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SUMMARY

Thermodynamic data of gas properties are necessary in order to
compute the performance of gas-turbine engines from a knowledge of
design conditions, to determine from measured gas conditions the
performance of a component of such an engine, and to design the
engine components.

Convenient nomographic charts that permit the determination of
the enthalpy change for various processes are presented. In order to
simplify calculation, enthalpy and a function ¢, defined as

[ﬁg dT (where p is the specific heat at constant pressure and T

.

is the temperature), are presented for mixtures of air, water vapor,
and the products of complete combustion of hydrocarbon fuels with
air. The charts cover a range of temperature from 300° to 3500° R,
hydrogen-carbon ratios from 0.10 to 0.20, and fuel-air ratios from

zero to stoichiometric. The effects of pressure and dissociation
are considered negligible,

The charts have the following characteristics:

(1) The data are presented for temperatures as high as those
for which the dissociation effects are small.

(2) The scales of the two types of nomograph were selected to
permit quick reading of the values of enthalpy or ¢ within
+2.5° R, or easy computation of enthelpy or ¢ within %0.5° R,

(3) The units in which the data are presented are those com-
monly used in cycle analyses so that the data may be utilized without
converting between two systems of units.

Methods are presented for the application of these data to the
solution of common thermodynamic problems.
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INTRODUCTION

Thermodynemic data of gas properties are necessary in order to
compute the performance of gas-turbine engines from a knowledge of
the design conditions or to determine from measured gas conditions
the performance of a component of such an engine. These data are 3 \
also necessary for the design of engine components. i

Most gas-turbine power cycles are constructed from the fol-
lowing five processes:

(1) Compression of air

(2) Constant-pressure combustion of hydrocarbon fuel with air
(3) Reheating combustion

(4) Expansion of combustion products

(5) Heat exchange

The presentation of thermodynamic data should be in a form that
permits simple, quick, and accurate computations to be made for
determining the change in state and the energy requirements for each
of these five processes; the data should cover the range of pres-
sures, temperatures, and gas compositions required. The large amount
of data already available attests to the importance of this problem.
(See references 1 to 10.)

Specialized computational techniques for the analysis of part
of a power cycle are described in references 1 to 7. Each of refer-
ences 8 to 10 supplies data for the analysis of all five of these
processes but is limited either by inconvenience of use, range of
data presented, or presentation of data for only one or two hydrogen-
carbon ratios.

Convenient nomographic charts that permit the determination of
enthalpy changes for various processes were developed at the NACA
Lewis laboratory and are presented herein. In the charts, which -
were constructed principally from the data of reference 11, enthalpy

C
and a function @, defined as ﬁ? aT (where c, is the specific .

heat at constant pressure and T is temperature) are given for
mixtures of air, water vapor, and the products of complete combustion
of hydrocarbon fuel with air. The temperature range is from 600°

to 3500° R for hydrogen-carbon ratios from 0.10 to 0.20 and fuel-air




NACA TN 2071

ratios from zero to stoichiometric; data from reference 2 were used
to extend the chart of air properties from 600° to 300° R. The data
for water vapor (reference 12) range from 500° to 3500° R. The fol-
lowing variables and units are employed: temperature in degrees
Rankine, enthalpy in Btu per pound, ¢ in Btu per pound degrees
Rankine, fuel-air ratio, and hydrogen-carbon ratio.

In the construction of these charts, any effects of pressure
or dissociation were neglected. The effect of pressure on the
thermodynamic properties of air, as presented in reference 13, has
been examined in reference 10 with the conclusion "that the char-
acteristics of the isentropic . . . are suitable for precise work
even to pressures in the hundreds of pounds per square inch." The
effects of dissociation are considered in reference 7 and are found
to be negligible below temperatures of 3000° to 3200° R. These
considerations indicate that low-pressure specific heats obtained
by spectroscopic means are reliable without correction for disso-
ciation or compressibility at conditions normally encountered in
gas-turbine engines. The data presented should, however, be used
with caution above 3000° R. The effects of pressure and dissoci-
ation at high temperatures are presented in references 5, 14, and
15

The charts presented herein have the following characteristics:

(1) The data are presented for temperatures as high as those
for which dissociation effects are small.

(2) The scales of the two types of nomograph were selected to
permit quick reading of the values of enthalpy or @ within
+2.5° R, or easy computation of enthalpy or ¢ within *0.5° R.

(3) The units in which the data are presented are those com-
monly used in cycle analyses so that the data may be utilized with-
out converting between two systems of units.

The use of the charts is explained and methods are described
for employing the charts to solve several thermodynamic problems.
A series of numerical examples is presented. The methods used to
obtein the charts are presented in the appendix.
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SYMBOLS
The following symbols are used in this report:

a,b,c,d gases

Cp specific heat at constant pressure, Btu/(lb—oR)

g fuel-air ratio

' lower heating value of fuel at 600° R, Btu/(1b)
H/C hydrogen-carbon ratio

h enthalpy, Btu/(1b)

J mechanical equivalent of heat, 778.156 (£t-1b)/Btu
m specific humidity, (1b water/lb air)

n number of hydrogen atoms in fuel for each carbon atom
P pressure, (1b/sq ft)

R gas constant, (ft-1b/1b-°R)

i temperature, (°R)

v specific volume, (cu f£t/1b)

w weight, (1b)

X number of moles of fuel

LN burner efficiency

Me compressor efficiency

Nt turbine efficiency

g = qug ar, Btu/(1b-°R)

v, = (he hO{;I b f), Btu/(1b)

, Btu/(1b-°R)

(@ - Bo)(1 + 1)
it

<=
.
]
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Subscripts:

a,b,c,d gases

8 carbon

e fuel

il ideal

H hydrogen

1 liquid

m water vapor-air mixture

n number of hydrogen atoms in fuel for each atom of carbon
t turbine

w water

@ small stage

0 dry air, zero fuel-air ratio
il initial state

2 final state

Superscripts:

X first trial or approximation
Ay second trial or approximation

U third trial or approximation

READING THE CHARTS

Thermodynamic properties of dry air, combustion gases, and water
vapor are plotted in charts I, II to IV, and V, respectively. Two
types of chart of gas properties are included: type 1 includes
charts I and V; and type 2 includes charts II to IV.
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Type 1 - Charts I and V

The relation among three variables, any one of which may be an
independent variable with the remaining two variables dependent upon
the first,is described in charts I and V. Chart I shows the relation
among ¢, enthalpy h, and temperature T for dry air, and chart V
for water vapor. The reading of these charts is illustrated by fig-
ure 1. At a temperature of 410° R this enlarged view of chart I
indicates that

hg

%o

2.39 Btu/1b

0.006 Btu/1b-°R

Chart I may easily be read with a precision of #0.5° R and chart 7V,
2 59R,

Type 2 - Charts II to IV

The relation among four variables, any two of which may be
independent variables with the remaining two variables dependent
upon the first two,is presented in charts II to IV. Chaxrt II, for
which the temperature scale is divided into 5° intervals, shows the
relation among ¢, enthalpy h, fuel-air ratio f, and tempera-
ture T for gases resulting from the complete combustion of fuel
with dry air for a fuel having a hydrogen-carbon ratio of 0.167;
this chart may be used for hydrogen-carbon ratios close to 0.167.
Charts III and IV present the relation among wlﬂ W¢, the

hydrogen-carbon ratio H/C, and temperature T for gases result-
ing from the complete combustion of hydrocarbon fuels with dry air,
and are used in conjunction with chart I. The reading of these
charts is illustrated in figure 2, which is an enlarged view of
chart II. At a temperature of 1025° R and a fuel-air ratio of 0.04,
the enthalpy is determined by drawing a line of constant temperature
between two points at 1025° R and fuel-air ratios of 0 and 0.0678;
at the point at which this line intersects the 0.04 fuel-air ratio
line, the enthalpy may be read as 156.6 Btu per pound. The inverse
problem occurs if f and either h or $# are known. In such a
case, the point f, h (or f, @) is located on chart II and a
constant-temperature line is drawn through this point; the tempera-
ture may then be read from the scales at the side of the chart.
Charts IIT and IV are read in a similar fashion; the values of Vi

and ¢¢ may be used with fuel-air ratio f, and hy and 3o

(from chart I) to determine h and ¢ by substitution in the
following equations: (For derivation, see the eppendix.)
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i (i‘f?) (35)

=0y + Vg (—1—%) (36)

In order to simplify these computations, the relation between f
and f/(1 + f) is shown in chart VI.

If the fuel-air ratio f, hydrogen-carbon ratio H/C, and
either ¢ or enthalpy h are known, the temperature may be deter-
mined by using charts II to IV as follows: For the specified fuel-
air ratio and enthalpy, for example, the temperature may be esti-
mated from chart II. With this temperature and the hydrogen-carbon
ratio, the value of Wh may be read from chart III or IV. The value

of hy may then be determined from equation (35) and, by using this
hy value, the temperature read from chart I. For results within
#0.5° R, not more than two such approximations are required.

For a hydrogen-carbon ratio of 0.167, the same data are obtain-
able from chart II, or from a combination of charts I and IV and a
short computation. The computation of h or ¢ by means of
charts I and IV produces results that, although within #0.5° R, are
obtained more slowly than results from chart II, which are within
£2.5° R, Charts IIT and IV should therefore be used only when the
results from chart IT are insufficiently accurate.

If chart II is used for computations, two inaccuracies may be
introduced: (1) The data may be read less precisely than with
charts IIT and IV; and (2) the gas properties vary with hydrogen-
carbon ratio, Chart II is correct only for a hydrogen-carbon ratio
of 0.167. Changes in enthalpy for given pressure ratios are shown
in reference 7 (appendix D and fig. 9) to be relatively insensitive
to changes in hydrogen-carbon ratio., Changes in enthalpy between
given temperatures are more sensitive to variations in hydrogen-
carbon ratio.

APPLICATION OF CHARTS

Methods for applying the charts to the solution of several
problems involving compression, combustion and reheating, expansion,
and heat exchange are described. A subsequent section presents
numerical examples.
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Isentropic Expansion or Compression

For an isentropic process

J dh = v dp (1)

For a perfect gas
pv = RT (2)
dh = ¢, dT (3)

By combining equations (1), (2), and (3)

R P2 S
3 1oge P1> g T aT = AP, (4)

Thus, for an igentropic process the change in ¢ may be determined
from the pressure ratio. The corresponding temperature and ehthalpy
changes may be determined from A¢ and the charts; for example,
known quantities are Ty, ¢1, hy;, and pz/pl. From equation (4)

and the relation

¢z = ¢1 + Ag

the value of @2 1is calculated. From the chart, T, and hy at
@> are determined; Ah can then be found.

Expansion or Compression with Constant Small-Stage Efficiency

The small-stage, or polytropic, efficiency for an expansion in
a turbine is defined as

& Pl
ﬂt,m ¥ dp (5)

By combining equations (2) and (5) and the definition of

fo¥

D

c R
ag = ﬁ? dT = M4, o 3 5
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For constant small-stage efficiency,
R P2
A¢ = nt,m‘_y lOge <H> (6)

The small-stage efficiency for compression is defined as

=_vadp

e, @ =
> o cp dT

For constant small-stage efficiency, this expression reduces to

R P2
A = ——— log (—-) (7)
B nc,oo " Py

For either a ceompressor or a turbine, the change in enthalpy Ah
may be determined from AP, the initial state, and the charts.

Steady-Flow Combustion with No Useful Work

For the combustion of fuel with air,

Ty £ E=(1+£)hy -hyq-fhe (8)
This expression may be revised to read
A ho,2 - bp,1 (9)

B B- o2~ N2 ¥ Bp
where

(hy - ho,z)(l + f)

Vh,2 = 2

Equation (12) in reference 3 gives the following relation between
the lower heating value H and the hydrogen-carbon ratio:

H = 15,935 + 15,800 (H/C) Btu/lb (10)
Although the datum for the gas charts is 600° R, lower heating values

may be used even though based on reference temperatures different
from 600° R. The change in the lower heating value is less than
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0.2 Btu per pound of fuel for each 1° R change in reference tempera-
ture (reference 3); the datum state for the fuel may therefore be
taken as liquid at 600° R with negligible error. If the fuel is
injected in a state other than as a liquid at 600° R, the initial

enthalpy of the fuel hy must be determined.

For most liquid

hydrocarbon fuels, the specific heat may be assumed equal to

0.5 Btu/(1b)(°R).

For the combustion of fuel with the products of a previous
combustion with the same fuel (commonly called reheating)

m, B (fp - £1) = (1 + £p) hy - (L + 1) by - (f2 - 1) by

Solving for £y

fo =

Or, solving for fy - f4

f2 - fl

(11)

—nbf{fl+ho,2-(1+f1)hl+f1hf o
Mp BE- hy 2 - ¥y 2 + br

_ (1 +£)(hy 5 - ho1) * ) (Wh,z i 1"’h,l) (13)

My E - hy g - ¥p,2 + be

Mixtures of Gases

Consider the mixture of two or more gases, each of which is
the product of a previous combustion with a hydrocarbon fuel. Let

these gases be designated a,

b, ¢,

of the resulting uniform mixture is

and

h

and d.

Vg ha + Wy hb LS o o

w

a

+Wb+.

_ Mo ¢a 2 ¢b

+

W

a

+ Wy o+ .

Then the enthalpy h

(14)




NACA TN 2071

sl

The weight of air wo’a and the weight of fuel Vf,a required to

produce gas a are

HoESvhe Rtz tunesofaiieh i
and fuel wy are

Va,

R

faq wg
RgsTE

and d, the weights of air Yo

b

b B i

To Vg

i

s
1+f'b

fp vy

gt e g Ty F

1+ fy i

and the corresponding fuel-air ratio f is

fa Vg

£
e -

gy 1+ fa

+ . . .
1+ fb

(15)

Ve

¥

LI+1, i

+...
l+fb

For gas a, the weights of carbon wC,a and hydrogen "H,a are

fa Vg

Yo,8 " % )L+ (H/c)a]

fa

Wi ()

i s ) [1 A (H/C)aj
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For the mixture,

f (8/c) 25 (H/c)b
' (1 +afa> [1 = (H/Z)J Vg + (1 T fb> [1 r ¢:7/) N AL
<§> B fa Fe fy ¥b

T+, ) |T+ (8C), | " \T+1fp) |1+ (E/Ch e

(18)

For a mixture of any two gases, equation (14) may be modified to
read

¥b
h=h, + ——— (by - hy)

Wa+Wb
(T7)

Cf 2 (B - Ba)

Va+wb

=
|

If one of the constituents of the mixture of several gases 1s
water that was injected as a liquid into the gas stream, supplemen-
tary information concerning the initial enthalpy of the water is
required in order to compute an energy balance. In reference 16,
in which the datum is the state of saturated liquid water at 32° 1,
the enthalpy of water vapor at 1 pound per square inch and 140° F
is given as 1123.3 Btu per pound. From this information, the
enthalpy of the liquid water above the datum of vapor at 600° R
and zero pressure mey be stated as

hyq = - 1123 + (T - 492) (18)

by assuming that the specific heat of liquid water is

1.00 Btu/(1b)(°R); at temperatures as high as 700° R, this assump-
tion produces an error of less than 0.5 Btu per pound in

equation (18).

Heat Exchange

Consider the heat exchange between two gases a &and b, which
are at different temperatures. Then from the conservation of energy,

vg (hy 1 - Dy 2) =Wy (hy 2 - By 1) (19)
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NUMERICAL EXAMPLES

The following six examples demonstrate the use of the charts
and some of the problems to which the charts are applicaeble. The
problems are stated and solved with the source of information
(equations and chart number) listed in a column at the right of
each page.

1. Calculation of h and ¢

The simplest problem occurs when values of temperature,
hydrogen-carbon ratio, and fuel-air ratio are given as the independent
variables, and the values of h and ¢ are desired. The process
of calculation is direct.

Given:
T = 2000° R
H/C = 0.160
f = 0.02

To find: h and §

Chart IT is comstructed only for a hydrogen-carbon ratio of
0.167, but can be used in this case because the assigned H/C 1is
close to 0.167.

As in figure 2, connect the temperature value at f = 0 to
the same temperature value at f = 0.0678 and read the h or
value at the desired f value.

h

¢

For more precise values of h and ¢, use charts I and IV
and the correct value of H/C.

hg

%o
¥y

420 Btu/(1b mixture) at T and f (chart II(4d))

0.4120 Btu/(1b mixture)(®°R) at T and f (chart II(d))

409.6 Btu/(1b air) at T (chart I(e))

]

0.4035 Btu/(1b air)(°R) at T (chart I(e))

]

515 at T end BH/C (chart IV(b))
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W¢ = 0.4150 at T and EH/C (chart IV(b))
£/(1 + £) = 0.01961 at f (chart VI(a))

Therefore
h = 409.6 + 0.01961 X 515 (35)

419.7 Btu/(1b mixture)

]

0.4035 + 0.01961 X 0.4150 (38)

S
1]

0.4117 Btu/(1b mixture)(°R)

2. Calculation of Temperature

The inverse situation of example 1 occurs when values of h
or @, hydrogen-carbon ratio H/C, and fuel-air ratio f are given
as independent variables and values of temperature T are desired.
When h or @ values are given for H/C values near 0.167, the
solution is read directly from chart II. If the B/C values are
remote from 0.167, chart IT is used to estimate the temperature and
charts I and III or IV are used to find the temperature by a suc-
cessive approximation method.

Given:
¢ = 0.4000
H/C = 0.145
f = 0.03
To find: T

The temperature is first estimated from chart IT.
Locate @ = 0.4000 at f = 0.03 (chart II(d))
Extend line through this point so that the temperature values
at f =0 and f = 0.0678 are identical and read the temperature

as

T = 1895° R
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This temperature is the first approximation and should be
rounded off to the nearest 5°, that is,

Tt = 18959 R

0.360 at T' and H/C (chart III(a))

]

W¢'

21 + )

Il

0.02912 at f (chart VI(a))

Now ¢O' can be obtained at T!

=o' + Vg [£/2 + 1) (36)

Thus

I

Bo' =8 - Vy' [t/(1 + £)]

#o' = 0.4000 - 0.360 X 0.02912

]

0.3895 Btu/(1b air)(°R)

The second approximate temperature can now be found from
chart I at ¢O‘.

Tt = 1901° R at g (chart I(e))

This value, however, is within the accuracy of the charts and
can be considered the actual value.

3. Compression Process

Either adiabatic or small-stage efficiency may be used with the
chart values in determining the actual Ah for a process. In dem-
onstrating the solution of the compression problem, the adiabatic
efficiency 1, will be given; enthalpy change Ah, final tempera-
ture T,, and the corresponding small-stage efficiency nc,“, will

be determined. The solution will be divided into two parts.

Adiabatic compression: - Compress dry air.

Given:
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518.4° R

Ty

0.90 adiabatic compressor efficiency

e

To find: Ah and Ty for the process.
In initial state
hg,1

fo,1

I

28.40 Btu/(lb air) at Tq

0.0622 Btu/(1b air)(’R) at T,

The ideal A¢ is now determined.

Ro /P2
oo, 1 = 7 1oufy]

3.513
A¢O,i = 778.156 X logg 4 = 0.0950

$0,2,1 = $o,1 + 80,1
= 0.1572 Btu/(1b air)(°R)
(o]
Ty, = 768.7° R at #o,2,1
hy 2,1 = 88.8 Btu/(1b air) at Tp 4
Ah = (h . - hy ).j;
0,2,1 1)
Ah = 60.4 X 5%55 = 67.1 Btu/(1b air)

Thus,

hy,p = 28.4 + 67.1 = 95.5 Btu/(1b air)

and

To = 796.8° R

at ho’z.

NACA TN 2071

(chart I(a))

(chart I(a))

(4)

(chart I(b))

(chart I(b))

(chart I(b))
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Small-stage efficiency. - Find what 1q will give same T2

C,o

as TMg.
Given:

Ty r="518L4° R

T, = 796.8° R

e

Py
To find: e, @

fo,2 = 0.1658 Btu/(1b air)(°R) at T, (chart (b))

Ao = Bo,2 - #o,1 = 0.1658 - 0.0622 = 0.1036

A¢O is also given by equation (7).

R
oy = o F Loge o (7)
For air
A8 = ag,
0.1036 = nc];cnx 22212 1og, 4
and
nc,mz G917

This value of Me.eo = 0.917 1s equivalent to the Ne = 0.90
2

in this case. Because faiel is more convenient to use, it will be
2

used in the rest of the examples.
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4, Combustion Process

Two variations of the combustion process occur. One is: given
the temperatures before and after combustion, find the fuel-air
ratio; the other is: given the temperature before combustion and
the fuel-air ratio, find the temperature after combustion.

. Find the fuel-air ratio. - This problem can be solved directly
and requires no approximations.

Given:
T, = 900° R
T, = 2000° R
H/C = 0.189
= 0.95

The temperature of liquid fuel is 500° R.

Mo finds =2
h - h
PP 05 (9)
Tip! E=HEG) on =RVl 2
hy 1 = 120.9 Btu/(1b air) (chart I(b))
ho,2 = 409.6 Btu/(1b air) (chart I(e))
T = 15,935 + 15,800 X 0,189 = 18,924 Btu/(1b fuel) (10)
whvz =583 at T, and H/C (chart IV(b))
he = 0.5 X (500-600) = -50 Btu/(1b fuel) (See Steady-Flow
Combustion with No
Useful Work.)
e 409.6 - 120.9
= 18,924 X 0.95 - 409.6 - 583 - 50
f = 0.01705 1b fuel/(1b air)
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Find the temperature after combustion. - This solution requires
an approximate temperature from chart II and use of equation (8).

Given:
T, = 900° R
H/C = 0.189
M = 1.00
f = 0.02

The temperature of the liquid fuel is 600° R.

Torfinds: To

M Bf =(L+f) by -hyq-fhe (8)
hy , = 120.9 Btu/(1b air) (chart I(b))

J
H = 18,924 Btu/(1b fuel) (10)
he = 0 at 600° R (See Mixtures

of Gases.)
_1.00 x 18,924 X 0.02 + 120.9 + O

bges 1.02 (8)

489.6 Btu/(1b mixture)

The approximate temperature is obtained from chart II

T,' = 2240° R at f and h, (chart II(e))
hy,2' = by - \Vh’g'E'/(l + fﬂ (35)
where
f/(1 + ) = 0.01961 at f (chart Vi(a))
wh o' =712 at T,' and H/C (chart Iv(b))
t4
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hy,2' = 489.6 - 712 X 0.,01961
= 475,64 Btu/(1b air)
To'! =Ty = 2236° R at ho,2' (chart I(e))

This equality is true because a second trial using Tp'' = 2236

would result in the same answer.

5. Expansion Process

The expansion process involving a mixture of combustion products
and air can be handled in two different ways for certain conditions.
Chart II can be used when the H/C ratio is sufficiently close to
0.167. Charts I and III or IV give a more exact solution applicable
to any H/C ratio from 0.100 to 0.200. This method, whereas more
exact, is also more laborious.

Given:
= o
T, = 3000° R
Ah = -200 Btu/(1lb air)
nt,CD = 0090
f = 0.03
E/C = 0.190

To £ind:
n pl/p2

The problem will first be solved with chart II, although the
H/C ratio is remote from 0.167.

hy = 727 Btu/(1b mixture) (chart II(h))

21

Now h2 is determined per pound of mixture from h1 and Ah.

Ah
1+ f

0.5385 Btu/(1b mixture)(°R)  (chart II(h))

1]

h2=hl+
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200 ]
hy = 727 - 75z = 532.82 Btu/(1b mixture)
and
T, = 2360° R at h, and f (chart II(e))
¢2 = 0.4650 Btu/(1b mixture)(°R) at T, and f (chart II(e))
A¢ = ¢2 = ¢1
AP = 0.4650 - 0.5385 = -0.0735 Btu/(1b mixture)(°R)
also
R P2
ANQR= b =
§e 0t 10, <P1> (6)
where
- 0.03 X 1546.35 X 0.19
Ry = 53.379 + 1.0%5 X 115 (table I)
1.05
Ry = 53.61 £t-1b/(1b mixture)(°R)
P
2)\_ -0.0735 X 778.156
Sgde . = -1.1854
e <Pl> 0.90 X 53.61
and

3.27

pl/pz

For the more exact solution, charts I and IV are used to account
for H/C deviations from 0.167 and to obtain more precise results,

As in example 2, chart II must be used to obtain a first approxi-
mation of the temperatures.

ol

695.8 Btu/(1b air) at 3000° R (chart I(g))

0.5194 Btu/(1b air)(°R) at 3000° R (chart I(g))

]

%o,1
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b, = 1172 at 3000° R and H/C = 0.190 (chart Iv(d))
2
w¢ 1 = 0.709 at 3000° R and H/C = 0.190 (chart IV(d))
J
£/(1 + £) = 0,2012 &t £ (chart VI(a))
hy = 695.8 + 1172 X 0.02912 = 729.93 Btu/(1lb mixture) (35)
1,
and
g, = 0.5194 + 0.709 X 0.02912 = 0.5400 (36)
Ah
Hoas R TR
200
h, = 729.93 - 75z = 535.76 Btu/(1b mixture)

As in example 2, the first approximation of temperature is
determined from chart II. Round off the first approximate tem-
peratures to the nearest 50,

Ty' = 2375° R at hy, and f (chart II(e))

V, ,' =79 at T,' and EH/C (chart Iv(b))
h,2 2

From equation (35) hy o' is determined.
J

hy' =By o'+ Wh,z' [?/(1 4 fi] (35)

hy o' = 535,76 - 790 X 0.02912
0,2

= 512,76 Btu/(1b air)

From the first approximation, Tz" is within the accuracy of
the charts and thus can be considered to be the actual T,.

Tzll

T, = 2367 at ho,z' (chart I(f))

0.4509 Btu/(1b air)(°R) at T, (chart I(f))

Po,2

and H/C (chart IV(b))

w¢,2 = 0.5635 at T,




NACA TN 2071 23

i

2

0.4509 + 0,5635 X .02912 (36)

1]

0.4673 Btu/(1b mixture)(°R)

As previously shown,

R
A =@y - @y = ﬂt,m'jt log, (p_2> (6)

Py
0.4673 - 0.5400 = 0,90 X =29:51_ 14g £§>
778.156 ~ e \p,

or

log, gﬁ -1.1725

— = 3,24

Thus with H/C ratio remote from H/C = 0.167 {as in this
problem H/C = 0.190), the temperature determined from chart II
differs from the actual temperature by 7° R and the calculated
pressure ratio differs by 1 percent.

6. Compress Moist Air

Problems involving water vapor and air or gas mixture require
the use of chart V in conjunction with chart I, chart II, or
charts I, IIT, and IV. The properties of the individual components
are found and then combined to determine the properties of the
mixture. The reverse process, in which the temperature of the
mixture is desired, requires a trial-and-error solution.

Given: Compress moist air

T2
Py
T (o]
T = B50° R
0.90

e, e =
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m = 0.05 (1b water)/(1b air)
To find: Ah and T2 for process

Tor the state before compression, equation (14) may be
modified to read

Ry
hl 1l +m
¢Ozl wr L ¢w
¢1 =
l+m
where
hy 4 = 36.0 Btu/(1b air) at Ty (chart I(a))
J
h, 1 = -22.0 Btu/(1b water) at T, (chart V(a))
‘ h, = 36 + (°i°§5x -22.0) _ 33,24 Btu/(1b mixture)
! also
¢o,1 = 0.0763 Btu/(1b air)(°R) at T, (chart I(a))

(chart V(a))

\ g, = -0.038 Btu/(1b water)(°R) at T,

4. = 0.0763 + (0.05 x -0.038)
il 1065

= 0.0709 Btu/(1b mixture)(°R)

Boi= 85,6 ft-1b/(1b water)(°R) (reference 17)
- 53.379 & 0,05 X 85,8
Rm = 105 (table I)

- 54.923 ft-1b/(1b mixture)(°R)

For process

L B P2
o, = nc,a,<}78.15§> 1°ge<ﬁi> (7)
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1 54.923
*n = 5,50 X 775.156 1o8e * = 0.1087
#s = #, + Afy = 0.0709 + 0.1087
#, = 0.1796 Btu/(1b mixture)(°R)

An estimate of the final temperature must now be made. A close
approximation is to consider ¢2 as the value for dry air and look

up the equivalent temperature in chart I. The actual T, should be

a bit higher because of the water vapor content; a slightly higher
temperature approximation is therefore made.

T,' = 850° R (chart I(b))
fy,2" = 0.161 Btu/(1b water)(°R) at T, (chart V(a))
¢o,2' = 0.1816 Btu/(1b air)(°R) at T, (chart I(b))

Now from equation (17) ¢O 2" can be calculated.
2/

m
Bo,2'" = %2 - T4 WHu,2' - Po,2")
0.05
L 6 e e -
By "' = 0.179 - 7552 (0.161 - 0.1816)

0.1806 Btu/(1b air)(°R)

Make a final trial

Tt = 847° R at ¢o,2" (chart I(b))

fy 2'' = 0.1508 Btu/(1b water)(°R) at T,'! (chart V(a))

B stnr = 0.1786"- 225 (5 950820,1808) (17)
0,2 g T :

= 0.1810 Btu/(1b air)(°R)

" 't = 848° R = T, final (chart I(b))
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Now find enthalpy of mixture at Ts.

hg,z = 108.10 Btu/(1b air) at Tp (chart I(b))
h, » = 113.0 Btu/(1b vater) at Tp (chart V(a))
n, = 3X:1 % g'gg X 113 _ 108.33 Btu/(1b mixture) (14)

From h; and hs, the work per pound of air for compression

of the moist air is

Ah

(h2 - hl)(l + m)

1]

(108.33 - 33.24)(1.05) = 78.85 Btu/(1b air)

Lewis Flight Propulsion Laboratory,
Nationel Advisory Committee for Aeronautics,
Cleveland, Ohio, August 30, 1949.
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APPENDIX - DERIVATION OF CHARTS
Charts I to IV

The specific heats given in reference 11 were plotted as
functions of temperature for the following gases: oxygen, nitrogen,
carbon dioxide, and water. Empirical equations of the following
form were fitted to the curves over subintervals of the temperature
range from 600° to 3500° R:

e 2 5
°p = 8g t 2y T+a, T +a; T (20)

The values of c_ obtained from equation (20) agree with the data

P
of reference 11 within O.l1 percent.

The Gibbs-Dalton law (reference 17) was employed to obtain the
properties of various gas mixtures resulting from the complete com-
bustion of hydrocarbon fuels with dry air. Air was assumed to have
the following composition on a volume basis (reference B, PavET)s

Oxygen 0.2099
Nitrogen < 1803
Argon .0098

1,0000

The following atomic weights were selected:

Oxygen 16.000
Nitrogen 14,008
Argon 39:950
Carbon 125010
Hydrogen 1.008

The specific heat at constant pressure for argon was assumed to be
0.1243 Btu per pound °R, or, on a molal basis, 5/2 R.

By use of equation (20), the following two integrals were
evaluated for temperatures from 600° to 3500° R, fuel-air ratios
of zero and the stoichiometric values, and hydrogen-carbon ratios
of 0,100, 0150, 0,167, and 0.200.

it

h = cy dT + 48.00 (21)
800
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c

—%—’ ar + 0,09729 (22)

s
n

600

The values of h and ¢ were assigned equal to 48.00 Btu/(lb)
and 0.09729 Btu/(1b)(°R), respectively, at 600° R in order that
the values computed for a fuel-air ratio of zero would agree with
the data of reference 2.

Enthalpy is used in the usual engineering sense in which the
chemical energy is not included in the enthalpy. The result is that
at the datum temperature of 600° R the enthalpy of the various gas
mixtures considered is 48.00 Btu per pound, regardless of gas
composition.

Chart I was constructed directly from the evaluation of equa-
tions (21) and (22). For charts II to IV, the method is described
by which the computations for stoichiometric fuel-air ratios and
four hydrogen-carbon ratios may be interpolated to permit deter-
mining h and @ for any leaner-than-stoichiometric fuel-air ratio

and any hydrogen-carbon ratio from 0.1 to 0.2.

Changes in h and ¢ between specified temperature limits
were determined from charts I to IV and from references 10 and 12;
a comparison of these changes indicated that results from charts
T to IV differ by not over 0.2 percent from reference 10 and less
than 0.2 percent from reference 12

Chert I. - In order to determine hgy and ¢0 for dry air,
equations (21) and (22) were evaluated for temperatures from 600°

to 3500° R. The results are presented in chart I. The data of
reference 2 were used to extend the range of this chart from 600°

EoR300" "R,

Chart II. - Chart II was constructed in order to determine h
and ¢ of mixtures of air and combustion products for an average
jet-engine fuel (E/C = 0.167) and for fuel-air ratios of zero to
stoichiometric.

The method of interpolation for fuel-sir ratios between zero
and stoichiometric was established as follows:

For the complete combustion of X moles of a hydrocarbon fuel
(CH,) with 1 pound of dry air
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1 b
X CH, + 555598 (0.2099 0, + 0.7803 N, + 0.0098 A)

1
23
— 55555 (0-2099 Op + 0.7803 Np + 0.0098 &) + o (23)

n n
XE302+-2-H20—(1+Z)02:' b
Equation (23) may be rewritten as

e )
X CB, + 555555 (0-2099 O + 0.7803 Ny + 0.0098 A)

e ;69'2 (0.2099 0 + 0.7803 Ny + 0.0098 A) + ) (24)
4 £ (8/C) Y
12.01[1 + (B/C)] (COp - 05) + 2.016[““70)](1{20 /2 0n) )
where
<§> _1.008 n
Cj- Taz2:0%
£ = 12.01(x)[1 + (8/c)]
(0 Hel

X = of
12.01 [1+ (8/C)]

The products of combustion in equation (24) may be considered as a
mixture of two gases a and b where

& £ [(coz -02)+ (8/c) (8,0 - 1/2 02)]

S yalE) | 12.01 " 2.018
(25)
A
b = 555555 (0.2099 Op + 0.7803 N, + 0.0098A)
For a mixture of two gases a and D
W
a
cp = e (cp’a = °p,b) + ¢y p (26)
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For the mixture of gases in equation (24), equation (26) may be
modified to read

£
p TTnE (cp,a = °p,b) + Cp,p (27)

By combining equations (21) and (27), and equations (22) and (27)
and differentiating the resulting expressions

g_zéhg_i>= L/;cp’& - cp,p) O (28)

1 + f
C =1 C
o - | Sp,a ” °pyb (29)
3 12 g
1+ °F

The integrals in the right-hand members of equations (28) and (29)
are functions only of temperature. For a given temperature, h
and ¢ therefore vary linearly with f£/(1 + f). Thus, in chart II
the h and ¢ scales are linear and the fuel-air ratio scale is
linear in f£/(1 + f). Linear interpolation at constant temperature
between lines of constant f consequently yields the value of h
or ¢ at the desired fuel-air ratio.

Charts IIT and IV. - Gas a of equation (25) may be considered

as a mixture of gases c¢ and d where

(]
|

= (Cop - 05)/12.01

(30)
a = égé%% <§20 -3 02>
By combining equations (26) and (30)
c - L (c S (31)
r,a = 1+ (B/C) ' P,¢ = "P,d p,d

where

1 pcund and wg = H/C pound

£
1]
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By combining equations (28) and (31) and differentiating

2
. o h . TG N (32)
5(1 n f>5 I (H/C)]
Similarly
BZQ, oo™ Chd
- T g e (33)
9 (1 + T ° [i + (H/Ci]
Equations (32) and (38) indicate that for a given temperature
oh o 1

= d linearly with :
At/(1 + £)] i 3[£/(1 + 1)] b aE e Ry

These equations suggest a convenient method of interpolation using
tebular values of hy, h,, hy, @y, @., and @; and the

following equations:

e | n, * (E/C) S
T+t | Es @Oy | 1I%5¢F
(34)

e |8 + (@/c) sﬂ %o

e | T1e@e) | Iat

The results of evaluating equations (28) and (29) for hydrogen-
carbon ratios of 0.100, 0.150, and 0.200, temperatures of 600° to
3500° R, and stoichiometric fuel-air ratios are presented in
charts IIT and IV. The spacing of the lines of constant hydrogen-

carbon ratio is linear in i___%ﬁ767 so that a linear interpolation
+

between lines of constant H/C at constant temperature yields the
value of ‘Wh or W¢ at the desired hydrogen-carbon ratio and

temperature,
The values of h and ¢ at a specified fuel-air ratio,

hydrogen-carbon ratio, and temperature may be determined from
charts I and III or IV and the following relations:
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if
1+f
h = by + 3} 4 f>
= ie 1+ 7
0 ST
and
e 4
1+f
d¢ £
= + ad
# =% S 1+ 1
0 2
Because oh is constant at a given temperature and

sle/ + £))

hydrogen-carbon ratio,

g
]

dh i
Bo * |37 1 <1+f>

1+ 7 T,H/C

From this relation

- _(a-B)0 £) g
a( e ) f h
1 + £ T,H/C

Similarly
) —(¢-¢O)(l+f)—\b
3 (. i £ -
1 +f T,H/C
Finally
h = hy + Vy <l—£—§> (35)
and
g =do+ Vg (Tf"f) (36)

Chart V. - Chart V was prepared directly from the tabular data
of reference 12 by fairing a smooth curve through the data.
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2.39 BTU/LB
O N, 5
S T T AR

400 i 10 20

000 @, .0l0

S R

0.006 BTU/LB-°R ol

Figure 1. - Enlarged section of chart I showing use of charts of type I. Given temper-
ature, 410° R; hy, 2.39 Btu per pound air; ¢0, 0.006 Btu per pound air per °R.
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Figure 2. - Enlarged section of chart IT showlng use of chaxts of type II. Given temperature, 1025° R; f,
h, 156.6 Btu per pound mixture.
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IT

IIT

VI

CHART INDEX

Dry-air values of @y, hy, and T.
Lineer T scale

Combustion-gas values of ¢, h, T, and f for hydrogen-
carbon ratio of 0.167.
Linear ¢ and h scales
Hyperbolic f scale

Combustion-gas value of Wh, W¢, and T for hydrogen-
carbon ratios from 0.10 to 0.15.
Linear Wy, ﬂl¢ scales
Hyperbolic H/C scales

Combustion-gas values of Wy, Vg, and T for hydrogen-

carbon ratios from 0.15 to 0.20.
Linear W, ﬂ% scales

Hyperbolic H/C scale

Water-vapor values of h., ¢w’ and T.
Linear T scale

£
1+ °f

Variation of with fuel-air ratio f.

Linear scale

l 4+ 7
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TABLE I - USEFUL CONSTANTS AND EQUATIONS

universal gas constant,1.9872 cals/(gm mole)(°R) or
1546.35 ft-1b/(1b mole)(°R)

mechanical equivalent of heat, 778.156 ft-lb/Btu
gas constent for air 53.379,ft-1b/(1b air) (°R)
gas constant for water vapor, 85.8 ft-1b/(1b water vepor) (°R)

gas constant for combustion products of fuel and dry air,
e f x 1546.35 (H/C)

4i032f(1 + H/C) (equation (21) reference 7)
+

53,379 + m 85.8
1+m

gas constant for mixture of water plus air,

2
standard acceleration due to gravity, 32.174 ft/sec

- 459.69° F
e P2) for ' (6)
nt,w'ﬁr oge EI K expansion process
lo p2> for compression proces (7)
— egs
¢1 + ¢
h ~h
— 0.2 \3.1 (9)
MpE - bg,2 - VYp,2 + b
15,935 + 15,800 (H/C) Btu/lb (10)
" £ (35
bo's AT )

go + Vg i—f:—f> (36)
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Chart I. - Continued. Dry-air values of @$,, hy, and T.
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Chart I. - Continued. Dry-air values of @,, hy, end T.
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(d) Temperature range, 1500° to 1900° R.
Chart I. - Continued. Dry-air values of ¢o, hp, and T.
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‘ Chaert I. - Continued. Dry-air values of ¢0, hg, eand T.
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(f) Temperature range, 2300° to 2700° R.

Chart I. - Continued. Dry-air values of @y, hp, and T.
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Chart I. - Continued. Dry-air values of f@,, h;, and T.
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Chart I. - Concluded. Dry-air values of ¢o, e ,Reand T
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(a) Temperature range, 600° to 1100° R.

Chart II. - Combustion-gas values of @, h, T,

and f for hydrogen-carbon ratio of 0.167.
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(b) Temperature range, 1000° to 1500°

Chart II. - Continued. Combustion-gas values of @, h, 51

R.

and f for hydrogen-carbon ratio of 0.167.
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(c) Temperature range, 1500° to 1850° R.

Chart II. - Continued. Combustion-gas values of 8, h, T, and f for hydrogen-carbon ratio of 0.167.
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(d) Temperature range, 1800° to 2175° R.

Chart II. - Continued. Combustion-gas values of O sh T, and f for hydrogen-carbon ratio of 0,167.
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Chart II. - Continued. Combustion-gas values of ey T, and f for hydrogen-carbon ratio of 0.167.
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(f) Temperature range, 2375° to 2650° R.

Chart II. - Continued, Combustion-gas values of ¢, h, T, and f for hydrogen-carbon ratio of 0.167.
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Chart II. - Continued. Combustion-gas values of @, h, T, and f -for hydrogen-carbon ratio of 0.167.
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Chart II. - Continued.

(h) Temperature range, 2850° to 3240° R.

Combustion-gas values of @, h,

~ NACA

and f for hydrogen-carbon ratio of 0.167.
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(i) Temperature range, 3225° to 3500° R.

Chart II. - Concluded. Combustion-gas values of g, h, T, and f for hydrogen-carbon ratio of 0.167.
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Chart IITI. - Combustion-gas values of \Vh, ‘l’¢, and T for hydrogen-carbon ratios from 0.10 to 0.15.
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(b) Temperature range, 2000° to 2700° R.
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Chart III. - Continued. Combustion-ges values of V), \11¢, and T for hydrogen-carbon ratios from 0.10 to 0.15.
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Chart III. - Continued.

(c) Temperature renge, 2500° to 3200° R.

Combustion-gas values of Wh, ‘l’¢, and T for hydrogen-

carbon ratidos from 0.10 to 0.15.
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Chart TIT.

(d) Pemperature range, 3000° to 3500° R.

- Concluded. Combustion-gas values of \I/h, \JJ¢, and T for hydrogen-carbon ratios from 0.10 to 0.15.

£8




8L

NACA TN 2071










NACA TN 2071

87




NACA TN 2071

00S

008! 005! gerat 000! 009 1
R R ey ! | e e I e || S L
N _
o[
DSH [0} 0Ge 0C S 0 Ong 0G| QO0I Y 0S C §
9 : A \
w _ _ _ 1
T S T T T T4 T [ TIRTRiEE TTIT[TTT
008 006! s o 000! 009 |

88




T 600

H/C=0,/5

(a) Temperature range, 600° to 1800° R.

700 800 900 1000 1100 1200
Bk III\IIIILIIlllIIIIIIIJJI]IllllllllllJHllHl
5 =
. 16
07
% o 02 04 06 08 Lo i - 14 16 8 .20 VL Eme
\ 19
[ = L i 1{11|1| ll’llllll[llllllll[!!ll]lll[[(f
T
600 700 800 . 7 900 1000 1100 1200
H/C=0.15
i %1200 1300 1400 1500 1600 \ 1700 1800
| | 806 T A 1 O (S 0 e 5 e e %
I~
/6
17 = -
‘4 22 .24 26 .28 0 P PH2 34 36 .38 .40 42 44
19
| —~
| il 57 R i i T [<+1 L I S5
T 1200 1300 1400 1500 1600 1700 1800
HAC=20

S_NACA

Chart IV. - Combustion-gas values of Wh, W¢, and T for hydrogen-carbon ratios of 0.15 to 0.20.
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(b) Temperature range, 1800° to 2500° R.

Chart IV. - Continued. Combustion~gas values of Wh, W¢, and T for hydrogen-carbon ratios of 0.15 to 0.20.
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Chart IV, - Continued.
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(¢) Temperature range, 2400° to 3000° R.
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Combustion-gas values of Wh, \|l¢, and T for hydrogen-carbon ratios of 0.15 to 0.20.
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(d) Temperature range, 2900° to 3500° R.

Chart IV. - Concluded. Combustion-gas values of \llh, \II¢, and T for hydrogen-carbon ratios of 0.15 to 0.20.
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(a) Temperature range, 500° to 2500° R.

Chart V. - Weater-vapor values of hy, ¢w and T.
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Chart V. - Concluded. Water-vapor values of hy, ¢w: and =T
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(a) Fuel-air ratio range, O to 0.03734.

Chart VI. - Variation of i£§ with fuel-air ratio
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(b) Fuel-air ratio range, 0.03733 to 0,075.

Chart VI, - Concluded.
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