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Subscripts:

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

b burned mixture

cr critical

ANALYSIS AND DISCUSSION

Simplified Method of Thermodynamic Computation

Ideal turbi 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 1 done by the gas per
unit weight:

/"Tl . ',—T?_ .
aT 2 . AT 2 o
J c dr + 5wt = J_,’ c,dT + 7 Wt * W (1)

T .
The quzmtity/ cpd’I is called the enthalpy, or heat content, and
o

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

1 D .
JopTy + T ul2 = Je Ty + 21_g u,.2 + W (2)

If it is assumed that the specific heat in equation (1) does not
vary appreciably from its initial value during a given expansion Pro—

cess and that the process is isentropic, the temperature and prassure
are connected by the relation

To/Ty = (p2/py)

and equation (1) bacomes
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When the approach velocity uy is small as is often the case, ]2-‘1112

may be neglected. Since a turbine or other working device can theo-
retically be designed to have zero leaving velocity u,, the ideal
work Wth that may be derived from the gas in a flow process on expan-

sion between the pressures py and p, is given by

b
W P2 \Y
o w oy {2 )
S I & Py
Where the approach velocity u) is large, the term u12/ 2gRyTy  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 w; 3s to use the stagnation temperature and

total pressure in equation (L) for Tp. and p), respectively.

In th: 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 wth/Rle that takes into account the variation
in specific heat during the expansion process is giren in detail in
appe ndixes A and B, togother with the tables necessary for computing
this 4\unt1ty for a ran of hydrogen-carbon ratios, air-fuel ratios,

0 , and pressure ratios. This method will be called
It involves the computation of enthalpy and
in these computations and 1listed 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 Vit)/RbT was computed by the above-mentioned
classical process for a given s=t of operating conditions (pressure

ratio, initial temperaturs, and exhaust-gus (wmr‘o»ttlcn) An effec-
tive value of <y, designated Yy Was thn computed from this value

of Wyp/RyTy and pressure ratio by means of equation (L). This
value of Yh provides a means of calculating the value of wth/Rle
from the equatiocn
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The value of the gas constant Ry 1is given in figure 5 plotted
against fuel-air ratio and hydrogen-carbon ratio. In the figures
and tables shown, air was assumed to be dry with the composition

Ny rpercent by volume 78
Og percent by volume 21
A percent by volume 1
which has a mean molecular weight of 28.97 (1b)/(1b mole) and a gas

constant R, of 53.35 ( b)/(1b)(°F). The method of computing
Ry and 71 is described in detail in appendix B,

Tdeal temperature drop. - For the case in which the gpecific heats
are constant, the tempera e ratio ‘1‘2/’1‘1 in an isentropic process
is related to the pressure ratio as follows:

2=t
m 2 4
z=/§0
T, \p§ ()

This relation does not apply in the actual case in which the specific
heats vary during the thermod mamic process. The 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 en in table II. An effective value of 7
for temperature computations, designated 74, 1s then computed from
equation (&) and the known values of temperature ratio and pressure
ratio., The valves of 7 were computed over the same range of tem-
peratures, pressure ratios, and gas compositions used in the compu-
tation of Tpe As in the case of 7h it was found that the ratio
of 74 %o 7p was a function only of pressure ratio in this range
of conditions. The ratio of the value of 74 to 7y 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

/o2 Tt
1 \\Pl (7
and the data given in figuro 2(b). It is apparent from equation (7)

and figure 2(b) that Tp/T; may be presented as a function of 11/Pz,
71e A plot of this function is shown in figure 6.

[

+3]




Figure 7 shows a plot of -JAh/RyTy against 1,/T; and Yy
obtained from figures 3 and 6. Although figurss % and 6 relate
only to isentropic processes, figure 7 is not so restricted because
JAh/Hth as a function of temperature change is independent of the
tvpe of process. gure 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 non""ntroplc processes. In isentropic
processes «Jih is equal to "th'

Ideal density ratio. - The equation for the density ratio p2/p1

follows from equation (7) and the gas law

1
0y

Po \

~

( )
Ideal nozzle velocity. — The ideal nozzle velocity may be

obtained by equating the kinctic energy at the nozzle to the theo-
retical work

"I
“l

5wt = ey,
from which

w, = T ®)

Ideal mass flow. = The ideal mass flow is given by M = p2u2A.

From equations (5), (8), (9), and the perfect gas law

T
1 Yh"ﬂ
P X
MR pNt | e s |
B - h =2
s \pp ) 'b Tl |TT\F (10)

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 value. The mass flow
at critical pressure ratio has been computed as a function of Y1»
assuming that critical flow exists when the local Mach number is unity
at the nozzle throat. For this calculation it was nscessary to know
the instantancous value of Y, at the throat. The ratio Y, divided




by Yy vas comouted and found to be very nearly a function of pres-
sure ratio only. From these data the quantity

Mor, /2T
A

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

Theoretical basis for effective values of y. - The conditions
for which the foregoing prescntation involving the use of affective
values of vy 1is accurate ara derived from theoretical considerations
in appendix C. It is shown that in the range in which log v plotted
against Js/ﬁb is a straight line, the following relations are obtained
for isentropic processes:

1. YZ/YI is a function only of pl‘/p2.
2. Yi/Y2 is a function only of Py /Ppe

3. Yi/Y1 is a function of o and P1/Poi however, for the
range of conditions of prassnt interest, its dependence on vy is
negligible.

L. T,/T1 is a function only of vy and Py /P,.

5. Ah/RpTy is a function only of vy and py/p,- The fol-
1ations are dorived. (Ses cquations (L) to (L6) of

:—i -3 B ()
Yy [P ‘i

5.
Tn /MYy’ (16)

o \Pe
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where r is the slope of the curve of log v against Js/R.. Curves

are

value of r is =0.0il for the following mixtuvres:

Constituents  Fuel-air ratic

Air [

Air + octane 0662
r ¢ octane «100

Air + benzene «100

:n which show that in the range of gas-turbine application the

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
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the correction factors take care of other gus compositions. The
thermodynamic property given in any figure is multiplied by all of

the correcti appearing on that figure. Figure 9 shows the ideal

st pressure ratic and initial gas temperature.

The terms K‘Y ind  Kp  are correction factors that depend on the

ir ratio and hydrogen-carbon ratio. The values of Wyp taken
from figure 9 arc multiplied by these correction factors. Figure 10
shows the ideal jet velocity plotted zgainst pressure ratio and initial
fas temperature. The values taken from this figure are to be multi-

plied by the correction factors K,Y]'/2 and le/z to correct for

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

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. Figurc 12 shows the ideal powsr per square inch of
nozzle arez per inch of mercury of inlct pressure as a function of
initial temperaturc and pressure ratio. The values given by this

1/2
w Kyo nd Ky / .
Tn figure 12 the miss flow is taken as the critic:l value for all pres—
sure ratios above the critical ratio, but the work per pound is taken
28 the ideal value ovor the entire pressurez-ratio ranga.

figure must bo multiplied by the correction factors K

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 ITI to XIII. The correction factors K, and K}A can

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

Sample Computations

The following computation is riven 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 14000 F (18600 F absolute), initial
pressure of 30 inches of mercury absolute, final pressure of 10 inches
of mercury absolute, and pressure ratio of 3.
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&, TIdeal work:
Trom figure
et

From figure ©

Frem figure 3

Tign

e 2(a) if greater acc

= 1.306

= r7.68

0.967%

= 0.967% x £7.68 x 1660

= 103,800 (£t-1b)/(1b)

valne of Wy can also be computed frem equation (5) and fig-
v than that given by figure 3 is desired.

7. Ideal discharge velocity:

From equation (9)
Us

Uy

C. Tdeal ma

From figure &

Mer ‘/’E“h""l ‘

20

or

s flow thr

-

VX722 16%, 500

= 2587 (ft)/(sec)

augh convergent nozzle:

= G.1709 (Ib)/(sq ir.)(sae)




D. Id=sl power:

wer per sq in. = "%LT " N

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

ature:

L /ITT = 0,768

or

7, = 1L28° ¥ absolute

The value of n computed by means of equa-

ticn (7) and

2. The same informatien can be obtained from figures 9 to 124

A. Tdeal work:
From figure 2

2 (Btn)/(1b)

22

Ky =
o =
= 132.2 (Btu)/(1b)

(£t=1h)/(1b)

B. TIdesl nonzle velocity

from fipure 10




(np)_, = 276 (rt)/{sec)

air

- 1/2

= 1.0L0

- SRR
KE = 1.0039

1, = 2476 x 1.040 x 1.,00%9
= 2687 (££)/(sec)

mass {low thro

sh convergent nozzle:

From figure 11

= 0.,00797 (1b)/(sq in.)(in. Hg)(sec)

= 0962

X, = 0.9932

97 x 0,962 x 0.9932 % 30
= 0,1711 (1b)/(sq in.)(sec)
D. Tdeal power:

Trom figura 12
1.022

1.0077

1,040
%= 0.99%2

Power per s5q in. = 1.0%2 x 1.0077 x 1.CLO x O.

= 22,22 (np)/(sq in.)
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EQUILIBRIUM CONSTANT FOR
WATER-GAS REACTION

Temperature

(°F abs.) | (°C ats.) £

540 300 | 0.0000103
720 400 .000147
1080 500 L0369
1440
1300
2150
2520
2380
3240
3600
3950
" 4320
4580
5040
5400

These values are computed from spectr: i a by means of equa-
tions derived by the m i nicg. On the other
hand, experimental de® of exhaust gas by
DiAlleva and Lovell (refovence 6) leads to an aversge value for the
equilibrium constant of 3.8, This valw btained by analysis of
cooled exheust gas having an ind 1 temms. ure probadbly less than
2000° F absolute. At a gas *temperature of 2000° F absolute, the
teble shows a value for K of 1.07; whereas the value for K of 3.8
corresponds to a temperature of 32400 F absolute. The conclusion
drawm from this evidence is that the rate of the water-gas reaction
ig g0 slow for temperatures below approximately 3240° F absolute that
for exhaust-turbine computations the egquilibrium may be considered as
frozen at the composition corresponding to an equilibrium constant of
3,8, This is also the basis for assumption 1. Although this
agsimption may be superseded at some later date by a more accurate
assumption, it 1s believed to be considerably more accurate than the
assumption that gas is in equilibrium at each temperaturs in accordance
with the table.
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APPENDIX B

CLASSTCAL THERMODYNA'IIC CALCULATION

The method of computing W. is based nn the following con-
th

siderations., The hoat added during a thermodynamic process is
equal to the sum of the changes in internal energy and work

fo AT + % pdv

but
pdv = d(pv) - vdp = g dT — vdp
Thus

A 1
dq = pMc dT - = vd
q p\&cp 45 3 vdp

(12)

For ths case of zero hoat alded or subtracted during the expansion
process, including heat arising from the formation and dissipation

of turbulence,
dq =0 and glepdT ~ 3 dp =0

But by the gas law

pv = gMR T
Then
ST Epdo
T J p
o
N !
v y ar
— log == = -
: ° T

(13)

(L)

(15)

(16)
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2.016 12

The values of hp, Sp, op',A,ﬂ, a, f; 3y and b are given in

table II.

e. - The composition of the
rut from the equilibrium equa-

(cC)(Hy0)
KR s (11)
(1) (c0p)

e units ¢f conceniration for trhe quantities in
taken as peurd moles per peund mole of original com-—

One methed of solving this equation for the compenent of exhaust

follows: et (C i be the molzl consentration of oxygen

per pound mcle of air and (--;r) be the mclal concentration of water
. a

vaper in the air befors combustion. If (o0)', (S0p)', amd  (1p0)'
1t the concentration of the exhoust gas per pound mele of com=
busticn air cn th surption that the hydregen is cempletely burned
to HpC, then the true composition of the exhaust gas in terms of

these fictitions values is given by

= (z0)' - (Hp)
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effective values-of y - will be derived.

The quantity cslled the entrepy at 1 a sphereiz relstad to the

peratiure by

(28)

re these and subse in
T d to f
coly of

to equaticn (29) and

(30)




285

. vi/v] is a function of py/py only when
y /7L 1/ Pz
¥/P1. Thus

v/, = £(p/py)

w/m = 7(v/v1) (71)

vet rot knewn. Put

wvhere £ and F

Therszlore,

(32)

y arbitrary
74 vy must be equal
iticn that Yt/’vl is a

only cf
v1, the
. Therefore, a further

Since ¥
starti
to a cc

fancticn oniy of pl/rrz is that

ar(y/vy)
T(v/v1) 4 (v/vy)

where r 1is a constant.
results

1
/) = (—!—\;I

L/

From equation (%1)




26

or
v/vy = (o/py) (2l)
is the conditien that Yt/“fl is a function only cf Pl/PZ' This
conditicn may be resteted in a more fguation (32)
n integration
= loz ;{—1- (25)

c[ this line

gives T'HF T
Tirurs 1% sh log v plott 2 3/Rp  Tor the products
of combustion of the following nix
tir
Air +
fir +
hir +

The pas temperatvres are also showr

ratures fro

tu‘mr‘ of (gn/pl)r for "'/Yl in

(26)
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But
T
where
(38)
(3%)
4
i
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On substitution in the eguation fer th

. i ]
FipTy, i

Thus Ah/Rle is szen t¢ be a functicn of only vy and I’l//F‘z
in the range in which lecg v is & straight line when pletted against

35/

hn expression fer v,;/‘xl will new be derived.  From equaticn (5)

=
i
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& nseful series for this s

the terms in which

two terms of the
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ed by the first three terms

Thus

¥hen sclution is made for

2 1
2
/f"\) 1 log® Py dp
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AT p ‘1N P F
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“hen

PL/Fp *

se the

first tnree torms of the series expansicn
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is of the order of C.C1 or less over the usual
,the further appreximation

Since the last ters
range of pressure ratic

hé r
;,}—1=1—]=:-].ogi
1 2 P2

Ines computed from this relation agree closely
frem figure 2(a).

with values obtai

Another form in which «:h/*fl nay be

s relation is s hen the first

two terms of the

may be [ound that may be vseful,
to the following expression when the
expansicn for (pl/p2)2 are used.

Other forms for th
The quantity “"t/yl reduc.
first three terms of the series

; r Py
— =1+ log —
Vg z By

sented to a sufficient degree of
(See equation (L2),)

This o
accuracy vy

may a
following equaticn.

L
2
R
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To summarize:; In the region where log v plols as a s
against .L/"{h and when r +the slope of this line is

with unity

Yo Pl\—r
o el ) (Lk)
g (\:“2/

T
- -3
111_(2 : (L&)
Yy \Pas

s difference b
line

tween the values
resents the

ght line wed as an approxi-
This result fellows from tie rela-
is noted that in the renge from $00° F
2800° T ahsclut (?]_h(.ﬂ ) the error in the value
st 1 1 0.1 percant.

noy

curve (f

d log v = d\/'v.
") t

tities for
correction

P’_Y for the effect of ché

ges in ¥ on rtl*
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Yg Dbeing taken as 1,329, the valne of y for air at 1980° F abso-
lute. Th: corractions 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 Tor other initial tempeoratures is negligible.

The correction factor for mass flow Kp is given by

The values of the two lowarithmic partial derivatives =— —<
+ O th oY
J-KE_T’ evalusted for 4 vy of 1.33 using the formulas for constant
specific h@ats, ars shown in f
factors are practically indeg
computations.

re l4e Ths values of the correction
ent of the value of ¥ ed in these
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TABLE 1

FUNCTIONS OF
IN THE STANDARD STATE
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T T ¥ o, o0 c A
Co erasg| & [ : * [3) | 1S ] (e)
Enthalpy, H - Eo, (5tu)/(1b mole)
300 540 3,752.6 3,748.5 4,208.8 4,061.0 2,682.3
400 720 5,007.6 5,026.5 5,743.8 5,755.5 3,576.4
500 900 6,272.6 6,344.3 7,237.9 7,608.2 4,470.5
600 1080 7,556.2 7,704.0 8,776 9,590.2 5,3€4.6
700 1260 8,865.9 91105.5 | 10,368 11,67 6,258.7
800 1440 10,204.6 10,542.2 12,008 13,855 7,152.8
900 1620 11,572.4 12,009 13,706 16,107 8,04€.9
1000 1800 12,967 13,499 15,460 18,419 8,941.1
1100 1980 14,387 15,009 17,266 20,786 9,835.1
1200 2160 15,829 16,538 19,140 23,195 10,729
1300 2340 17,201 18,080 21,046 25,643 11,623
1400 2520 18,769 19,636 23,013 28,123 12,517
1500 2700 20,263 21,205 25,017 30,631 13,412
Refer-
ence-- 1 2 2 3,04 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 33267 49.366 47,833 11121 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 438126 54.306 52.815 56.381 53.499 €1.543 33.204
900 1620 38.964 55.308 53,710 57.342 54.608 63.016 33.789
1000 1800 39,721 56.113 54,527 8.214 55.63¢ 64.370 34.313
1100 1980 40.413 56.896 55.279 59.013 56.590 65.623 34.786
1200 2160 41,083 57.602 55.976 59.751 57.490 66.787 35.218
1300 2340 41.650 458,261 56.626 60.437 58.343 €7.875 35.616
1400 2520 42.210 58.876 57.234 €1.075 59.151 68.897 35.984
1500 2700 42.739 59.455 57.807 61.680 59.921 €9.858 36.327
Refer-

ence-- 1 2 2 3, 4 5, 6 7

Specific heat at constant pressure, Cp, (Etu)/(1b mole)(°F)

300 540 6.896 6.960 7.021 8.030 8,908

400 720 6.974 6.991 7.197 8.192 9.885

500 900 €.992 7.071 7.434 8.425 10.676

600 1080 7.008 7.200 7.675 8.690 11.324

700 1260 7.035 7.355 7.890 8.974 11.862

800 1440 7.079 7.516 8.069 9.273 12.312

900 1620 7.141 7.676 8.216 9.580 12.689

1000 1800 7.220 7.821 8.341 9.891 13.005

1100 1980 7.314 7.952 8.445 10.196 13.27

1200 2160 7.408 8,069 6.53¢ 10492 13.50

1300 2340 7. 8.169 8.612 10.776 13.69

1400 2520 7.618 8252 8.677 11,083 13.86

1500 2700 7.718 8.334 8.742 11.201 14.00

Refer-

ence=~ 1 2 2 3, 4 5, 6 %

“Taking B, = O for GO, HgO, Op, B for CO and Hp has been assumed to

c0 119,626
Hy 102,243

®Yalues not appearing in the original references, calculated by means
Ccateutated by dead gas om, 0, m 4,067, 3 § 1 10g 7.

dortgtnal rer e 2
8 0r00 (507 (15 mexs) (oF) |

have the values:
NATIONAL ADVISORY

ComM1

of the ident

TTEE FOR AERONAUTICS

tity H = 18 + P.

Tabulated value interpolated and relatively accurate
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TABLE IT
DERIVED THERMODYNAMIC PUNC‘TIOHS OF GASES

4 Factors for calculating enthalpy h, (Btu)/(1b)
(°K) |(°P 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( 20,203.1| 61,817.8 | -17,465.8 | 172.48
500 200 2016.9 | 105.325| 242,943.1| 20,350.6 | 62,270.7 | -17,121.6 | 216.40
€00 | 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 7152.6 | 785.50 | 240,101 | 20,794 | 66,701.0 [-12,968.0 | 703.86
Pactors for calculating entropy s, (Btu)/(1b)(°F)
L2 B r ] € 4 Sa
300 540 10.242 | 0.1735 | 41.495 3.6512 | 20.534 | -10.121 |1.5092
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 | .3353 | 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 12.55¢ | .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 13.43¢ | .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 | 41.200 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 |2.0150
Factors Tor caiculating specilic heat at constant pressure cp,
(Btu)/(1b) (OF.
a b c q 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 2.121 | .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 2.509 | .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 | .3887 | -1.797 .2389 2.392 2.308 | .2727
1100 | 1980 2.963 | .4021 | -1.973 2377 2.429 2.327 | .2770
1200 | 2160 3.088 | .4138 | -2.116 .2375 2.563 2.241 | .2808
1300 | 2340 3.200 | .4232 | -2.230 2373 2.656 2,153 | .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
Lfhe value for E, of Hp and CO have been added. cmn':#;ég“:ku“‘:gxzncl
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1 ISENTROPIC EXPANSION
ring figure 3 of report.)

WCRY AVAILABLE
used in pre

Pressure|iiatio of specific heats at initial temperature, Yj
r"‘,"}f’ 81130 [ 1,52 | 15 | 1.36 | 1.38 | 1.40
P1/P2 Fvailable work, Won/@oil
1.2 0.1787 0.1735 0.1783]0,1782/0.178010.1778/0.1776
1.4 3243 32311 .3225] .3219 .3213| .3208
1.6 LL6s bbby LLL29| LLL1B| JLLOT7| JL39T7
1.8 +5512 «5L75| W5L57) «SLLOY LSL2L| .5LO8
2.0 26L26 63751 6351 6328 6305 .628L
2.5 8250 .820L| .B16L| .Bl25| .8087| .8050
3 <97hl 962L1 +9567] 9513 .9L60]| L9410
3.5 1.0926 911.077L{1.0703]|1.063L |1.0567]|1.050L
b 111.1735(1.16L9]1.1567 |1.1L487{1.1L11
5 211.326611.3155{1.30L8 |1.29L6(1.2647
6 1.445311.4320|1.4192 [1.L070[1.3952
7 511.5L15{1.52611.511h {1,497k [1.4839
8 1.62161.60L5(1.5881 [1.572L)|1.5574 |
9 1.6899(1.6712|1.6533 |1,6362|1.6198
10 5110 7L94|1.7292]1.7099 [1.6915]|1.6738

1S ) ﬁﬁhs

FIC HEATS T1. Ok
sure i of report]

n prepa

Temper-— Fuel-air ratio
?};re 0 [ 0.03 [ 0.0h | 0.05 ] 0.06 | 0.07 ] 0.08 | 0.10 | 0.12
F abso-
lute) Ratio of specific heats, y
Hrdrogen~carbon ratio, 0.08L
1080 1.3L56|1.3L03 |1, 3353|1.3357|1.3L78(1.3580
1260 1.3337(1.328L(1.32091.3237|1.3361 |1.3L66

1.%228{1.5175(1. 312h 1.3128]1.325211.3359
1.3133|1.308011,3029(1.303% |1,3156(1.3262
1.3052/1.2998]1.2947(1.2951[1.3072{1.3178
1.298211.292911.2379(1.2833 |1 1.3108
1.292%)1.2370}1.2819|1.2821 1.30L1
1.2373]1,2320/1.,2770|1.2771 | 1.2988

Hydrogen-carbon ratio, 0.189

1.3045[1.3393 | —————]1.3451[1.3587[1.3635
3%(1.%3327 9(1.3528
1.3217 1.3422
1.3120 311.3326
1.32L40
1.3172
1.3098
1.30L5

1.3290|1.5082 9%,
1:3230/1.3021]1.2960{1.2902
1.3205/1.2969|1.2907(1.28L9

Naticnal Advisory Committee
for Aeronautics
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B ¥ — GAS CONSTANT OF COMBUSTION GASES
table wereuse preparing figure 5 of report.]

[Data from t!

Fuel- Hydroyzen-carbon ratio

air - T7 7

ravio | 0-08 Jo.x00 [0.125 | 0,150 [ 0.175] 0.139 J0.200
Gas constant Rp, (£t 1b)/(1b)(°F)

0.01 “3 12 |53.17 | 53.2L5)a83.32 | 53.39 | 53.L3 | 53.L6
.02 | 52,89 i*54.9/ 53,00 | 53.29 | 53.13 | 53.50 52,56
.03 | 52,66 152,81 | 53,04 | 53.25 | 53.L6 | 53.57 | 5%.66
0l [52.L8 (52,644 52,90 | 53.22 [53.50 | 53.6L [ 53.77
.05 | 52.23 {52.L7 | 52,81 | 53.19 | 53.53 53.71°} 53.86
.06 | 52,01 (;2.30 52.7L | 9%.16 | 53.57 [ 53.78-| 53.95
W07 | 51.305]52.1L | 52.65 | 53.26 | 5403 | 5L.LS | SL.77
W08 [ 53.23 |52.86 | 53.82 | 54.73 | 55.60 | 56.08 [ 56.LL
.09 |52.39 {5L.09 | 55.155| 56.17 | 57.15 | 57.68 | 58.08
.10 | 5h.52 | f; 30 | 56,47 | ©7.59 | 58467 | 59.2L | 59469
W11 | 55.6% I*s 81 57.76 | 58.98 | 60.15 | 0,79 | 61.27
A2 | 56.75 |f76 59,05 | 60,35 | 61.€1 | 62.30 | 62.82

Ratio of specific heats at inici:r . temperature, yp
o 128 | 1.30 [ 132 [ 13k | 1.36 [138 ] 1.0
2/P (Giie of final te

erature to initial temperature, T2/T1

0.9547 0.9509 | 0.9491
9177 9111 | 5079
. 87771 .8735

.8L92 | .8Ll1

.B2LL | .B18%

L7738 L7666

L73L6 | 7263

0.9€07 | 0.9536
29285 | .92L3
L9013 | .B962
.ﬂ7 78| L8717
B 8502
L8148 1 L5059
L7681 L7712
L7501 | L7488
£7308 | L7189
5935 | 6604

oONnonNd »oEN
=
&
=
N

60l
+5869
+5715

O N0 O~ OVWLE WV R 1 H

=




TABLE VIT - ENTHALPY CHA?
[Data from this table were

B a8 A PUNCYION

d in preparing figure 7 of report.]

W
)

TEMPERATURE

Temper—} Ratio of specific heats at initial temperature, Yy

stare 1128 [ 130 [ 1.32 | 1.3h [ 1.36 | 136 | L.ko

ratio,

To/T1 Change in enthalpy, -JAh/RpT|

0.99 [0.0L566 910.04121{0.0393810.03775]|0.03629{0.03497
.98 | 09123 S0| .08236) .07370{ .075L5| .0725L| 06992
W97 | 1367 123l | .1180 | .1131 | .1087 | .10L8
.96 1 .1321 16l 21507 | 1Lk9 | 41397
.95 L .205L 41882 | 1810 | .17LS
«90 | L1523 091 23752 3609 .3L80
.85 | JE745 6108 5607 | 5394 | 5204
.80 | +893L 8101 SThLE | WT16T | L6915
<75 |1.1100 1.0075 L9266 | .3922 | .B611
.70 2¢ 1.2025 1.1072 |1.0666 |1.0297
.65 1.3950 1.2856 {1.2389 ]1.1965
W60 [1.7h01 1.5854 1.4623 |1.L096 [1.3619
55 1.6372 |1.68788 |1.5258

TAS
TAB

3 CRITICAL PF
[Data from this tablewsre used in prevaring figure 8 of report.]

al,

YASS-FLOW FACTOR

Ratio of specific heats at initial temperature, Y1
1.28 1.30 1.32 1.3L 1.36 1.38 1.40
Critical
pressure | 1.8277 |1.8403 |1.3525 [1.86L8 |1.8768 |1.8892 |1.9015
ratio,
p1/Pp
Mog/Eiplq
C—F\b__l. 0.66L5k| 0.66809] 0.67179 [0.67533|0.67852] 0.68232]|0.68575
p,A
1

'y Committee
utics




[Data from thts table were used 1n preparing igure 9 of report.] comiit

TABLE IX - IDEAL WORK IN THE EXPANSION OF AIR

AT IONAL ADVISORY
TEE FOR AERONAUTICS

Initial temperature, Ty, °F absolute

1200 1300 J100 [1500 [1600 [ 1700 ] 1800 | 1900 | 2000 | 2100 ] 2200 | 2300 | 2ho [ 2500 2600 ] 2700
Btu)/(1b)
2.025] 2,194 2.363 2.531 3.204| 3.375 3.880( L.055| L.219| L.386 k.S58
3.988] L.320| L.655| L.987 o 7.649| 7.979| B8.315 e 652 8.983
5.895| 6.386 6.879| 7.371] 11.31 | 11.80 | 12.30 13.28
7.762| 8.389| 9.036| 9.6 .86 | 15.51 | 16.15 16 a1 17.L5
9.537| 10.3L 18.31 | 19.11 | 19.90 | 20.71 | 21.50
11.29 | 12.23 21.67 | 22.62 | 23.56 | 24.51 | 25.45
1.6 | 15.86 28.52 | 29.36 | 30.58 | 31.82 | 33.03
17.82 | 19.31 3u.25 | 35.76 | 37.24 | 38.75 | Lo.2L
20,8l | 22,59 0.09 hl.as 43.59 [ L5.35 | L7.09
26.47 | 28.69 50.96 | £3.17 | 55.L1 | 57.65 | 59.87
31.61 | 3L.25 60.90 | 83. 55 86.23 | 69.91 | 71.56
36.32 | 39.37 70,05 | 73.10 | 76.19 | 79.27 | 82.32
LO.67 | LL.1O 78.51 | 81.93 .40 | 88.2L | 92.29
Lha71 | LBLUT 86.35 | 90.15 | 93.95 | 97.73 [101.L9
LB.L7 | 52.56 93.69 | 97.77 |101.95 [106.05 [110.13
51.98 | 56.39 200.56 [204.97 |109.Lk [113.83 |118.23
59.90 | 6L.97 116,00 (121.12 |126.22 |131.35 |136.L2
66,70 | 72.39 129.Lk (135,09 (140.85 [146.58 |152.2
78.11 [ 8476 151.87 [158.53 |165.30 (171.98 |178.70
87.31 | 9k.75 169.99 [177.52 [185.12 [192.61 |200.07
911,86 | 103.00 185.15 (193.32 |201.59 |209.8L |217.97
106.97 [ 116,23 209.26 (219,10 |227.97 |237.L1 |2L6.62
116.27 [ 126.41 228,03 (238.21 |2L8.148 |258.61 [268.66
123.79 | 13L.59 243.1; [254.09 |265.17 [276.01 |286.75
130.02 | 1h1.L3 221,59 255,90 [267.31 |278.93 [290.L3 |301.74
135.32 | 147,29 218,75 |230.89 266.68 [278.64 290,71 [302.72 |314.51
139.89 | 152.27 |164.38 |176. as 226,28 |238.93 276.02 [288.41 |301.07 [313.52 |325.74
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TABLE X - IDEAL WASS FLOW OF ATR
NATIONAL ADV I SORY

[peta from this table were used in preparing figure 11 of report] ~ COMMITTEE FOR AERONAUTICS

Initiel temperature, T1, °F absolute

Pressure

ratio, | 1200 | 1300 1500 | 1 1700 | 1 1900 | 2000 ] 2100 | 2200 | 2300 | 2400 ] 2500 2700

Py /Py Ideal mass flow, M, (1b)/(sec)(sq ine)(in. Hg initial pressure)

1.025  0.002100 [0.002306 [0.002222 [0.002146 [0.002077 [0.002015 [0.001957 |0.001906 [0.001858 0,001813 | 0,001772 [0.001732 0001697 0.001661 | 0.001629 [0.001599
1.050 .003309 | .003179| 4003063 002959 | +002865| .002779| .002701| +002628| 002562 | +002500| .002LL2| .002388| .002337| .002290| .002245| 400220k
1.075 | 4003955 | 003799 .003630| 003535 | 4003L22| +003319| .003225| .003139| .003060| 4002985 .002916| .002852| .002792| +002736| 002682 4002621
1.100 | .00LL57| 00k231| Jool12L| .00398L| .003856| .0037h1| 003635 .003537| .003LLT| .003363| .003286| .003213( .0031k5| .003081| .003021 | 00296k
1.125 | .004866) .00L67L | .00uS02| .00L3LY | .00L209 | .00LOB3| .003968] .003860| .003763) .003672| .003586) .003507| .003L32| .003362| .003297| .003235
1.150 4005210 .005003 | .00LBL9| .00L661| .00LS0S | .00L370( .00L2L6| .00L13L[ .00LO26| .003928| .003837| .003752| .003673| .003597| .003527 3L61
1.20 +005751| .005522 | .005320| .005137| .00L972| .00LB22| .00L6BS| .00LSSB| .0OLLL2 | .QOL333| . +004167| .00LOS1| .003968| .003891| 003817
1.25 | .006159| .00591k | .005696| .005500 | 005323 | .005162| «00SOLL| .00LB79| 004753 | .0OL627| .00LS28| . 00L3; 2004163 | 00408,
13 +006L731 006216 [ .005985| 005779 +005563 | . 40052L0| 00512L| .00L992| .00LBST7| .00LT32| .0OL6SL| .00LS28| +OOLL! ~00L371 | 004289
1.k 1006916 | 2006635 | 4006392| .006167| .005970| .00578L| .005618| .005L66| 005327 .005193( .00507L| .00L9SB[ .00LBSS| .00LT52| .OOLESS| +OOLSTL)
1.5 007181 | .006893 | .006633| .006LOL| 006192 . 005829| .005673| 005522 4005390( .005260| .00SLLS| .005029| .00L930| .0OLB33| .00LTL2
1.6 4007352 | 4007050 | 4006790 +0065LB| 4006338) 4006139 .005965) +005798] 4005650] 005508 +005381| 005256 4005146 #005036| «00L937| #0OLBL:
1.7 .007L38| 4007138| 4006857| .006627| 4006399 | .006212| 006021 +005865| 005702 +00S571| 4005429 | .005315| .005192| 4005093 .00L99L| +00LB9T
1.8 .007L82| L007179| +006506| .00666L| +006LL3 | 0062L6| L006061| +005896| +005739| +005598| .005L63| +0053L0| +00522L| «005116| .0050LL| +0OLSLY)|
Critical

pressure

ratio=—p|1.881 [1.878 [1.87h [1.870  [1.868 [1.86k [1.862 [1.860 [1.857 |1.B55 [1.853 |1.B52 |1.850 |1.8M9 [1.8u7 [1.8u7

Critical

mass

:::'__) 0.0071:52 [0.007287[0.006515] -, 151 [o0.006250] 0.006067 00058951 0005711 0.005601| 0. 005680005313 | 0.005 2280005118} 0005016 |0 00US21
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TABLE XI = IDEAL POWER FOR AIR NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
[pata fron this tarte were used in preparing figure 12 of report,]

Pressure }

ratio,

Initial rature, 7], F absolute
_ 1600 ] 1700 ] 1800 [ 1900 | 2000 ] 2100 [7200_] 2500 | 20 ] %500 [ 2800 | 2100

2 Ideal power, (hp)/(sq in.)(in. Hg initial pressure)
1.025  0.0068710.00715 [0,00742{0.00768/0.00793 0.009730.009910.0101 [0.0103
1.050 | .0187 | .019k | .0202 | .0209 | .0216 <026l | .0269 | .0275| .0280
1.075 | 40330 | .03L3 | .0391 | .0369 | .038L <0466 | .ou76 | .0L8S| .0680
1.100 | .0u89 | .0508 | .0528 | .0Sk6 | .o564 <0690 | L0704 | .0718[ .0732
1025 | . -0683 | 0709 | .073L | .0758 0928 | .0946 | .0966| 0984
1.150 | .0832 | .0866 8 | .0933 | .0960 175 | 1199 | 1223 1266
«20 | 1191 | 1239 | L1286 | L1331 | .137h 1682 | 176 | .1751| 1784
125 | 1552 [ 1615 [ .1678 | 735 | L1792 2193 | 12237 | .2282| 232l
1.30 | .91k [ 1986 | 2065 | .2133 | .2205 2691 | L2748 | .280u| .2857
NN 2600 | 2693 | ,280L | .2891 [ .2993 51| 372l | 3799 3871
1.5 +3222 | 3339 | 373 | 3585 | L3705 U516 | LL618 | LL711] LA
1.6 3795 | o3 <kog1 | .21k | 363 5312 | .5L27 | .5536| L5639
1.7 U296 | Lhs2 | .u629 | U777 | Ju935 «6152 | .6270( 6392
1.8 U759 | U922 | L5125 | L5281 | .5kl . 6799 | L6931 L7061
1.9 5136 | L5347 | .55L3 | L5733 | .S921 27230 | .7380 | 752k 7666
2.0 #5509 | 5732 | .59k5 | L6151 | L6352 7762 | 7922 | .8076| .8229
2.25 6347 | L6604 | .6850 | .7090 | .7320 +8956 | .9137 | .9319| .9Lk9S
2.50 | L7069 | .7358 | .763L | .7902 | .B163 9989 11,0196 [1.0400[1.0597
3.0 +8277 | L8615 | 8903 | .9259 | .9563 1.1723 11,1966 [1.2201 [1.2L38
3.5 9252 | L9631 |1. 1.0352 |1.0696 1.3127 1.3L00 |1.3665 [1.3925
4.0 11.0083 [1.0470 [1.0872 |1.1265 [1.1639 1.4295 |1.4593 |1.4888[1.5171
5.0 |1.1337 1181k [1.2269 [1.2710 |1.31h2 1.6202 |1.6503 [1.68uk[1.7166
6.0 1.2322 11.28L9 11.33U6 |1.3833 |1.L303 1.7615 (1.7967 (1.83L8(1.8699
7.0 1.3119 [1.3681 (1.L212 |1.473h4 [1.5238 1.8789 [1.5196 |1.9582(1.9958
8.0 1.3179 1.4376 (1.L953 [1.5L88 [1.6017 1.9767 |2.0192 (2.0605/2.1002
9.0 1. 1.L971 [1.5500 [1.6135 |1.6682 1.8252 [1.8760 [1.9227 1.9683 |2.015L |2.0605 |2.10LL |2.1477[2.1891
10.0 (14825 (1.5478 [1.6079 |1.668L (1.725k |1.7818 [1.8362 |1.8880 |1.5u1k [1.9892 [200385 |2.0889 [2.1327 |2.175L 2,223 [2.2672
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043

ECTION FACTOR FOR CHANGE Ip

§ GAS CONSTANT

Fuel- Hydrogen—carbon ratio
air [0.08L [0.100 [0.125 [0.150 [0.175 [0.189 [2.00
Tak: o Correction facter, Kp
0.01 0.9756!0.9966 0.9¢50{0.999L [1.0007|1.001L |1.0020
202 | W99k .99%21 9961 ,9988{1.001L|1.002811.0039
[ <03 | «987L] L5899 W99L1| .998211.0020/1.00L11.0058
.ok | .9830] .9867 .9923 .19976{1.0027{1.0055 [1.€078
[ w05 | 297891 .9835 .9970/1.2033 |1.0068|1.009L
J06 | .97L9| 9504 9965 11,0040 {1.0081 {1.0112
07 <9710} L9773 99u2 1.0128|1.0206 |1.0266
) 311.0422{1.051111.0579
i 1.0712{1.0811{1.0877
0794 [1.0996{1,1105(1.1188
.1055 1 1°7L 1.1%93]1.1L485
BEAED! 8|1.1677[1.1775

ABCUOLUTE

OF CO BUSTION GASES

Hydrogen-carbon ritio

0.189 [0.200

natio of

.28l j0.100 J0.125 Jo.150 [0.175%
- specific heats

0.01 1.3220 1.3216
.02 1.314% 711+ 51u6
.03
<Ol 1. ;7“0
.05 1.2963
.06 1.2909
07 1.2917
08 1.2980
.09 1.303%6
.10 1.2080
.11 1.3131
.12 1.5172J
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Figure |. - Relation between effective and instantaneous
values of y for exhaust gas of various compositioms.




NACA ARR No. 4B25

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 2. - Ratio of e

ffective to initial value of y.
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Figure 3. - Factor for computing work in an isentropic flow process.
print of this chart is attached.)
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Figure 4. - Instantaneous values of specific-heat ratio
for exhaust gas of various temperatures and compositions.
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Figure 3. - Temperature ratio in isentropic expansion.
this chart is attached.)
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NACA ARR No. 4B25 F

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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Figure 7. - Factor for computing change in enthalpy.
Il-in, by (7-in. print of this chart is attached.)

(An




NACA ARR No. U4B25 Fig. 8
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Figure 8. - Chart for determining critical mass flow and
critical-pressure ratio.
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Fig. 9
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Figure 9. - Chart for computing ideal work in a gas-turbine

cycle. Wgp = Wa Ky Kg.
this chart is attached,)

(A 17-in. by 22-in, print of
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NACA ARR No. 4B25 Fig. 12
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} Figure 12, - Chart for computing ideal turbine power per
unit effective nozzle area, Py = P, KpzK Ky (A 17-in.
by 22 —in. print of this chart is attached.)
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Fig., 13
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Figure 13. - Relation between logarithm of
i atmosphere pressure for combustion gas
interval between points, 180° F.

atil

Y and entropy at
es; temperature
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Figure 14. - Rote of change of auvailable energy and ideal mass flow
with changes in the ratio of specific heats.



