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NATIONAL ADVISORY COMMITTHE FOR AERONAUTICS

THERMODYNANIC DATA FOR THE COMPUTATION OF THE
PERFORMAANCE OF EXHAUST-3A5 TURRINES

By Benjamin FPinkel and L. Richard Turner

SIMMARY

Information published in chemical journals from 1935 to 193G on

the thermodynamic provnertics of the component gases of exhaust gases

basad on spectroscopic measurements were used as data for computing
the ideal values of wm“k, ass flow, nozzle velocity, power, and tem—
perature change involved in the thermodynamic processes [ a3 gas tur-—
bins. Curves from mchh this information can conveniently be obtained
are given. An additional curve is included from which the heat flow
may be calculated for nonadiabatic processes.

O

A method of comrut“t4on ig ﬁr“QSﬂtiﬂ in which the thermodynamic
quantities as bnc|°t with an iseniropic process are calculated by the
usa of two effective Jld@m off » rabio of specific heats « simply
related to the value of v al the start of the process and te the
pressure ratio. These valuss of 4 are used in the equations derived
on the assumstion of constant specific heat and thus permit convenient
algebraic mmanipulation of the thermodynamic quantities. The relation
of these valuss of ¥ to the conventional thsrmodynamic functions and
the condition for the validity of the method is derived. This method
arplikes accurataly for thermod yﬂunlb ;V3C“kses occurring within the
of about 700° to 2700° ¥ absclute.

temperature range

INTRODUCTION

In the computation of turbine efficiency from test data, the
power output of a turpine may be determined from dynamomater-stand
tests or their ejguivalant. The power input or the ideal power avail-
able from the exhausi zas, however, must be computud from the thermo-
dynamic propertics of the gas. Other items of interest in exhaust-
gas-turbine computations a
and mass flow. Tn these computations various organizations concernad
with the testing of turbines have bsen using tables derived from dif-
forant sources and involving difforent assumptions and approximations.
This report was prepared at ths reguest of the NACA Subcormitize on
Racovery of Power from Exhaust Gas for standardizing the data involved
in 2 computation of turbine efficicncy and the other important itcms
of turbine performanc:.

= the 1deal tempsrature drop, nozzle valocity




hﬁ rmodynamic ﬂroparfieﬂ of the comnonent gases of exhaust

: from ref“rnn s 1 te 7 are tabulated for a temperature range
%o 2700° ® ahbsolute, and ecquations and tables are given for
ocmpubting these properties fwr cxhenst gas for any given fuel-air ratio
of the mixiture and hydrogen-~carbon ratic eof the fuel. Trhe basic data
wWers PerLun1ly computed from spectroscovic measurements, which are at
the present tims considered tc Le the most azcurate source of informa-
tion on the thermodynemic properiies of gases at high temperatures.

In erder to lasscn the labor on the part of the user, curves of the
idexzl werk, msss flow, nozzle veleocity, and temperature drop covering
the rarge nf Mmel-air retics from 0 to C,12, hydrogen-carbon ratlios
from 0.084 to 0,200, initisl pas terperatures from 1200° to 2L,00° F
ahsolute, and pressure ratios from 1 to 10 are given.

This analyeis was complated at the fircraft Engine Hesearch labora-
tery of the Wetional Advisory Committee for Aeronautics, Cleveland,

Ohio, in fwgust 1243,

SYMICIS

£ area, (sq ft)
o, mass ccefficient of Adischarge, (15)/(thoorstinal 1b)

Cp . specific heat at constant presgure, (Rtu)/ (1b mole)(°F)

cp  specific heat zt constant pressurn, (vtu)/(10)(°F)

¢y specific heat at ceonstant velume, (Rtu)/(1k)(°F)

Do . the energy zero, or the energy of combustion at the absolute zero
of temperature, ( wiu)/‘lw meie)

W Gibbs! free energy

£ fuel-air ratio, (1b)/{1t)
g ?2.2‘(1h)/(31ug)

H enthalpy, (Btu)/(1b mole)
h erthalpy, (Ftu)/(1t)

J  mechanical equivalent of heat, 778 (ft-1b)/(%tu)

K equilibhrism constant
¥z  carrection factor for changes in mean molecular weight
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correction for
cembined cerraection
flow o i

mass fliuid,

in mean nolecular speecific haat

to the mass flow per unit area

(alug )/ (see)

hydrogcn—:&rhrr ratic of the fuel, (1b)/(1b) (assumed atemic

welghts, hydroge:

mean molecular weight of air,

powar, (hr)

/

0 1066

38, carbon 12,01)

(1b)/(1b mole)

or (ft-1b)/(sec)

turbine shaft power, (hp) or (£t-1b)/(sec)

pressure,

heat guantity added toe

universal gas constan

gas constant for air,

gas constant

entropy of the

volume,

woerk deone by &

pas,

ideal werk in thermodynamic process, (ft—]b)/(lh)

atio of the speci

effective value of v
effective value of v
tﬁrnan—@n

density, (slug)/(cu

(1b)/(sa ft)

for a g=

"\

5 mixture,

. 7 (3] >
gas at 1 atm

i

a fluid, (mtu)/(1b)
, 1845.7 (£4-1b)/(1b mole)(°F)
-1b)/(1b)(

(ft-1b)/(1b)(°F)

oF )

crere, (Btu)/(1b mole)(°F)

1 stmosprere, (Btu)/(1b)(°F)

(££=10)7(1b)

.

Flaid

for enthalpy-change computations

for temperature-change ccmputations

t efficiency




Subscripts:

J refers to conditions at higher pressure or temperature
2 refers to conditions at lower pressure or temperature
a air

b burned mixture

er critical

ANATYSTS AND DISCUSSION
Simplified Method of Thermodynamic Computation

Ideal turbine power available. — If the heat transfer to the
surrounding medium is neglected, the equation for the conservation
of energy gives the following relation between the energy at the
entrance and exit of the turbine and the work W done by the gas per
unit weight:

T 4 rT2
I e dl e 5=m2 =g o dT + 2w 4w (1)
...‘Io i S 2

T :
The quantity/f cpdT is called the enthalpy, or heat content, and
Jo

is usually designated h. For an ideal gas having a constant specific
heat, equation (1) reduces to

1 2 o 1
JcpTl + o e = JCPLZ + o u22 + W (2)

If it is assumed that the specific heat in equation (1) does not
vary appreciably frem its initial value during a given expansion Pro—
cess and that the process is isentropic, the temperature and pressure
are connected by the relation

=L
A
T2/T1 = (pz/pl)

and equation (1) bacomes
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jol oY
Rle -\;Y-]—- 1l - —-2-> + ]—-— ulz -— ]—-— L'l22 =W (5)

When the approach velocity wu; 1is small as is often the case, % ul2

may be neglected. Since a turbine or other working device can theo-
retically be designed to have zero leaving velocity u,, the ideal

work Wi, that may be derived from the gas in a flow process on expan—

sion between the pressures p; and p, 1is given by

y-1

Wy, \Y
e B! —(p—2-> (L)
Bl L i \p]_

Where the approach velocity wuwy 1is large, the term ul%/2gRle should

be added to the right-hand side of equation (L) to obtain the total
ideal work available. An alternative and possibly more convenient
method of taking care of wuw; is to use the stagnation temperature and

total pressure in equation (L) for Ty. and Py, respectively.

In the case of an actual gas the assumption made in the derivation
of equations (2), (3), and (L) that the specific heat does not vary
during the expansion process is not strictly correct. The fundamental
method of computing Wih/Rle that takes into account the wariation

in specific heat during the expansion process is girren in detail in
appendixes A and B, together with the tables necessary for computing
this quantity for a range of hydrogen-carbon ratios, air-fuel ratios,
initial temperatures, and pressure ratios. This method will be called
the classical processe. It involves the computation of enthalpy and
entropy., The data used in these computations and listed in table I
were obtained from references 1 to 7 and are based on spectroscopic
measurements. The assumptions made in these computations are listed
in appendix A.

An alternative procedure, which led to a convenient presentation
of this information and a simplified method of computation, is as fol-
lows: The value of Wth/Rle was computed by the above-mentioned

classical process for a given set of operating conditions (pressure
ratio, initial temperaturs, and exhaust-gas composition). An effec-
tive value of v, designated Ype Was then computed from this value

of Wyp/Byly and pressure ratio by means of equation (k). This
value of Y provides a means of calculating the value of Wth/Rle
from the equation

R —— e R
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for the specific conditions for which this value of ¢  applies.
Values of Yh compated by this procednre for a range of ccaditicns
bracketing the operating cond:tions of intercst in exhaust-gas-turbine
applications are snown in fi~uro L plotted ;ga inst vy for the pres-
sure ratios r1/nn of I, €, and 10 for a range of temperatures and
for sevsral mixtures, namely,

Constituents Tuel-air ratio

Alr

Alr + octane
sir + octane
Alr + benzene

When divided by +,, all the Jdata similar to that in figure 1
can be glott >d on a single curve acaiast pressure ratlo as shown in _
figure 2(&). Thus in the ranee of gas-turbine applications, the value
of v, can be obtalnea from the valus of 1y, and pressure ratio by
means of Tigure 2(a). |

The decrease in scatter of the points about the faired curves in

figurs 1 with incrsase in pressure ratio is noted. The characteristics
of egnation () are sach that small jnac‘.r~c,.u in the value of

“th/RbT. introduce relatiV' ly large disparsions in the value of vy,
calculated from equation L) for pr assnre ratios Ul/ﬁp near unity;
the dispersion decreases as pressure rutio is increassd. Thus small
irrezularities in the tabulated values of entropy and enthaipvy as, for
' ple, a variation of one unit in the third decimil place of entropy
ble scatier in the relation betwon1 ¥y and 4y For
er pressure ratios. fheldecreases ter as the pressure
s increased demonstrates the fandanx ,n 88 of this metned,
s in effect a msthod of fairinrg spe

o g

Bec;usa Vh/Y1 is a function only of pressure ratio in the present
caze, it ig agparent from equation (9) thal Wip/2pT1 is a funciion
of ¥ and t-u:, pregsure ratio. Figurs 3 is a plot of Wyn/RpTy
arainst pressure ratic py/p2 and y; ob =l by means ~f equation (5)
and figurs 2(a). '

P

The instantaneous values of ¢ are shown in Lfizure L slott
2ingt the fuel-air ratio and the temperaturs for two valﬂﬂs o
hyirn*nm-carhan ratio. The spread of the curves wigh
ratio is small, and linear interpolation between ths
will yield accurate rssuitls.

va}aas given




The value of the gas constant Ry is given in figure 5 plotted
againgt fuel-air ratio and hydrogen-carbon ratio., In the figures
and tables shown, air was assumed to be dry with the composition

llp. percent by volume 78

7
=t

Op percent by volume 21

A percent by volume 1t

which has a mean molecular weight of 28,97 (1b)/(1b mole) and a gas
constent R, of 53.35 (ft-~1b)/(1b)(°F). The method of computing
Ry, and Y1 is described in detail in appendix B.

Tdeal temperature drop. - For the case in which the specific heats
are congtant, the temperature ratio TZ/Tl in an isentropic process
ig related to the pressure ratio as follows:

7=-1

o/
m
pi.

T

_/P2
e ()

This relation does not apply in the actual case in which the specific
heats vary during the thexrmodjnamic process. he procedure previously
described can, however, be applied to this case. The temperature
ratio for any given set of conditions is computed by the classical
process from the data given in table II. An effective value of ¥
for temperature computations, designated 7¢, 1is taen computed from
equation (5) and the known values of temperature ratio and pressure
ratio. The values of 74 Were computed over the same range of tem-
peratures, pressure ratbios, and gas compositions used in the compu-
tation of P As in the case of 75 it was found that the ratio

of yy to 7y; was a function only of pressure ratio in this range
of conditions. The ratio of the value of 7y to 7p is shown in
figure 2(b) plotted against pressure ratio., Thus the temperature
ratio in an isentropic process can be computed from the equation

7,-1

| 9]
—

/Eg oA
\ P1 (7)

N

E

2

L

=

1

and the data given in figure 2(d). It is apparent from equation (7)
and figure 2(b) that Tp/T; may be presented as a function of Pj/Pp,

71 A plot of this function is shown in figure 6,




Figure 7 shows a plot of -JAh/RyT; against T,/T; and Y
obtained from figures 3% and 6. Although figures 3 and 6 relate
only to isentropic processes, figure 7 is not so restricted because
JAh/Rle as a function of temperature change is independent of the
tvpe of process. Figure 7 may, therefore, be used to compute changes
in enthalpy arising from any cause, such as heat addition or removal
by heat transfer or other nonisentropic processes. In isentropic
processes «JAh is equal to Wth'

Ideal density ratios -~ The equation for the density ratio p2/pl
follows from equation (7) and the gas law

L
> 7]
B NP

Ideal nozzle velocity. — The ideal nozzle velocity may be
obtained by equating the kinetic energy at the nozzle to the theo-
retical work

Wk e
B Al L%

from which
up = y2elly, (9)

Ideal mass flow, = The ideal mass flow is given by M = p2u2A.
From equations (%), (8), (9), and the perfect gas law

. Ty-1
Fazm i Y il
ST e =l e e W 10
plh P11/ \I ‘Yh—-]_ L\ \pl y ( )

This relation holds for a convergent-type nozzle for subsonic velocities
and for convergent divergent nozzles of the proper shape over the entire
flow range.

For flow at a greater—than-critical pressure ratio through a con-
vergent nozzle, the mass flow has the critical values The mass flow
at critical pressure ratio has been computed as a function of Yo
assuming that critical flow exists when the local Mach number is unity
at the nozzle throat. For this calculation it was necessary to know
the instantancous value of Yo, at the throat. The ratio Y, divided




Y Yq Was computed and found to be very nearly a function of pres-
sure ratio only. From these data the quantity

Murw/gRle

}ﬁA

has been computed. The results are shown in figure 8 plotted against
Yy The critical pressure ratio is also shown in this figure plotted
against yq.

Theoretical basis for effective values of y. - The conditions
for which the foregoing presentation involving the use of affective
values of ¥ is accurate are derived from theoretical considerations
in appendix C. It is shown that in the range in which log ¥ plotted

against Js/Rb is a straight line, the following relations are obtained

for isentropic processes:
1. vp/vy is a function only of Py /Pye
2 V¥, is a function only of Dy /Py

2 Yy/ Y1 is a function of Yy and P /Poi however, for the
range of conditions of present interest, its dependence on vy is
negligible.

L. T,/T7 is a function only of vy and Py /P,

5. Ah/RpTy is a function only of vy and py/p,+ The fol-

lowing equations are d-rived. (See equations (LL) to (L6) of
app-ndix C.)

s ?l)‘r (L)

i T
.
i E‘l}
" "5, (L5)
Eadh
W (P\’
= YigT (L)
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where r 1is the slope of the curve of log ¥ against Js/Rb. Curves
are given which show that in the range of gas-turbine application the
vaiue of r is =0,01L for the following mixtures:

Constituents Fuel-air ratio

Air 0

Air + octane 0662
Air + octane «100
Air + benzene e00

The same value of r may be expected to hold for intermediate gas
compositions becavse the same value was found to hold for all the
component gases except carbon dioxide, The range of temperatures over
which the relation is wvelid is nearly constant for 211 the diatomic
molecules considered. These molecules are the chief constituents

of exhaust gss. In the derivation of the expressions for Y¢/Y1

and Yh/Yl given, use was mace of the fact that r is small com=
pared with unitye. The general relations, not limited by this con-
dition, are given in appendix C.

This analysis provides a convenient means of determining the
‘range of validity of the method. Examination of the curves of
log & against Js/Rb reveals that the values of y for a specified
value of s given by a straight line having a slope r differs from
the actual value of y by 0.1 percent or less in the temperature
range from 900° to 2500° F absolute. The error in the values of
theoretical work or temperature computed from equations (5) and (7)
will be less than 0.1l percent for an error of the effective values
of 4 of 0.1 percent. The method can be used with very géed
accuracy for thermodynamic process occurring within a temperature
range from 700° to 2700° F absolute. This temperature range covers
the range of interest in gas-turbine work.

Equations (Ll) to (L6) permit computation for an isentropic
process of the temperature corresponding to the higher pressure
(subscript 1) and the ideal work whan the temperature at the lower
pressure (subscript 2) is knoim. For example, the value of «
corresponding to T, can be obtained from figure Le The quantities
Y1s Yts and y, can then be computed from equations (Lh) to (L6).
The tempcrature T, and ideal work can then be obtained from equa-
tions (6) and (5), respectively, and the effective values of + or
from figures 6 and 3 and the value of vy,

Working charts for gas-turbine computationse = In figures 9, 10,
11, and 12 the samec thermodynamic quantitiss are presented in a form
that was thought to be more familiar to turbine designers and
easier to uses In each case the principal curves apply for air and
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the correction factors take care of other gas compositions. The
thermodynamic property given in any figure is multiplied by all of
the corrections appearing on that figure. Figure 9 shows the ideal
work plotted against pressure ratioc and initial gas temperature.

The terms KY and Kp are correction factors that depend on the
fuel-air ratio and hydrogen-carbon ratio. The values of Wiy, taken

from figure 9 are multiplied by these correction factors. Figure 10
shows the ideal jet velocity plotted against pressure ratio and initial
gas temperature. The values taken from this figure are to be multi-

/8

plied by the correction factors KY1/2 and KP to correct for

the exhaust-gas composition. Figure 11 shows the ideal mass flow
plottad against pressure ratio for various initial temperaturese These
values sre to be multiplied by the correction factors Kp and

Sl

2 . . . .
g ©« It is assumed in this figure that the nozzles are of the con—

vergent type and that the mass flow is constant above the critical
pressure ratio. Figure 12 shows the ideal power per square inch of
nozzle area per inch of mercury of inlect pressure as a function of
initial temperature and pressure ratio. The values given by this

: Dt Al : 2 £52
figure must be multiplied by the correction factors hu, hY, and KR /
In figure 12 the mass flow is taken as the critical value for all pres—
sure ratios above the critical ratio, but the work per pound is taken
as the ideal value over the entire pressure-ratio rangs.

The method by which the correction factors were obtained is
described in appendix D,

For the convenience of the reader in preparing enlarged charts,
the data from which the curves of this report were plotted are tabu-

lated in tables III to XIII. The correction factors K# and K“ can

be computed from table XIII and figure 1L by the use of equations
given in appendix D.

Sample Computations

The following computation is given to illustrate the method of
obtaining the information from the two sets of curves: (1) figures 3
to 8; (2) figures 9 to 12.

1. Let it be desired to compute the ideal work, power per square
inch, temperature drop, mass flow, and velocity for the case of exhaust
gas having the fuel-air ratio of 0.090, hydrogen~carbon ratio of 0,189
(octane), initial temperature of 14,000 F (1860° F absolute), initial
pressure of 30 inches of mercury absolute, final pressure of 10 inches
of mercury absolute, and pressure ratio of %%




12

L. TIdeal work:

Trom figuve L

il
iy
°

N
O
(85

£

From figure €

|
L
=
-
ON
@

Ry,

From figure 3

b ‘I.hh

e 0.9675
Ry, '

U

0.967% x £7.68 x 1660

\'\lth

10%,80C (ft-1b)/(1b)

the value of Wy, can also be computed from equation (5) and fig-

ure 2(a) if greater accuracy than that given by figure 3 is desired.

B, Ideal discharge velccity:

7rom equation (9)

il

V 2Ty

Vv 2 x 32,2 x 10%,800

2585 (ft)/(sec)

o
e
"

0. ‘Tdeal mass flow through convergent nozzle:
From figure &

X (:_..7{‘ -
b fcr.\/—&,R'b X 1 .

PpA

o)
]

y =% = ,1709 (1b)/(sq ir.)(sec)




The valve of T, |
tion (7) and figure 2(b),

D. Ideal power:

Tower per sq in.

u

Trom figure 6

cr

1

could also h

et ]

G he

Ao Tdeal work:

R, Tdesal nogzle veloc

from figure 10

M
= _§ O i
'd_ﬂf;'(j I *th

= 72.2} (hp)/(sq in.)

E. JTdeal discharge lemperature:

= 0.768

= 11,28° 7 absolute

ve heen computed by means of egu

same information cen be obtained from figures 9

= 122,3 (Btu)/(1b

= 1,081

= 10077

= 122.% x 1,081 x 1.,0077

= 132,2 (Btu)/(1b)

e
B
o}
£
HER
e’
)
L
.L_J.
n
0
e
0
s
g
&
<
D
i
“
(@
tade
S
<4
“

&,

tol 12




1t

(up),... = 2uT6 (7t)/(sec)

A3/

Kr

1.0L0

xYl/z 1.0039

276 x 1.040 x 1,00%29

258% (ft)/(sec)

\12

]

3. - Idesl mass flow through convergent nozzle:

From figure 11

AW
fe = 0,00597 (1b)/(sq in.)(in. Hg)(sec)

FlA air
¥ = 0,9922
g —— = 0.00597 x 0.962 x 0.,9932 x 30
= 0,1711 (1b)/(sq in.)(sec)

D. Ideal power:

From figure 12

‘//.. th
b = 1.022
VoA

KL= S aoue

‘R = 1. O)_LO
X = 0,9932
Power per sq in, = 1.022 x 1.GO77 x 1.0L0 x 0.,99%22 x 20

= 722,22 (hp)/(sq in.)




ures 9 to 12 illustrate the method of reading
ction factors from these figures.

Figures %, 6, 7, 9, 1¢, 11, and 12 have been reproduced as large
prints suitahle for computati o. A set of these prints is ottached,

The spectroscopic specitic heat data and classicsl method of com-
putation oF thermodynamic proparties of gases are given. in alternative
method of computaticn in which the thermodynamic quantities asscciated
with an isentropic expansion are calculated by use cf two effective
values of ratio of specific heats ¥ siuaply related to the value of | ¥
at the start of the process and to the pressure ratio is preseuted.

These values of y are nsed in the equetions derived on the assumption
of constant specific heat and thus permit convenient aleebraic manipu-
lation of the thermedynamic quantities

Twoe sets of charies for determination of the thermecdynamic ouanti-

ties are given. Cne set is of =& ~nnrrrl nature in which nondimensional
coefficients are used. In the sacond set of charts specific data of

interest in turhine cemputa
conditions.

arc plotted against turbine operzting

Aireraft Engire Research laboratory,
National Advisory Committse for Aercrnautics
Cleveland, Ohio,
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APFINDIX A

The following assumpticn are mace in computations of this
ort :

1. The composition of the exhauvsi gas dees not change in
going through the thermodynamic process.
The composition of the axhaust gas in the mixture range
ion that the fuel

than stoichiomstric is based on the condit
cenverted to CNo and HoC.

%« The composition of the exhaust gas in the mixture range

richer than stoichiometric is poverned hy the equilibrium eguaticon

1)
wnere the eqwiWihr*nm constant. X is frozen at the value of Z.8.
s reference 8.)

s The amount of unburned hydrocarbons in the exhaust gas is
negligible.

Y. The internal energy states of ezch component ges @re in equi-
libriun.

6. Txhaust gas behaves as a perfect mixture of perfect fases.,
With regard to asst mo+10n %Z it is known that theoretically the

equilibrinm constant K derpends on the gas temperature, The following
values are taken freom rvfnzan"ﬁ s
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EQUILIBRTUM CONSTANT FCR
WATER-GAS REACTION

Temperature
K
(°F abs.) | (°C abs.)
540 300 0.0000103
720 400 .00C147
1080 600 .0369
1440 900 .248
1800 1000 715
2180 1200 1.395
2520 1400 2.20
2880 1800 3,055
3240 1800 5580
3500 2000 4.55
3950 2200 5.81
' 4320 2400 5.77
45380 280e 5,22
5040 | £30¢ | 6.592
5400 { 3000 |6.92

These values are computed from spectroscopic data by means of equa-
tions derived by the methcds of statisticel mechanics. On the other
hand, experimental determination of the compogition of exhaust gas by
D'Alleva and Lovell (reference 8) leads to an average value for the
equilibrium constant of 3.8. This value vwas obtained by analysis of
cooled exhaust gas having an initial temmsrature probably less than
2000° F absolute. At a gas temperature of 2000° F absolute, the
table shows a value for K of 1.07; whereas the value for K of 3.8
corresponds to a teuwperature of 3240° F absolute. The conclusion
drawn from this evidence is that the rate of the water-gas reaction
is so slow for temperatures below approximately 3240° F absolute that
for exhaust-turbine computations the equilibrium may be considered as
frozen at the composition corresponding to an equilibrium congtant of
3.8, This is also the basis for assumption 1. Although this
assumption may be superseded at some later date by a more accurate
assumption, it is believed to be considerably more accurate than the
assumption that gas is in egquilibrium at each temperaturs in accordance
with the table.
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CLASSICAL THERMODYNAMIC CALCULATION

The method of computing Wyp 1is based nn the following con-
siderations. The heat added during a thermodynamic process is
equal to the sum of the changes in internal energy and work

but

Thus

APPENDIX B

dq = glic dT + % pdv

pdv = d(pv) ~ vdp = gMR, dT - vdp

dq = ghic

1
dT - =
D T 3 vdp

(12)

For ths case of zero heat added or subtracted during the expansion
process, including h=at arising from the formation and dissipation

of turbulence,

But by the gas law

Then

dq = 0 and gile dT ~ % dp = 0

(13)

(1k)

(15)

(16)
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e
The quantity L e
5

am . pne ’ 1 !
— iz the difference in entropy of the gas
3

pr essure of 1 atmosphere and 15 designated by the smybol
i

(

=LT,) ~ 5(Tx).

Thus
5 o)
3_log ?l = s(T,} = s(Ty) At
15 :

The quantity s(T). for a given gas is a tunc*l,“ of T onlye [lke
values o? S(T). the encroiy per mele of the elementary compeonents

a
™
il
)
o)
e}
jub)

f exh referenon~ 1 to 7, are listed
tnblw I. ) ition the gas 1s assumed ccnstant
aurlrp a given expansion rccess, the censtant entropy of mixing has

been neglescted in all. the csiloulations.

The ideal work done dy the gas during this process is given by
equatien (1) '

sk ol

T o
i v . :
Jio, = { e dT = [ o.dT (18)
SIS P J IS
) (6]
it
where T, and T, &re the totsl temperatures, The qugrtity'.! chT
) ‘ o
for a given gas in the raiges of present interest is a functicrn cnly
of *Te It is usvally deslgnated enthalpy and given the symbel hk(T).
The values of #H(T), or enthalpy per pound mols of the components of
g n, i > were Laken from reference

exhaust gas given in tal
Thus

The method cf ccmpxtin¢ W cal
consists of the feollowing s Hr:n

and Tx the value of T, for an adia
equaticn (17) and the tabulated valus:

are kncwn, the value of Wy, can be cobtal
the tabulated values of

¥

o o
) Since Ty and y
f guation (19) and

The values of the thermedynamic functiens h, s, ¢p, and R
are corputed con the basis of assumptions given in appendix A. As a
result of assumption &, the heat centent of a mixsd gas is the sum of
the heat content of =ach component multiplied by the ratio of mess of
that component to the total msss of the mixture, A similar relation
between the properties of the mixture and those of the constituent gases

helds with regard to s, cp, and H.




the processes may be
;er weight since the gas
;as is eyval to the universal

hicmetric. - Consider the com-
in molecular weight of Mj.
is the mass of fiiel, The mass

74

ik

N IO

1
i

bon dicxide produced are

ectively,

follewing equaticns cornscting the thermodynamic nroperties
ixture with these of the compenents are chtained by the use of
Atign;ud averaging process:

i

I
1‘1}_—, T—"‘

Ry, =

b (21)
L
+h
WA, i L }.
¥a m+1l

wrers
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The values of hg, S, cp A,y @ By 35 and b are given in
table II.

Richer than stoichiometric mixture. - The composition of the
exhaust gas in the rich rangs is computed from the equilibrium equa-~
tion

(ce)(Ms0)
¥ o= (11)
(11p)(C0p)
where K = 3,0 The units of concentration for the quantities in

. L] —
parentheses are taken as pound moles per pound mole of original com-
bustion air.

One method of solving this equation fer the compcnents of exhaust
gas is as follows: Iet (Og)a be the molel concentration of oxygen
per pound mcle of air and (Ho0) Dbe the mclal concentration of water

& R P H < ) , 1
rapor in the air before cembustion. If (cC) , (G0p) , and (Ho0)
repressnt the concentration cf the exhsust gas per pound mcle of ceom-

bustion air on the assumption that the hydregen is completely burned
to HoC, then the true composition of the exhaust gas in terms of

these fictitious values is given by
, -
(co) = (50)' = (Hp)

S

(Ho0) = (HpQ)' - (Hp)

-~
p®)
N

N

il
.
)
=

h&)
N

+

=
no
~

(C0o)
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quentities (30) 5 (HoC)', and. (J0g) can readily be .

. from the krown cxygen, water varor, and fuvel quantities
and ars given by

3
Q " 5
o et

!
(802)

l
N\
)

)
I

el Ve Bt | e B (2L)
) Blmell . 2.016(r e

ik L, R R 1

Substituticn of equsticns (23) ints equaticn (11) and scluticn
for (Hp) gives

S o e SRR ,..: ,2.._ PR 5o 95 o e ep

The auantity (i) may now be detarmined from equation (28) and then
(ce), (6Cp), and (HoC) may be determined from equations (23),

The valizes ¢f hp, Bhs CH . and R‘n are cbtained by taking
tzd zverage of the ceorre of the cernstituent
previously descriked, gw_.:. |

Py b !
hy = }'__ !k o ( e )a n i» §
! n!.) T‘T‘f' .‘ g —_?.;‘:..-.- e Gy ¥ t
{ i j i
i | (o), 1
S e S, = o e {
b T 1 : . ( i
| s
5 3 ™ ( -'-(5')
1 v
e = — & -— - ~ ..’_____ (’1 / .
Po 1I+f } Ta A (1+m) 7
' ,
q i i .i s o Gie + S A \' ‘
& ! 1 2L D L2m
By = === <Ry |1 = (C2)_ 1% R o= =51, 107 (1) 2
8 1+ (=3 i - A -j { J'-i-}r‘) Clls K7 g j i
i
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CONDITIONS FOR WHICY vi/v1 AND Yn/Yp
ARY, FUMCTTIONS ONLY OF FRESSURE RATIO
The purpose of this discussion is to show the conditions under
which the ralio of the effective values of y 1o the initial value
Y1, are funcflonu of the pressure ratio pl/p?. Expressions for the
effective values:of v will be derived.

The quantity called the entropy at 1 atmosphereis related to the
temperature by

ds = ¢

For an isentropic process

Sl ,_ (28)

ol : (29)

whare these and subsequent logarithms are tc the netural logarithmic

bage €. Tt is propesed teo find first the conditions reguired for
/ P . i

vt/v1 te be a functicn crly of pi/ps

From equation (7)

; To jo)
& 2 P2
__=C_—Qlc~g:_:;

log -
i

G

When this exvression for log Tp/Tq7 is equated to equation (29) and
solution made for ¥, there is obtained

2
i ) ¥
l lo I/‘—’;-.- S ..l _C_i_p_ z"\ )
& \ 1 : ( g3%
Yt' \pzi l 7 i "




This relation shows that v¢/vyq is a fun
Yium is a function of }»/1)1. Thus

£(p/p1)

ction of pl/'gjz only when

or
p/p1 = P(v/y1) (31)
where f and F indicate function ss yet not known. Rut

W

PL A (v/v) Y1) 1

4

Therctore, egusztion (23) becomes

/11

driv/v{) dy

A

i

i “(Y/‘x’]_) Ay

Jds _ y dT _dp _
B2 5 Lo S B e ool
el 72 T o Bl

— (%2
aly/vy) ¥ )

Since ¥ 1is & function only of T and is independent of any arbitrary
starting Dmir:t such as vy, the fzcter invelving vyp must be eqgual
to a constant. Therefore, a further condition that Yt/ﬁ. is a
functicn oniy of pl/p is that i

v/v1  dP(v/vy) ] )

= %3

- A \ 14

P(v/y1) 4 (v/r) F
where r 1is a constant. #hen this egquation is integrated, there

results

| =

/ Y\r

../,
l"l) ‘Yl/

From equation (31)

b

1 ——
\
\

/P
1%L

\"/H ™
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or

v/, = (o/p)" (2L)

L

2 o Sy Vi . e
is the conditicn that Y¢/Yy is a function only of pL/p?. This
condition may be restated in a more convenient form. Eguation (32)
becomes

Jis dy

T

Rquation (3F) is eguivalent to equation (7h) and indicates that
1 i . ’
Y+/¥1 igs a function only of p3/pr in the range where & plot of

log v apainst Js/ﬁb yvields a straight line. Th= slope of this line

gives the constant r.

Figure 1% shows log ¥ p1ntimn ag «inst Js/hb for the products
of combustion of the following mixty

A
Lir + 0.0662 octane
Alr (‘ octane ”

10
Lir + 0.1C benzene
The pgas temperatures are also shown in this figure.

Tt is noted that in each case the curves are substentially
straight in the range of temperatures from 9009 to 25C0O° 7 absolute
and the glopes are substantially equal, tn average value of r for
the four curves shown is

Substitution of (g/bl)r for Y/¥1 in equation (3C) and integration
vields

Fy
Yy r log 5

—= ——= (26)
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excellent agreement with

(that

range of conditiens
is

p]/p?) that = AR/RTy

v] and rl/f;. Ry definition
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(n substitution dn the eguation fer 2h
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Thus Ah/ﬁle is szen tc¢ be a functicn of only vy and

P]_//Fg

in the range in which lcg v is a straight line when pletted against

/ . . . - .
An expression for /vy will now be derived. From equation (%)

c
from equaticn (%%), theres results
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Thig equaticon will be scived to cbtain an expression for

f;lxows: Baquation (L0) may be written
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sonstant during the "Lm.,egratio;‘;. When this

Since — ~-— upd alsc — - -=— arz very small, the terms in which

RIS 4 s Ry

they are invelved can be appreximeted by the first two ter

series sxpansicn. Thus

ms of the




The term g; log L2 can be replaced by an expression obtained from
T : .

equation (%8)

As r is very szll,(p1/f)r can be replaced by the first three terms

of its series expansion.(See equaticn (h2)) Thus

+ — log

h P1

m
Ii-

i
"h

T¥hen sclution is made for Yq 4 there results

/P \‘ 1 g Py dp
IR B
YJ 1 A l// P i 8

l

1

—

+
TR

2

Y

™
)

)
»p\\ rl dp
(5 Tosgng
3 -]T/. 3 l

The integrations indicated in the equaticn for Yl/Yh can be explic~
itliy carried out. The following approximate evaluation cf these
integrals is more expedient in the present circumstances,

(? 3 2 L
—-Y—. . L A 'F
o 1 » P1 dp oy N A
& 2 = =) (B) 7 log? 5~ d log 5=
)1 \FL D _p* : \\Flj - S
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the bracketad

= 1,

and vy = 1.33,

of sufficient accurac)

quantity reduces to 1.

When

the bracketed quantity is eaqual to 0.951.

to take the bracksted cuantity equal




Vi 3 r Py
== lslg =

rh =

Since the last term is of the order of 0.Cl or less
range of pressure ratios,the further appreximation

Yh =
¥

g

p.
log ==
Fa

1 -

Wy R

is permiscible. Values computed from this relation
‘with values obtained frem figure 2(a).

Another form in which Yh/yl may be written is
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two terms of the series expansion are taken.,
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sufficient degree of
(See equation (Li2),
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In the region
Js/Rb and when r
with unity

Te summnarize:
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is small compared
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For any given value of Js/Ry, the difference between the values
of log ¥ given by the curve and the straight line repregents the
percentage erroer in « when the straight line is used as an approxi- f
metion for the curve (fig. 13). This result follows from the rela-
tion d log v = dy/v. It is noted that in the range from $00° F
absolute (LLO° F) to 2500° 7 ahsclute (21L0° F) the error in the value
of ¥ given by the straight line is less than 0.1 percent,
APPRMDIX D
THE COSSTRUSTION OF THIM CORRECTION CHARTS
Three terus are reduired Lo correct thermodynamic quantities for
in gas constant and ratio of specific heats. The correction
Ks is ecumal to the ratio of the gasz corstant for exhaust gas
to that for air.
L
The corrsction factor KY for the effect of changes in ¥ on Wiy,
. - *
is given by -




LSl
By =1+ (L ___th) Ay
Wth o/ i

Ys being taken as 1,329, the value of y for air at 1980° F abso-

lutes. The corrections shown in figures 9 to 12 are thus actually
set up for 1930° F absolute. The error involved in the use of this
correction factor for other initial temperatures is negligible.

The correction factor for mass flow K, is given by

58
" y oAy
H ¥ 3Y/ ¥q

Y awth
The values of the two logarithmic partial derivatives ﬁﬂﬁ 57
i ' X WY d

it . ) t

;;, evaluated for a v of 1l.33 using the formulas for constant
d

snecific heats, are showm in figure 1llie The values of the correction
factors are practically independent of the value of + used in these
computations.
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NACA ARR No. 4B25

TABLE I
THERMODYNAMIC FUNCTIONS OF EXHAUST-GAS CONSTITUENTS

IN THE STANDARD STATE

35

v g o co N 0. Hs0 § [¢] A
(°k) |(°F abs.) ?3) (a) 1 i (E) (32) (e)
Enthalpy, H - Eg, (Btu)/(1b mole)
300 540 3,665.3 3,753.4 3,762.6 3,748.5 4,284.8 4,061.0 2,682.3
400 720 4,915.6 5,010.1 5,007.6 5,026.5 5,743.8 5,755.5 3,576.4
500 900 6,172.7 6,281.6 6,272.6 6,344.3 7,237.9 7,608.2 4,470.5
600 1080 7,431.1 757773 7,556.2 7,704.0 8,776 9,590.2 5,3€4.6
700 1260 8,696.3 8,903.2 8,865.9 9,105.5 10,368 11,678 6,258.7
800 1440 | 9,967.0 10,261.1 10,204.6 10,542.2 12,009 13,855 7,152.8
900 1620 11,246.4 11,649.4 11,572.4 12,009 13,706 16,107 8,04€.9
1000 1800 12,539 13,065 12,967 13,499 15,460 18,419 8,941.1
1100 1980 13,847 14,505 14,387 15,009 17,266 20,786 9,8356.1
1200 2160 15,171 15,967 15,829 16,538 19,140 23,195 10,729
1300 2340 16,513 17,447 17,291 18,080 21,046 25,643 11,623
1400 2520 17,874 18,943 18,769 19,636 23,013 28,123 12,517
1500 2700 19,254 20,453 20,263 21,205 25,017 30,631 13,412
Refer-
ence== ecececea 3 2 2 3, 4 5, 6 7
Entropy at 1 atmosphere pressure, S, (2tu)/(1b mole)(°F)
300 540 31.269 47.357 45.828 49.061 45.179 51.140 28.332
400 720 33.267 49.366 47 .833 51.121 47.509 53.842 29.761
500 900 34.826 50.942 49.401 52.740 49.361 56.135 30.870
600 1080 36.101 52.254 50.701 54.117 50.919 58.141 31.775
700 1260 37.184 53.389 51.822 55.314 52.280 59.929 32.541
800 1440 d38.126 54.396 52.815 56.381 53.499 €1.543 33.204
900 1620 38.964 55.304 53.710 57.342 54.608 63.016 33.789
1000 1800 39.721 56.133 54,527 58.214 55.634 €4.370 34.313
1100 1980 40.413 56 .896 55.279 59.013 56.590 65.623 34.786
1200 2160 41.053 57.602 55,976 59.751 57.490 66.787 356.218
1300 2340 41.650 dsg.261 56.626 60.437 " 58.343 €67.875 35.616
1400 2520 42,210 58.876 57.234 61.075 59.151 68.897 35.984
1500 2700 42.739 59.455 57.807 61.680 59.921 €9.858 36.327
Refer-
ence== [ce=ccccce e 2 2 3, 4 5, 6 7
Specific heat at constant pressure, Cp, (Btu)/(1b mole) (°F)

300 540 6.896 6.964 6.960 7.021 8,030 8,908 4,967
400 720 6.974 7.013 6.991 7.197 8.192 9.885 4.967
500 900 6.992 7.122 7.071 7.434 8.425 10.676 4.967
600 1080 7.008 7.279 7.200 7.675 8.690 11.324 4.967
700 1260 7.035 7.455 7.355 7.890 8.974 11.862 4.967
800 1440 7.079 7.629 7.516 8.069 9.273 12.312 4.967
900 1620 7.141 7.792 7.676 8.216 9.580 12.689 4.967
1000 1800 7.220 7.936 7.821 8.341 9.891 13.005 4.967
1100 1980 7.314 8.061 7.952 8.445 10.196 13.27 4.967
1200 2160 7.408 8.175 8.069 8.534 10.492 13.50 4.967
1300 2340 7.508 8.269 8.169 8.612 10.776 13.69 4.967
1400 2520 7.613 8.346 8.252 8.677 11.043 13.86 4.967
1500 2700 7.718 8.422 8.334 8.742 11.201 14.00 4.967
Refer-
ence== l==--ecea 1 2 2 3, 4 5, 6 7 Cale.

a'raking Eo = O for COg, Hp0, Og, E, for CO and Hp has been assumed to have the values:

NATIONAL ADVISORY

gas E,
co 119,626 COMMITTEE FOR AERONAUTICS
Hp 102,243

t’values not appearing in the original references, calculated by means of the identity H = TS + F.
SCaloulated by ideal gas law, Cp = 4.967, S = § R log T.

doriginal reference in e Tabulated value interpolated and relatively accurate
%6 £0.001 (5tu)/ (1b mole) (oF) . i %




NACA ARR No. 4B25 36
TABLE II
DERIVED THERMODYNAMIC FUNCTIONS OF GASES
T T Factors for calculating enthalpy h, (Btu)/(1b)
(°K) | (°F abs.)
A B c D E F hy
(1) (1) (1) (1)
300 540 1195.8 26,042 | 242,385.3| 20,224.8| 61,311.2 | -17,694.9 | 129.13
400 720 1602.6 €0.767 | 242,787.5| 20,293.1| 61,817.8 | -17,465.8 | 172.48
500 900 2016.9 105.325| 242,943.1| 20,350.6 | 62,270.7 | =17,121.6 | 216.40
600 1080 2442.8 157.18 242,930.2| 20,401.4| 62,693.3 | -16,712.2 | 261.13
700 1260 2884.9 214.38 242,808 20,448.4| 63,105.1 | -16,279.6 | 306.85
800 1440 3343.3 276.07 242,606 20,493 63,514.0 | -15,831.5 | 353.62
900 1620 3821.0 341.50 242,346 20,537 63,927.0 | =15,385,0 | 401.38
1000 1800 4321.6 410.00 242,043 20,580 64,352.0 | -14,950.0 | 450.04
1100 1980 4842.9 481.42 241,699 20,623 64,788.0 | ~14,521.0 | 499.52
1200 2160 5388.6 554.75 241,334 20,666 65,244.0 | -14,124.0 | 549.73
1300 2340 5956.6 630.25 240,940 20,709 65,713.0 | -13,720.0 | 600,58
1400 2520 6545.1 707.25 240,528 20,751 66,202,0 | -13,342,0 | 651.96
1500 2700 71562.6 785,80 240,101 20,794 66,701.0 | -12,968.0 | 703.86
Pactors for calculating entropy s, (Btu)/(1b) (°F)
a B r 8 € 4 Sa
300 540 10.242 0.1733 41.495 3.6312 20.534 =10.121 1.5992
400 720 10.887 .2268 42,169 3.7408 21.345 -9,.766 1.6686
500 900 11.404 .2829 42.354 3.8124 21.909 -9.315 1.7229
600 1080 11.835 <2353 42,343 3.8639 22,337 -8,.931 1.7682
700 1260 12.214 . 3846 42.234 3.9041 22.689 -8,.556 1.8073
800 1440 12.554 .4302 42,087 3.9374 22.992 -8.226 1.8420
900 1620 12.865 .4728 41,918 3.9660 23.262 -7.932 1.8733
1000 1800 13.159 +5130 41.740 3.9913 23.511 -7.676 1.9018
1100 1980 13.434 .5508 41.559 4.0141 23.741 -7.450 1.9280
1200 2160 13.698 .5863 41,381 4.0348 23.961 -7.252 1.9523
1300 2340 13.950 .6198 41.209 4.,0539 24.171 -7.079 1.9749
1400 2520 14.193 .6518 41.033 4.,0713 24.370 -6.920 1.9960
1500 2700 14.426 .6815 40,874 4.0877 24.563 -6.779 2.0159
Factors lor caiculating specilic heat at constant pressure Cps
(Btu)/(1b) (OF)
a b c d e ) °pa
300 540 2.242 0.1573 3.133 0.4183 3.019 0.810 0.2400
400 720 2.278 .2240 1.453 .3451 2.639 1.654 .2421
500 900 2.336 .2702 « 326 «2973 2.416 2.12) +2460
600 1080 2.407 .3041 -.415 .2695 2.304 2.363 .2512
700 1260 2.495 «3310 -.924 +2540 2.266 2.468 .2569
800 1440 2.599 .3536 -1.297 +2455 2.277 2.489 .2626
900 1€20 2.714 .3728 -1,.578 .2412 2.323 2.458 +2679
1000 1800 2.838 .35887 -1.797 .2389 2.392 2.398 e 2727
1100 1980 2.963 4021 =-1,973 « 2377 2.429 2.327 2770
1200 21€0 3.088 .4138 -2.116 «2375 2.563 2.241 .2808
1300 2340 3.209 .4232 -2.230 .2373 2.656 2.183 .2841
1400 2520 3.326 .4319 -2.351 .2360 2.743 2.084 .2868
1500 2700 3.433 .4382 -2.414 .2370 2.834 2.005 .2895
1 NATIONAL ADV1SORY
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T4iBLE TII - THEORETICAL WCRY AVAILABLE IN AN ISENTROPIC EXPANSION

[Data iron this table were used in preparing figure 3 of report.)

Pressure|iatio of specific heats at initial temperature, ¥j
r?t;o’ 1.28 [ 1.30 [ 1.32 | 1.34 | 1.36 [ 1.38 | 1.k0
P1/P2 Available work, Nth/Rbl
12 0.1787[0.1785{0.17830,1782{0,178010.1778}0.1776
1.4 32031 +3237]| 3231 .3228] .3219| .3213| .3208
$95 Lb6s) Lbs3l GLLL1| LLhe9| LLhi8| JLLOT7| WL397
1.8 25512 .5493| SLT75| .5L57} e5LLO| .5h2lk| .5LO8
2.0 .6L26| 6LOO| 6375 .6351( 6328 .6305( .628L
2.5 82501 .82L6| .820L| .B16L| .8125! .B087| .8050
2 OTUL 9633 962l 95671 «9513| «9L6O| 9410
3,5 1.0926(1.0849]1.077L{1.0703}1.063L: |1.0567|1.050L
Iy 1.1917(1.182411.1735{1.16L9{1.1567 |1.1L87{1.1411
5 1.350311.3332|1.326611.3155]1.30L8]1.2946|1.2647
6 1.4739|1.L593 {1.LL5311.4320(1.4192 [1.L070]1.3952
7 1,57L311.5575{1.5L15{1.5261}1.511k |1.L97L|1.L839
3 1.658311.6395|1.6216]1.60L5]{1.5881 |1.572L]1.557L _
9 1.7332|1.70961.6899(1.6712|1,6533 |1,6362{1.6198
10 1.792811.7706 1. 7494 11.7292]1.7099 |1.6915{1.6738
TABLE IV- RATIO OF SPECIFIC HEATS OF COMBUSTION GASES
[Data from this table were used in preparing figure L of report,
Temper- Fuel-air ratio
ature o l
i 0 | 9.03 | 0.04 | 0.05.] 0.06 | 0,07 | 0.08 | 0.10 | 0
lute) Ratio of spe¢ific heats, ¥y
Hrdrogen~-carbon ratio, 0.084
1080 1.375511.3568]1.3511[1.3456] 15403 | 13353 |1.3357|1.3478]1.3580
1260 1.3640]1.3551|1.3392 1.3337| 1.328L1.32091.3237|1.3361 |1.3L66
1440 1.353411.3%42]1.328,{1.3228{1.3175{1.312)4{1.3128]1.%252{1.3359
1620 1.3439]1.324711.3207|{1.3133| 1.3080{1.3029|1.3033 |1,3156|1.3262
1800 1.3357]1.3166{1.3108{1.3052]{1.2998]1.2947{1.2951|1.3072|1.3178
1930 1.329011.3096{1.3038{1.2982!1.2929{1.2379(1.288%]1.3003|1.3108
2160 1.323011.%3037]1.2979]11.292%]1.2870}1.2819]1.2821|1.2938|1.3041
23,0 1.320511.298711.2929{1.2373{1.232011.2770{1.2771|1.2886|1.2988
Hydrogen~carbon ratio, 0.189
1030 11.3755/1.3559]1.3501]1.3L05]1.3393 [ e 1.3451]1.3587]1.3635
1260 1.36L0{1.3402)1.3383(1.3327|14327) | ~emmmeem | 1. 3320 {1 . 3439 |1 . 3528
1440 Bs500E 135251 1.5273 1 1632171 1. 316k feammes 1.322511.3%331|1,3422
1620 1431390 1.3237{1.3177]163120| 13067 | e | 1, 3127 | 1. 3233 [1.3326
1800 1433571143154 1+3093]|143037] 142983 | memmmenmm 1.3041{1.3148]1.32L0
1980 52901 1.5082]1,3022] 1,296l 1291 O s 1.2972{1.3078]1.3172
2160 1:323011.3021{1.2960{1.2902|1.28)8|~———]1.2902 |1.3006 |1.3098
2310 103205/ 142969|142907{1428L9| 1,279l | =rwrmeme| 12850 11,2952 11,3045
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TABTE V - GAS CONSTANT OF COMBUSTION GASES
[Data from this table wereused in preparing figure 5 of report.]
Fuel- Hydrogen~carbon ratio
Fatio | 0.084 Jo.100] 0.125 | 0.150 | 0.175 | 0.189 | 0.200
Gas constant Ry, (£t 1b)/(1b)(°F)
0.01 | 53.12 {53.17 | 53.2L5|a#% .32 | 5339 | 53.L3 | 53.L6
02 |52.89 152,991 53,3 53.29 | 53.L3 | 53,50 | 5356
03 | 52,66 52,81 | 85.0L | 53.25 | 53.L6 | 5357 | 53466
Ol [ 52.45 (524684 52,90 | 53.22 | 53.50 | 5346k | 53477
.05 | 52.23 [52.L7 | 52.8L | 53.19 | 53453 | 53.71°} 5386
.06 | 52,01 152,30 | 52,74 | 53.16 | 53457 | 53.78-f 53495
.07 | 51.805|52.1L | 52.65 | 5%.26 | 5L.03 | 5LL5 | 5477
.08 [53.2% {52.86]|5%.82 | 5L.73 | 55.60 | 56.08 | 56.LL
.09 153,39 54409 | 55.155] 56.17 | 57.15 | 57.68 | 58.08
<10 | 5L.52 {55430 | 56,47 | 57.59 | 58.67 | 59+2L | 59.69
11 | 55463 |56.L48 ) 57.76 | 58498 | 60.15 | 60.79 | 61.27
12 [ 56473 |57.65 | 59,03 | 60.35 | 61.61 | 62,30 | 62.82

TABLE Vi - TE

MPERATURE CHANCE IN AN

[Data from this table wore used in preparing figure 6 of report.)

ISENTROPIC EZPANSION

38

Ratio of specific heats at inici:.. temperature, ¥
Prassure
ratie 1.28 | 1.30 | 1.32 | 1.3 | 1.36 | 1.28 | 1058
pl/p2 Ratio of final temperature to initial temperature, To/T1
e 0.9607 | 0.9536 | 0.9566 | 0.95L7 | 0.9527 | 0.9509 | 0.9L91
1.4 «9285 | .92L8 | .9212| L9177| 91L3 | 9111 | 9073
I . 29013 | .B8962 | .891L| ..8867{ .8821 | «8777] «SiES
1.8 87781 .8717| .8657| .B600) .85L5 | .8L92 | 8Ll
20 85721 .8502 | .8L33 | .8368! .8%305 | .82LhL| .8185
2.5 B148 1 L8059 | L797L1 7892 ] .7813 1 L7738 ST6EE
2.0 J81LL 1 7712 ] L7618 | <7521 | S7L32 | S73LGT RS
3.5 STEUL L J7u88 | 73221 7220 7222 | ST0C9NCEE
4.0 7308 | 7189 | L7075 ¢ 6966 | 6862 | 6762 | 6667
5 0G955 068OLL 06679 56560 oéut)ié 06358 .625&
6 OELT T WB501 1 L6368 | J62L2 | L6122 6008 | «5899
7 L6L01 | .6255 | 61161 .5985 | .5860 | .57hl| .5628
8 6198 1 J60LT | 5904 | 5769 | .56L1 | .5519 | .5LO3
9 6025 | 5869 | 5723 | .5585 | .5L5L | <5330 | <5211
10 .537% +5715 5566 | «5L26 | 5292 | .5166 | .50L6
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TABLE VII - ENTHALPY CHANGE a4S A PUNCITON OF TEMPERATURE
[Data from this table were used in preparing figure 7 of report.)

Temper Ratio of specific heats at initial temperature, 3

B 0108 | 1.30 | 1.32 | 1.50 | 1.36 | 1.2 0 10 EE
ratio,
To/Tq Change in enthalpy, —JAh/RpT1

0.99 10.0456610.0432910.04121]0.0393%810,03775|0.03629{0.03497
.98 | .09123] .08650f .08236{ .07870| 07545 .0725L| 06992
527 ) 21367 | 41296 | 1234 | 1180 | L1131 | <1087 { i
$90 | L1821 | (1727 | #16Ll | <1572 | 1507 | S1LkS §SEae
995 | «227L | 2157 | <208L | 1963 | .1882 | 1810 |
«90 | 1523 | 1293 | U091 | 43912 | .3752 | .3609 | .3LBO
o85 | 6745 | o6L06 | 6108 | 5843 | 5607 | <5394 | 5204
$00 § «8935L | L8491 | 8101 | «775L | -ThL6 | 7167 | ab EB
«75 11.1100 ]1.0550 |1.0075 | .96L8 | 9266 | .B8922 | .B8611
+70 11.3228 |1.2590 |1.2025 |1.1522 |1.1072 {1.0666 {1ties?
.65 11.5328 {1.L597 [1.3950 {1.337L [1.2896 |1.2389 {1.1965
60 |1.7401 |1.6580 [1.585L [1.5206 |1.L62% |1.L096 |1.3619
.55 - 1.7021 11.6372 |1.5788 |1.5253

TASLE VIII~ CRITICAL PRESSURE RATTO AND CRITICAI MASS-FLOW FACTOR

[Data from this tablewsre used in preparing figure 8 of report.)

Ratio of specific heats at initial temperature, Yj

1.28 1.30 e 2 18k 1.%6 1.38 1.40

Critical
pressure | 1.,8277 {1.8403% |1.8525 [1.86L48 |1.8768 |1.8892 [1.9015
ratio,
pl/p2

M. g, T, ) »
:9__5?9_3. 0.6645L| 0.66809]0.67179 (0.675%3]0.67892| 0.68232}0.68575
pyA
i
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TABLE TX - IDEAL WORK IN THE EXPANSION OF AIR
NAT IONAL ADVISORY
[Data from this table were used in preparing figure 9 of report.] COMMITTEE FOR AERONAUTICS

Pressure Initial temperature, T,, °F absolute

';;;:' 1200 | 1300 | w00 [ 1500 [1600 [ 1700 [1800 [ 1900 | 2000 ] 2100 | 2200 | 2300 | 2hoo | 2500 | 2600 | 2700

2 Ideal work, (Btu)/(1b)

1.025 2.0250 2.194| 2.363 2.531| 2.698| 2.867| 3.033| 3.204| 3.375| 3.5u5| 3.716] 3.880| L.oss 4.219| L.386] L.558
1,050 3.988] L.320| L.65S| L.987| s5.322f s.652| 5.988| 6.320| 6.653| 6.987| 7.315| 7.649| 7.979] 8.318 8.652| 8.983
1.075 5.895| 6.386| 6.879| 7.371| 7.862| B8.353| 8.8LL| 9.335| 9.833| 10.32 | 10.81 | 11.31 | 11.80 | 12.30 | 12.78 13.28
1.100 7.742| 8.389| 9.036] 9. 10.33 | 10.98 | 11.63 | 12.27 | 12,91 | 13.57 | Li.21 | 1L.86 | 15.51 | 16.15 | 16.81 | 17.4§
1.125 9.557| 10,34 | 11.13 | 11.93 | 12.73 | 13.53 | 14.33 | 15.12 | 15.92 | 16.72 | 17.51 | 18.31 | 19.11 | 19.90 | 20.71 21.50
1.150 | 11.29 | 12.23 | 13,17 | .16 | 15.06 | 16.01 | 16.95 | 17.89 | 18.8L | 19.79 | 20.73 | 21.67 | 22.62 | 23.56 24.51 | 25.45
1.20 1h.6h | 15.86 | 17.09 | 18,31 | 19.54 | 20.77 | 22.00 | 23.22 | 2L.LS | 25.68 | 26.90 | 28.52 | 29.36 | 30.58 | 31.82 | 33.03
1.25 17.82 | 19,31 | 20.81 | 22.30 | 23.80 | 25.29 | 26.79 | 28.28 | 29.77 | 31.27 | 32.76 | 3L.25 | 35.76 | 37.24 | 38.75 | Lo.2L
1.30 20,8k [ 22,59 | 24e3y | 26,09 | 27.83 | 29.58 | 31.34 [ 33.09 | 3L.83 [ 36.58 | 38.3, | 40.09 [ L1.85 | L3.59 L5.35 | L7.09
1.4 26.L7 | 28469 | 30.91 | 33,14 | 35.36 | 37.58 | 39.81 | L2.05 | LL.27 | L6.Lk9 | L8.72 | 50.96 | 53.17 | s5.41 | 57.85 | 59.87
1.5 31.61 | 3L.25 | 36.92 | 39.58 | L2.24 | LL.90 | L7.57 | 50.22 | 52.90 | 55.56 | 58.23 | 60.90 | 63.55 | 66.23 | 69.91 | 71.56
1.6 36.32 | 39437 | L2eul | L5S.50 | LB.56 | 51.63 | SL.70 | 57.76 | 60.84 | 63.91 | 66.97 | 70.05 | 73.10 | 76.19 | 79.27 | 82.32
1e7 L0.67 | LLe1O | L7454 | 50497 | SL.LO | 57.85 | 61.29 | 6u.72 | 68,15 | 71.62 | 75.07 | 78.51 | 81.93 | 85.40 | 88.24 | 92.29
1.8 Llo71 | LB.UT7 | 52.27 | 56403 | 59.84 | 63.63 | 67.39 | 71.19 | 74.97 | 78.79 | 82.58 | 86.35 | 90.15 | 93.95 | 97.73 |101.L49
1.9 LB.L7 | 52456 | 56467 | 60477 | 6L.89 | 69.01 | 73.10 | 77.23 | 81.33 | 85.47 | 89.60 | 93.69 | 97.77 101.95 [106.05 |110.13
2.0 51.98 | 56439 | €0.78 | 65.20 | 69.61 | 74.03 | 78.45 | 82.88 | 87.40 | 91.70 | 96.15 |200.56 [204.97 |109.Lk |113.83 |118.23
2.25 59.90 | 64.97 [ 70,04 | 75.15 | 80.23 | 85.35 | 90.46 | 95.57 [200.66 [105.77 [110.88 [116.00 [121.12 [126.22 |131.35 |136.42
2,50 66.70 | 72.39 | 78405 | 83,76 | 89.45 | 95.18 |100.87 |106.57 [112.41 |118.00 [123.69 [129.Lk [135.09 |140.85 |146.58 |152.2)
3.0 78.11 | 8L4.76 | 91.43 | 98014 1104.82 [111.5) [118.2k {124.97 {131.65 |138.37 (145.1 [151.87 [158.53 [165.30 {171.98 {178.70
3.5 87.31 | 9L.75 |102.25 [109.73 |117.23 |12L.79 [132.31 [139.81 [147.35 |154.90 (162.)3 [169.99 [177.52 |185.12 |192.61 |200.07
4.0 9L.86 | 103.00 |111.15 [119.41 |127.54 |135.80 |143.99 |152.23 |160.50 |168.69 {176.8L |185.15 {193.32 |201.59 |209.8L |217.97
5.0 106,97 | 116,23 |125.43 |134e73 |1LL.OY |153.33 |162.67 |171.95 |181.L8 [190.60 |199.69 |209.26 [219.10 |227.97 |237.41 |2L6.62
6.0 116.27 | 126.41 [136.4) |146.63 |156.7L |166.95 [177.09 |187.27 |197.64 |207.65 [217.8L |228.03 |238.21 |248.L8 [258.41 |268.66
7.0 123,79 | 134459 | 145,30 [156.18 |166.98 [177.88 [188.75 |199.59 |210.71 |221.36 |232.34 |2L3.l: |254.09 [265.17 |276.01 |286.75
8.0 130.02 | 141.43 |152.87 |164.18 |175.52 |187.09 [198.4S [209.97 |221.59 [232.92 [2LL.36 [255.90 |267.31 |278.93 |290.43 |301.7L
9.0 135.32 | 147,29 | 158,96 |171.03 |182.81 |19L4.82 |206.74 |218.75 |230.89 |2k2.71 [25h.L6 |266.68 |278.6L |290.71 [302.72 |314.51
10,0 139.89 | 152,27 | 164.38 |176.85 |189.08 |201.56 [213.92 |226.28 |238.93 [251.10 [263.59 |276.02 |288.L1 |301.07 |313.52 |325.74
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TABLE X - IDEAL MASS FLON OF AIR

NATIONAL ADVISORY

ﬁ)ata from this table were used in preparing figure 11 of repm.] COMMITTEE FOR AERONAUTICS
Précanre Initiel temperature, T1, °F absolute
ratio, 1200 | 1300 | 1400 | 1500 | 1600 | 1700 | 1800 | 1900 | 2000 | 2100 | 2200 | 2300 | 2L00 | 2500 | 2600 | 2700
P, /Py Ideal mass flow, M, (1b)/(sec)(sq in.)(in. Hg initial pressure)
1.025 |0.002400 |0.002306 |0.002222 |0.0021L46 |0.002077 |0.002015 |0.001957 |0.001906 |0.001858 |0,001813 | 0,001772 |0.001732]|0.001697 | 0.001661|0.001629 |0.001599
1.050 003309 | +003179| +003063| 002959 | .002865| .002779| .002701| .002628| 002562 | +002500( +002L42| .002388| .002337| .002290| 002246 | 00220k
1.075 4003955 | 4003799 | +003630| ,003535| .003L22| 003319| .003225| .003139| .003060| .002985| 002916 .002852| .002792| .002736| .002682| 002621
1.100 «00LL57| 004281 | .0OL12L| .00398L| .003856| .0037L1| .003635| .003537| .003LL7| .003363| .003286| .003213| .0031L5| .003081| .003021| .002964
1.125 .004866| .00L67L| .00LS502| .00L3LS| .00L209| .00LOB3| .003968| .003860| .003763| .003672) .003586| .003507] .003L432| .003362] .003297| .003235
1.150 | .005210| .005003| .00LBLS| .00L66L| .00L505| .00L370| .00L2L6| .00L131| .00LO26| .003928( .003837| .003752| .003673| .003597| .003527( .003L61
1520 .005751 | .005522 | .005320| .005137| .00L972| .00L822| .00L6BS| .00LSS8| .OOLLL2| .QOL333| .00L232| .004167| .00LOS1| .003968| .003891| 003817
1.25 .006159| .00591k| .005696| .005500| .005323| .005162| .0050LL| .0OLB79| .00L7S3| .00L627| «00LS28| .00LL28| .004336] .OOL2L6| .00L163| .00LOBY
1.3 0064731 .006216| .005985| .005779| 005563 | .005L22| .0052LO| .00512L| .00L992| .00LBST7| .00LT732| .00LESL| .00LS28| .OOLLSB| .0OL371| .00U28B9
1.k 006916 | 006635 | .006392| .006167| .005970| .005784| .005618| .005L66| +005327| .005193( <00507L| .00L9S8| .00LBSS| .00L752| .00L6S9 | «OOLSTL
1.5 .007181| .006893| .006633| .006LOL| .006192| .006006| .005829| .005673| .005522| +005390| .005260| .0051L5| .005029| .004930| .00LB33| .0OLTL2
1.6 .007352 | ,007050| <006790| 006548] 006338] ,006139) ,005965] .005798| 005650 .005508| 005381 005256 .0051L6| 005036 004937 | .00LBL3
1.7 «007L38 | +007138| +006857| 006627] 006399 | «006212| 006021| +005865| +005702| +005571| +005L29| «005315| .005192| .005093| .00L991| 00LB97
1.8 007482 | 007179 | +006506| .00666L| +006LL3 | 0062k6| 006061 | +005896| #005739| «005598| .005u63| 005340| .00522L| .005116| .00501L| OOLFLS
Critical
pressure
ratio—-) 1.881 1.878 1.87h 1-671 1-868 1.8611 1.%2 1-860 1.857 1.855 1085} 1-852 1.850 10&[9 10&37 10&1
Critical
mass
flow,
M., —>{0.007L92 [0.007187 |0.006915]0.006670§0,006LSL [0.006250 0.006067 |0.005899] 0.0057Lk4]0.005601|0.0054680.005343|0,005228 o.oosnelo.oosom 0.004921
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TABLE XI - IDEAL POWER FOR AIR

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
&hta from this table were used in preparing figure 12 of reportJ

Deasadie Initial temperature, Ty, °F absolute

ratio, | 1200 ] 1300 | 14oo | 1500 [ 1600 | 1700 | 1800 [ 1900 | 2000 | 2100 [ 2200 | 2300 | 2L00 T 2500 | 2600 | 2700
Py /P> Ideal power, (hp)/(sq in.)(in. Hg initial pressure)

1.025 [0.00687{0.00715 {0,00742{0.00768 0.007930.008170.00840 [0.0086L | 0.00887 |0.00909 0.00931 |0.00951 10.00973 |0.00991 |0.0101 |0.0103
1.050 | .0187 | .0194 | .0202 | .0209 | .0216 | .0222 | .0229 <0235 | .02l | 40247 | .0253 | .0258 | .026L | .0269 0275 .0280
1.075 | +0330 | .0343 | .0391 | .0369 | .0381 | .0392 | .0k03 | .oLlL -0u26 | 0436 | .ouké | .ousé | .0u66 | .ou76 .0485| .0680
1.100 -0L89 | .0508 | .0528 | .08L6 <0564 | .0581 | .0598 | .061l 0630 | .064S | .0660 <0675 | .06%0 | .o704 | .0718] .0732
1.125 «0656 | .0683 | .0709 | .073L | .0758 | .0781 -0804 | .0825 | .0848 | .0869 | .0888 | .0908 0928 | .0946 | .0966| .098Y4
1.150 | .0832 | .0866 | .0898 | .0933 | . <0990 | 1018 | .1046 | .1073 | .1099 | .1125 | .1150 | .117% 21199 | L1223 L1246
1.20 -1191 | .1239 | .1286 | .1331 | 137k | k17 | .1458 | 1497 <1536 | 1574 | .1610 | .1681 | .1682 | .1m6 | .1751] 1784
1.25 -1552 | .1615 | .1678 | .1735 | .1792 | .18u7 | .1900 +1951 | L2001 | .20L7 | .2098 | .2145 | .2193 | .2237 | .2282| .232)
1.30 191k | .1986 | L2065 | .2133 | .2205 | .2269 «2336 | 2398 | .2u60 | .2513 | .2578 | .2637 | .2691 | .27.8 .280L| .2857
1.4 +2600 | .2693 | .280k | .2891 | .2993 | .307% <3170 | 3251 | .3338 | .3L15 | .3L98 | .3573 | .3651 | .3724 | .3799| .38T1
1.5 «3222 | 3339 | .3L73 | 3585 | .3705 | .381h | .392L +k030 | JM131 | L4236 | (4328 | .LL32 | 4516 | Ju618 | .i71] L4800
1.6 <3795 | <3926 | o911 | .L421k <4363 | LhB3 | JLu618 | 4736 | .LBGO 4979 | 5091 | .5208 | .5312 | .5u27 5536 .5639
1.7 U296 | .hus2 | 4629 | 777 4935 | +5083 | .5223 | .5369 | .Su96 +56L3 | .575L | .5902 | .6005 | .6152 | .6270 6392
1.8 U759 | .L922 | .5125 | .5281 | .5LélL 05621 | 5781 | .5937 | .6083 | .6238 | .6370 «6522 | .66LS | .6799 | .6931] .7061
1.9 +5136 | .5347 | .55L3 | .5733 | .5921 | 6101 | .6273 <6uli3 | .6607 | L6771 | .6929 | .7080 | .7230 | .7380 | .752L| .7666
2.0 +9509 | +5732 | .59L5 | 6151 | .6352 | .65 | .673L 6915 | W01 | L7265 | .7h37 | .7600 | .7762 | .7922 | .8076| .8229
2.25 6347 | 6604 | .6850 | .7090 +7320 | «7SLS | 7762 | .797h | .8178 | .8379 8576 | 8767 | .8956 | .9137 | .9319 -9L95
2.50 <7069 | .7358 | .763L | .7902 | .8163 | .8L1L | .8658 | .8892 o913L | <93L8 | .9567 | .9782 | .9989 [1.0196 |1.0400[1.0597
3.0 8277 | .8615 | .89L3 | .9259 | .9563 | .9860 1.01L7 11,0427 |1.0696 |1.0962 [1.1225 [1.1477 |1.1723 [1.1966 |1.2201 1.2L38
3.5 +9252 | .9631 [1.0000 [1.0352 [1.0696 [1.1032 |1.135L 1.1665 1141971 142271 [1.2562 [1.2846 [1.3127 [1.3L00 |1.3665 1.3925
k.0 1.0053 11.0470 |1.0872 |1.1265 |1.1639 [1.2005 [1.2359 |1.2701 1.30L9 |1.3363 [1.3679 [1.3992 [1.4295 |1.4593 |1.L888[1.5171
5.0 1.1337 [1.1814 [1.2269 |1.2710 [1.31k2 [1.3555 [1.3962 |1.k346 |1.4746 |1.5099 1.5LL6 [1.581L [1.6202 |1.6503 [1.68U)[1.7166
6.0 1.2322 11,2849 11.33L6 |1.3833 11.14303 |1.L758 |1.5200 |1.5625 |1.6059 1.6450 (1.6850 (1.7233 [1.7615 [1.7987 [1.8348(1.8699
7.0 1.3119 11,3681 [1.4212 |1.L73L |1.5238 [1.5725 [1.6200 [1.6673 |1.7121 17536 |1.7972 [1.8375 [1.8789 [1.9196 |1.9582|1.9958
8.0 1.3779 |1.L376 |1.L953 |1.5L88 [1.6017 [1.6539 [1.703L |1.7519 |1.8005 1.8452 |1.8901 [1.9338 [1.9767 |2.0192 |2.0605|2.1002
9.0 1.3k 1,197 [1.5500 |1.5135 |1.6682 1.7222 11,7745 |1.8252 |1.8760 [1.9227 |1.9683 |2.0154 |2.0605 |2.10uk |2.1477]2.1891
10.0 1.4825 (1.5478 [1.6079 |1.668L [1.725) [1.7818 [1.8362 |1.8880 [1.5L1L 1.9892 12,0389 (2.0859 [2.1327 |2.1794 |2.22L3|2.2672
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— CORRECTION FACTOR FFOR CHANGE

IN GAS CONSTANT

Fuel- Hydrogen-carbon ratio

air 10.,08L [0.100 jo.125 [0.130 l0.175 [o.189 [2.00

S Correction factor, KR

0.01 0.99;6,0.9966 0.9¢80{0.9994|1.0007|1.001L |1.0020
02 | 991k 99321 .9961] .9988{1.001L]1.0028{1.0039
0% | 9871 .9899; L9941} .9982(1.0020|1.00L41{1.0058

I .0L | .9830| .9867| .9923| .9976(1.00271.0055|1.C078

[ .05 | .9789 .985%, «990L | «997011.003%|1.0068{1.009)
06 | 97L9| .980L} .9886| .9965(1.000{1.0081{1.0112
07 | 97101 .9773| .9868| .998%|1.0128|1.0206]1.0266
08 | 9790 .9908 1.0087 1.0258}1.0422(1.051111.0579
»09 [1.0006(1,013911.03%38]1.052911.0712{1.,0811]1.,0877
.10 [1.0219(1,0%365 L.nqsu 1.079L11.,0996{1.1105({1.1188
<11 |1.0L28]1.0587{1.082611.1055 |1.127L{1.1393|1.1485
.12 1,0635!1.c30§ 1,1065 11,1311 |1.1548{1.1677|1.1775

TABLE' XIIT — RATIO OF SPECIFIC HEATS OF CO

AT 1980° F ABRSOLUTE

BUSTION GASES

Fuel— Hydrogen-carbon ratio

air 10,58L {0.100 }0.125 l0.150 [0.175 0.189 ]o.200

EaL:C Katio of specific heats

0.01 |1.32221.3221}1.3220{1.3218{1.321711.3216{1.3216
.02 [1.3158)1.3156/1.315311,3151 [1.31L9|1.5147|1.31L6
0% 11.3096{1.%09,11.3091;1.3087|1.%0L48]1.3082|1.3081
0L 11.30388!1.3035|1.3031{1.3027|1.302L]1.3022}1.3020
05 [1.298211.2979(1.2975]1.2970{1.2966(1.296L|1.2963
.06 [1.292911.292611,2921[1.2917|1.2913|1.2910{1.2909
07 11.2879]1.28751.2870{1.2380|1.2900]1.2910f1.2917
08 [1.2373]1.2901]1.292¢)1.2945]1.296L]1.2973]1.2980
09 11.2947{1.296211.2985{1.300L{1.3021}1.%030|1.3%036
.10 |1.3005}1.2302);J1.3040]1.3958)1.3073]1.3020{1.2080
11 {1.395911.307911.3091]1.3106(1.3119{1.3126{1.3131
»12 |1,3110]1.3121|1.3137{1.3151{1.3162}1.3L68{1450 18

)
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Figure |. - Relation between effective and instantaneous
values of y for exhaust gas of various compositionms.
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Figure 2. - Ratio of effective to initial value of y.
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Figure 3. - Factor for computing work in an isentropic flow process.
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Figure 13. - Relation between logarithm of y and entropy at
i atmosphere pressure for combustion gases; temperature
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14. - Rate of change of available energy and ideal mass flow
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