-sec?]
1300 CONCISION i o ére-stelols o5 0ers ars sxagelol =il
12.0'. Bibliographyis « siaisre's aiens ars spessota -1 H Enthalpy, J, [Btu]
1.0 INTRODUCTION h Specific enthalpy, J/kg, [Btu/lbm]
This chapter will review the thermodynamic fun- k Ratio of specific heats, cp/cv,
damentals which are necessary for an under- dimensionless
standing of the basics for a gas turbine cycle
analysis. A more detailed consideration of ther- ke Proportionality constant in Newton’s
modynamic analyses as applied to variations in Second Law, 1 N-s2/kg-m,
cycles, and the use of working substances other [1/32.1739 1bf-sec2/1bm-ft]
than air, will be presented in Chapter 2, Cycle
Variations and Calculations. M Mass, kg, [lbm]
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m Mass flow rate, kg/s, [lbm/sec]

m Molal mass, kg/kgmo), [1bm/1bg, g6l

P Pressure, absolute or gage, Pa,
[bf/ft2]

Pr Relative pressure, dimensionless

Q Heat energy, J, [Btu]

Q Heat rate, dQ/dt, W, [Btu/sec]

q "Specific" heat energy, J/kg,
[Btu/1bm]

R Gas constant, 8.3143 J/mol-K,
[1545.32 ft-1bf/1bp,01e-R]

S Entropy, J/K, [Btu/R]

S Entropy rate, dS/at, J/s-K,
[Btu/sec-R]

s Specific entropy, J/kg-K,
[Btu/lbm-R]

t Time, s, [sec]

T Absolute temperature K, [R]

U Internal thermal energy, J, [Btu]

u Specific internal thermal energy,
J/kg, [Btu/lbml]

Vv Velocity, m/s, [ft/sec]

v Specific volume, m3/kg, [ft3/lbm]

w Work energy, J/kg, [Btu/lbm]

W Work rate, dW/dt, W, [Btu/sec]

Zz Height, m, [ft]

P Density, kg/m3, [lbm/ft3]

T Summation symbol

7 Efficiency, dimensionless

Subscripts

0 Stagnation condition, base condition

1,2,3.. JState points

a Air, actual, added

c Compressor, cold

1-2

01 Ideal
t Turbine

3.0 MASS, FORCE, AND ENERGY

3.1 Mass

Mass is a quantity of matter. The quantity which
has been arbitrarily selected as the fundamental
unit of mass on the macroscopic scale for the
International System (SI) of units is the kilogram
(kg) . However, in the English engineering sys-
tem of units, it has become commonplace to use
the pound mass (lbm) as the basic guantity of
matter. In this text the SI units will be shown as
primary with English units following in brackets.
The pound mass is defined as 1/2.205 part of
the kilogram mass.

3.2 Force

Force is a derived unit and can be related to
mass by Newton’s Second Law of Motion, which
in equation form is:

F = kcMa (¢))

where F = force, M = mass, a = acceleration,
and k. = the proportionality constant which re-
lates force to mass. If the force is taken to be
one pound (1bf) and the mass taken to be one
pound (Ibm), with the acceleration to be that of
an apple falling from Newton’s tree in England
and measured as 32.1739 ft/sec?, then the val-
ue of the proportionality constant will be:

ke = 1/32.1739 1bf-sec2/lbm-ft (2)

The acceleration of the apple is due to the gravi-
tational pull of the earth, so that the proportion-
ality constant is usually called the "gravitational
constant" and written as:

gc = 1/kc = 32.1739 1bm-ft/lbf-sec?
(3)

If, on the other hand, the force is taken to be
one Newton (N) and the mass taken to be one
kilogram (kg), with an acceleration of 1
m/sec?, then the value of thc proportionality
constant will be:

ke

1 N-s2/kg-m (4)
with a gravitational constant of:

1/kc = 1 kg-m/N-s2 (%)

gc

This has nothing at all to do with the apple but
does define a Newton of force which, when



equated to the English system, gives:

1 1of = 4.4482 N (6

The use of the same name, pound, for a
quantity of mass and a unit of force has, on oc-
casion, created problems in calculations when
using the English system of units. This can be
easily avoided if the units of the quantities in-
volved are clearly writtcn out, and then the ap-
propriate constants or conversion factors ap-
plied to make the equation "dimensionally homo-
genous." As is apparent in the SI unit system,
the intermingling of force and mass presents lit-
tle problem since they each have different
names.

3.3 Energy

Energy is a property of matter. The exchange
and transformation of energy, particularly in the
forms of work and heat, make up the science of
thermodynamics. The most common units of en-
ergy in the English engineering unit system are
the foot-pound force (ft-1bf) and the British
Thermal Unit (Btu), which are related as:

1 Btu = 778.16 ft-1bf @)

The Btu is historically related to the caloric theo-
1y of heat as that amount of energy, transferred
as heat, necessary to raise 1 lbm of water 1°F at
"room conditions."

There is only one accepted unit of energy in
the SI unit system and that is the joule (J) . How-
ever, the newton-meter (N-m) and the watt-
second (W-s) are sometimes used, and are re-
lated as:

1J=1N-m=1W-s (3

and can likewise be related to the English system
as:

1 Btu = 1.055 kJ €))

4.0 PROPERTIES, CONCEPTS, AND
DEFINITIONS

4.1 Properties

Properties are those gquantities which when de-
termined will allow Lhe state of a substance to be
completely defined. The immediate properties of
interest are those which relate to the thermo-
dynamic state of the substance. Odor, color,
flavor and toxicity are some of the non-thermo-
dynamic properties but are ones which might in-
fluence the selection of a substance for eventual
use. There are two general types of properties:
those which are independent of the guantity of
mass are called "intensive" and those which are

THERMODYNAMICS

proportional to the quantity of mass are called
"extensive." Pressure, temperature, and density
are typical thermodynamics intensive properties.
Volume, energy, and mass itself are typical ex-
tensive properties. However, it frequently be-
comes convenient to intensify an extensive prop-
erty by dividing the quantity by the mass in-
volved, thus obtaining the "specific volume," the
"specific energy," or any other "specific" or in-
tensive property.

4.2 Concepts

While it has been stated that "mass" is a quantity
of matter and that "energy” is a property of mat-
ter, mass and energy are also two of the most
important concepts of thermodynamics. Con-
cepts should be related to our physical senses in
order to derive physical meaning. The concepts
of length and time are readily perceived when
one travels from one place to another. The con-
cept of temperature is also readily understood by
the "hotness" or "coldness" to the touch. The
concept of mass, however, must come indirectly
from the "push" or "pull" of a force due to the
acceleration or deceleration on the body. The
concept of mass is, therefore, more than a
mere quantity of matter. Likewise, the concept
of energy is indirect and must be experienced by
the pushing or pulling over a distance (work) or
the feeling of becoming warm or cold (heat) .
The fact that neither heat nor work can be stored
further complicates the concept of energy as a
property. Lnergy then, is that property of matter
which manifests itself either in the form of work
or heat.

Work is a mechanism for the transfer of energy
and is computed by the displacement of a quan-
tity of matter times the force in the direction re-
quired to produce the displacement. Heat is an-
other mechanism for the transfer of energy to or
from a quantity of matter and is determined as
that energy transferred which cannot be recog-
nized as work. The driving potential for this en-
ergy is usually the difference in temperature be-
tween the matter and its surroundings.

4.3 Definitions

There are several forms of energy which can be
divided into classes, and omnly those thermo-
dynamic forms related to the gas turbine will be
given here.

Mechanical Forms
e Work: W, transient, non-storable and a
path function, J, [ft-1bf] - w, J/kg, [ft-
1bf/1bm]

e Kinetic energy: V2/2, storable and a state
function, J/kg, [ft-1bf/lbm]

1-3
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® Potential energy of position: gZ, storable
and a state function, J/kg, [ft-1bf/1bm]

e Flow work: p/p, transient, storable and a
state function, J/kg, [ft-1bf/1bm]

Note that for a closed system (i.e., a system
in which no mass crosses the boundaries of the
defined system) there will be no flow work even
tl}ough it will be possible to compute a value for
P/p.

Thermal Forms

e Heat: Q, transient, non-storable and a
path function, J, [Btu] - q, J/kg,
[Btu/1bm]

e Internal thermal: U, storable and a state
function, J, [Btu] - q, J/kg,
[Btu/1bm)

Chemical Forms

e Internal chemical: E., storable and a state
function, J, [Btu] - e., J/kg, [Btu/lbm)

Besides the various energy forms, other quan-
tities which need definition are:

e Enthalpy: h =u + p/p, J/kg, [Btu/lbm]

e Entropy: ds = dq/T for a reversible pro-
cess, J/kg-K, [Btu/lbm-R]

® Specific heat, constant pressure:
Cp = (ah/aT)p, J/kg-K,
[Btu/1bm-R]

® Specific heat, constant volume:
cy = (3u/3T)y, J/kg-K,
[Btu/1bm-R]

® Ratio of specific heats:
k = cp/cy, dimensionless

e The temperature scale: the absolute tem-
perature scale in the SI system is the Kel-
vin scale, K, and it begins at zero. The
relative temperature scale, Celsius (°C),
is so chosen that 1°C = 1 K and absolute
zero temperature equals -273.15°C. In
the English system the absolute temper-
ature scale is the Rankine scale, R, and it
also begins at zero. The relative tempera-
ture scale, Fahrenheit, (°F), is so cho-
sen that 1°F = 1 R and absolute zero
equals - 459.67°F. The SI and English
scales are related as 1 K = 9/5 R.

1-4

e The pressure scale: the absolule pressure
scale in the SI system is the Pascal scale,
Pa, and it begins at zero. In the English
system, the absolute scale is the pounds-
per-square-inch-absolute, psia, and it
begins at zero. These units are related to
the standard atmosphere as:

® 1 atm = 14.696 psi = 101.325 kPa

29.92 in-Hg

406.79 in-H,0 = 1.01325 bar

760 torr

Pressures relative to the ambient are re-
ferred to as "gage pressurc."

5.0 EQUATION OF STATE

The relationship between properties of matter at
some state is the "Equation of State." Whether
the relationship is presented in tabular, graphi-
cal, or mathematical form usually depends upon
the subsltance and, in many cases, all three
forms are used. While it is not necessary, most
equations of state give the relationship of inten-
sive properties. When an extensive property has
been "intensified," the quantily of mass is the
kilogram in the SI system and the pound-mass in
the English system.

Properties, to be useful, should either be
measurable or be readily related to other mea-
surable properties. Pressure and temperature
are usually readily measurable since they are in-
herently intensive properties. All energy proper-
tics, intensive or extensive, must be deduced
from other measurable properties. Most working
fluids used in gas turbines, which operate at
modest pressures and temperatures well above
the critical, closely obey the "perfect gas law"
equation of:

p/p = R/m)/T (10)
where R is the universal gas constant and m the
molal mass for the gas of interest. When utilizing
the first and second law of thermodynamics,
along with the perfect gas equation, it can be
shown that the specific heats, s Cy, specific
enthalpy, h, specific internal energy, u, and
pressure ratios relative to a base temperature,
P;, are functions solely of the absolute tempera-
ture. Normally a single substance in a single
state of either solid, liquid, or gas requires two
independent properties to determine its state.

Since the majority of gas turbines operate as
open cycle using air as the working fluid, ex-
cerpted tables in English and SI units for a lim-



ited range of selected properties are included in
Table 1, (Gas Tables, Keenan, J.H. and Kaye,
J., John Wiley & Sons, Inc.), and Table 2,
(Thermodynamic Properties in SI, Reynolds,
W.C., Courtesy of Department of Mechanical
Engineering, Stanford University) . The thermo-
dynamic properties for other gas turbine working
fluids are readily available in the literature.
Computer codes are likewise available for most
of the common working fluids found in gas tur-
bine usage, which is most convenient in per-
forming this type of cycle analysis.

6.0 CONTINUITY EQUATION

In simple systems, where processes occur with-
out nuclear reactions, the continuity equation is
a statement of the observation that all of the
mass under consideration is accounted for,
i.e., the conservation of mass is preserved.
Systems, as such, are defined by an arbitrar-
ily selected boundary to encompass the device,
or volume, to be analyzed--thus, the "open" or
“closed" system or simply the "control volume."
Open or closed refer to whether or not any mass
crosses the boundary during the time of obser-
vation. The control volume can be viewed during
an instant of time, as a photograph, or over a
specified time interval, as a growth process. In
either case, the continuity equation states:

Yy, mass in = }. mass out + )}, mass stored
(11

It is important when indicating the direction in
which any mass flows that this direction be ap-
propriately accounted for in the equation; for if,
in the calculations, an inflow or outflow deter-
mination turns out to have a negative sign, it
means only the perceived direction is otherwise.

For the case of an instant of time, the opera-
tional form of Eq. (11) is:

T hl =7 hz + ¥ (dm/dt) (12)

stored
where 1 is "in,”" 2 is "out," and the dot quan-
tities, m, imply the instantaneous "rate." If the
process being observed is 'steady state," the
term, dm/dt, would be zero.

For the case of an interval of time, the opera-
tional form of Eq. (10) is:

£ dM =y daM, + L aM (13)

stored

Again, if the process is steady state, dMgiored
would be zero.

While these statements seem rather simple, in
many of the gas turbine designs there are many
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places the working fluid can be diverted for such
things as cooling air for turbine blades and noz-
zles, combustion control, auxiliaries’ use, prcs-
sure level control and others. Sometimes careful
bookkeeping is needed to account for all the vari-
ous "masses."

7.0 FIRST LAW OF THERMODYNAMICS

The principle which states that energy is con-
seived for any system, either open or closed, is
the first law of thermodynamics. For the usual
energy analysis of a system, the continuity
equation for mass is applied along with the con-
servation of energy. The more gencral formula-
tion which relates the interchange of energy and
mass, as put forth by Einstein, is cxcluded in
this treatment, i.e., no nuclear reactions are
occurring .

The general formulation of the first law of ther-
modynamics for a control volume at either an
instant of timec or an interval of time is:

Y. energy in = ¥ energy out +

y. energy stored (14)
with the requirements that system boundaries be
defined, all energy forms be recognized, and
those encrgy forms crossing the system bound-
aries and undergoing change within the bound-
aries be specified.

The operational form of Eq. (14) should in-
clude all of those previously listed energy forms
associated with the gas turbine. However, in
many cases some of these forms are either neg-
ligible due to small changes as they pass
through the control volume or are completely ab-
sent. For instance, when only the compressor
component of a gas turbine is considered, the
change in the potential energy of position for the
gas as it enters and leaves the system is certain-
ly very small relative to all the other energy
changes involved. Also there is no internal
chemical energy involved at all. Further, if the
process is operating at 'steady state,” there is
no change in the internal thermal energy stored.
There is flow work since mass is crossing the
boundaries even though, through the continuity
equation, the massj; equals the massgyy.
Finally, if the compressor (control volume) is
well insulated so there is effectively no heat
transfer to, or from, the system, heat energy
will not be an item; this means the system is
“"adiabatic."” So Eq. (14) for an instant of time
would become:

W, o+ m [u + p/p + vz/z]1 -

m [u + p/p + V'/2], (15)

1-5
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Table 1. Thermodynamic Properties of Low Density Air in English Units

T
R

400
410
420
430
440
450
460
470
480
490

500
510
520
530
540
550
560
570
580
590

600
610
620
630
640
650
660
670
680
690

700
710
720
730
740
750
760
770
780
790

800
810
820
830
840
850
860
870
880
890

h
Btu/lbm

95.53

97.+93
100.32
102,71
105.11
107.50
109.90
112.30
114.69
117.08

119.48
121.87
124.27
126.66
129.06
131.46
133.86
136.26
138.66
141.06

143.47
145.88
148.28
150.68
153.09
155.50
157 .92
160.33
162.73
165.15

167.56
169.98
172.39
174.82
177.23
179.66
182.08
184.51
186.94
189.38

191.81
194.25
196.69
199.12
201.56
204.01
206.46
208.90
211.35
213.80

PY

0.4858
0.5295
0.5760
0.6253
0.6776
0.7329
0.7913
0.8531
0.9182
0.9868

1.0590
1.1349
1.2147
1.2983
1.3860
1.4779
1.5742
1.6748
1.7800
1.8899

2.005
2.124
2.249
2.379
2.514
2.655
2.801
2.953
3111
3.276

3.446
3.623
3.806
3.996
4:193
4.396
4.607
4.826
5.051
5.285

5.526
5.775
6.033
6.299
6.573
6.856
7.149
7.450
7.761
8.081

T
R

900
910
920
930
940
950
960
970
980
990

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090

1100
1110
1120
1130
1140
1150
1160
1170
1180
1190

1200
1210
1220
1230
1240
1250
1260
1270
1280
1290

1300
1310
1320
1330
1340
1350
1360
1370
1380
1390

h
Btu/lbm

216.26
218.72
221.18
223.64
22611
228.58
231.06
23353
236.02
238.50

240.98
243.48
245.97
248.45
250.95
253.45
255.96
258.47
260.97
263.48

265.99
268.52
271.03
273.56
276.08
278.61
281.14
283.68
286.21
288.76

291.30
293.86
296.41
298.96
301.52
304.08
306.65
309.22
311.79
314.36

316.94
319.53
322.11
324.69
327.29
329.88
332.48
335.09
337.68
340.29

Pr

8.411
B 752
9:.102
9.463
9.834
10.216
10.610
11.014
11.430
11.858

12.298
12.751
13.1215
13.692
14.182
14.686
15.203
15.734
16.278
16.838

17.413
18.000
18.604
19.223
19.858
20.51
21.18
21.86
22.56
23.28

24.01
24.76
252153
26.32
27.13
27.96
28.80
29.67
30.55
31.46

32.39
33.34
34.31
35.30
36.31
37.35
38.41
39.49
40.59
41.73

big
R

1400
1410
1420
1430
1440
1450
1460
1470
1480
1490

1500
1510
1520
1530
1540
1550
1560
1570
1580
1590

1600
1610
1620
1630
1640
1650
1660
1670
1680
1690

1700
1710
1720
1730
1740
1750
1760
1770
1780
1790

1800
1810
1820
1830
1840
1850
1860
1870
1880
1890

h
Btu/lbm

342.90
345.52
348.14
35075
353.37
356.00
358.63
361.27
363.89
366.53

369.17
371.82
374.47
377.11
3T TT
382.42
385.08
387.74
390.40
393.07

395.74
398.42
401.09
403.77
406.45
409.13
411.82
414.51
417.20
419.89

422.59
425.29
428.00
430.69
433.41
436.12
438.83
441.55
444,26
446.99

449.71
452.44
455.17
457.90
460.63

463.37
:129.95

466.12
468.86
471.60
474.35

Pr

42.88
44.06
45.26
46 .49
47.75
49.03
50.34
51.68
53.04
54.43

55.86
57.30
58.78
60.29
61.83
63.40
65.00
66.63
68.30
70.00

L 73
73.49
75.29
.12
78.99
80.89
82.83
84.80
86.82
88.87

90.95
93.08
95.24
97.45
99.69
101.98
104.30
106.67
109.08
111.54

114.03
116,57
139516
121.79
124.47
127.18

132.77
135.64
138.55
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Table 1. Thermodynamic Properties of Low Density Air in English Units (Continued)

T
R

1900
1910
1920
1930
1940
1950
1960
1970

1980
1990

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090

2100
2110
2120
2130
2140
2150
2160
2170
2180
2190

h
Btu/lbm

477.09
479.85
482.60
485.36
488.12
490.88
493.64
496.40
499.17
501.94

504.71
507.49
510.26
513.04
515.82
518.61
521.39
524.18
526.97
529.15

532.55
535.35
538.15
540.94
543.74
546.54
549.35
552.16
554.97
557.78

———— e —— e ——— e ——— 8 ———
: :

Pr

141.51
144.53
147.59
150.70
153.87
157.10
160.37
163.69
167.07
170.50

174.00
177 .55
181.16
184.81
188.54
192.31
196.16
200.06
204.02
208.06

212.1
216.3
220.5
224.8
229.1
233.5
238.0
242.6
247.2
251.9

T
R

2200
2210
2220
2230
2240
2250
2260
2270
2280
2290

2300
2310
2320
2330
2340
2350
2360
2370
2380
2390

2400
2410
2420
2430
2440
2450
2460
2470
2480
2490

h
Btu/lbm

560.59
563.41
566.23
569.04
571.86
574.69
577.51
580.34
583.16
585.99

588.82
591.66
594.49
597.32
600.16
603.00
605.84
608.68
611.53
614.37

617.22
620.07
622.92
625.77
628.62
631.48
634.34
637.20
640.05
642.91

S . 8 S m et e —— P ———— 8

PY

256.6
261.4
266.3
271.3
276.3
281.4
286.6
29359
297..2
302.7

308.1
3113..7.
319.4
325.1
330.9
336.8
342.8
348.9
355.0
361.3

367.6
374.0
380.5
387.0
393.7
400.5
407.3
414.3
421.3
428.5

T
R

2500
2510
2520
2530
2540
2550
2560
2570
2580
2590

2600
2610
2620
2630
2640
2650
2660
2670
2680
2690

2700

h
Btu/lbm

645.78
648.65
651.51
654.38
657.25
660.12
662.99
665.86
668.74
671.61

674.49
677.37
680.25
683.13
686.01
688.90
691.79
694.68
697.56
700.45

703.35

Pr

435.7
443.0
450.5
458.0
465.6
473.3
481.1
489.1
497.1
505.3

513..5
521.8
530.3
538.9
547.5
556.3
565.2
574.2
583.3
592.5

601.9

(Excerpted from Gas Tables,

Joseph H. Keenan and Joseph Kaye,
Reprinted from Gas Tables,

Copyright 1948.

12th printing April 1966, by permission

John Wiley & Sons, Inc., Publishers)
where 1 is "in" and 2 is "out" for the control vol- =m [h“2 - ho 1] W, [Btu/sec]
ume. The work of compression would then be (16)

found as:

w
(o

m [(u+ p/p), - (u + p/p),]

- 2 2
+ m [V2 - v1]/2

where the definitions of enthalpy, h, and "stag-

nation condition" have been introduced. The lat-
ter means that state to which the velocity has

been reduced to zero. For a time interval:

m[h, —h]+m [v: - v:]/z

m [(h +V?/2), - (h + V?/2) ]

aw_ = aM [(u + p/p), - (u + p/p),]

2 2
+ dM [V2 = VI]/2

2 2
aMm [hz— h1] + dM V= V1]/2
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