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WITH AIR FOR TEMPERATURES OF 600° TO 4400° R

By Robert E. English and Cavour H. Hauser

SUMMARY

Thermodynamle properties of hydrogen and 1ts products of combustion
with alr are tabulated in & form convenient for use in cycle analysis and
design of turbojet engines. Only low pressures are consldered, and the
effects of dissoclation are ignored. Several thermodynamic processes
were analyzed, and thelr analysis is illustrated by numerical exemple.

INTRODUCTION

Interest in use of liquid hydrogen as a fuel for turbojet engines
has recently increased. For example, reference 1 shows that large gains
in performance can be cobtained for alrcraft designed for the use of this
fuel in high-altitude flight. Accurate enslysis of engines using this
fuel reqiires information on properties of the combustion products. For
example, 1t 1s shown in reference 2 that simple correction of the proper-
ties of JP-4 fuel will result in errors of 3 and 5 percent in the calcu-
lation of fuel specific impulse and thrust per unit air flow, respectively.
Tgbles and charts for thermodynamic caleculations involving air, hydrogen,
and other fuels, taking into account the effects of dissociation, are
given in reference 3; the tables, which neglect dissoclatlon, present gas
properties for intervals of 50° R.

The purpose of the analysis contained herein is to present thermo-
dynamic properties of hydrogen and its combustion products and methods
for using these properties in a form convenient for cycle analysis and
design of turbojet engines.

The general method of attack ig similar to that In reference 4. Date
on gas propertles were obtained from reference 5. Properties of the com-
bustion products are presented in table I for temperatures from 600° to
2999° R. These data are intended for use in combination with air proper-
ties 1n reference 5; for this purpose, the properties of air in teble 1
of reference 5 were interpolated to 1° intervels for temperatures from
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30002 to 4400° R. Properties of air and combustion products are presented
in table II for temperastures of 3000° to 4400° H. The data presented are
for low pressures, &nd the effects of-dissociation are ignored.

The enthalpy of gaseous hydrogen fuel (conslidered to be the real

gas, para-hydrogen, at l-atm pressure} was evaluated from reference 6,
and the results are tsbulated in table III from the boiling point (36.5°
R) to 1260° R in 10° increments.

The general methods for using the tabulated data are described in

the section APPLICATION OF TABLES. ThHeir use is algo illustrated by
several numerical examples. The method of construction of tables I and
II is presented in appendix A.
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SYMBOLS

ideal nozzle throat area required to pass 1 (lb air)/sec at

eritical conditions = - ol

eritical velocity, o[- &RTy, -iTt/s-e“c- -
gas b, (Hz0 - 3 Op)

specific heat at constemt pressure, Btu/(1b)(°R) - h
specific heat at constant volume, Btu/(1b)(°R)

fuel-air ratio

standard gravitational acceleration, 32.174 f£t/sec?

chemical energy of hydrogen correspondlng ta enthalpy values of
tables I to III, Btu/1b

specific enthalpy, Btu/lb

specific enthalpy of fuel, Btu/lb

mechanical equivalent of heat, 778.186 ft—lb/Btu

constant of integratiom in eq. (4)
constant of integration in eq. (5)
molecular weight

pressure, lb/sq ft

lower heating value of hydrogen at 25° C and constant pressure,
Btu/1b

Tk Sl
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a

R gas constant, ft-1b/(1b)(°R)
R, gas constant for air, 53.342 £t-1b/(1b)(°R)
R universal gas constant, 1545.32 £t-1b/(1b-mole)(°R)
T temperature, °r
dTy, largest eacceptable interval in T for satisfactory tabulastion of
enthalpy h, ©°R
dTqr 1argesg acceptable interval in T for sstisfactory tabulstion of
h ¥n, R
dT& largest acceptable interval in T for satisfactory tabulation of
o Yo, °R . :
v velocity, ft/sec
W welight of gas, 1b
8 empirical constant in eq. (B4)
'8 ratio of specific heats, cp/cy
Ny combustion efficiency
New.C small-stage, or polytroplc, compression efficiency
5 :
Mg, swall-stage, or polytropic, expansion efficilency
O, .
°p
® = 4T, Btu/(1b)(°R)
o
| ch p,b = Sp,as Btu/(1b)(°R)
¥p b, - hg, Btu/lb
¥R R, - Ry, 329.92 f&-1b/(1b)(°R)
¥, 9p - ®as Btw/(1b)(°R)
w ratio of specific heats, cp,b/cp,a
Subscripts:

alr (gas a)
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b gas b, Qizo - % 02)

c combustlon gases in numerical example 4
d air in numerical exsmple 4.

8 statlc conditions

t total conditions

1 initial

z final

Superscriptst-

- unlts of per 1b mole °
' first approximation-

" second approximetion

APPLICATION OF TABLES

Determining h and ¢

- NACA RM E56G03

In computing enthalpy b and ¢ for a known temperature and fuel-

ailr ratio, use the following equations:

hig
B=by+173F ¥

The values of hg and 94

(A10)

(A11)

may be obtalned from either. table II of this

report or table 1 of reference 5, the source depending on whether the

temperature is greater or less than 3000° R.
read from tables I and IT hepeid. - Lot

Determining T from h and £

Both ¥y and Yo may be

For & known combination of enthalpy h and fuei-alr ratio £, a
first approximation of the temperature T' can be obtained by setting

h! =h

(1)

l o,
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and reading T' from table IT or table 1 of reference 5. Corresponding
to the temperature T', a value of ¥y, can then be determined from table
I or II. A second approximation of the temperature T" can be obtained
from

LL— £ 1
ha" b - 1+ f qrh (2)
This process can be continued to obtain additionel, succesasgive approxims-

tions of the tempersture. For the gases resulting from combustion of
hydrogen with air, this process converges.

The work of carrying this process to convergence can be reduced
through the use of the following equation, developed in sppendix B:

B (L + £) ¥
¥n =757 w'(L - 0.00025 T'f) (B4)

The derivatives dwh/dT and dha/dT are assumed constant from T +o

T* in the derivation. For temperatures T of 600° to 3500° R, use of
equation (B4) permits determination of the temperature directly from the
value of V¥, 1n the equation. The greatest error in T obtained from
this process, which occurs for stoichiometric mixtures at high tempera-
tures, is less than 7°. A more accurate result can be obtained by sub-
stituting V¥, from equation (B4) into equation (Al0) ard determining T
from the resulting value of hg; for temperatures of 600° to 3500° R, the
error is then no greater than 2°.

For a temperature T of 3500° R and a stoichiometrie fuel-air ratic
of 0.02921, the temperature T' is 4¢356° R. In order to permit use of
this technique for temperatures as high as 3500° R, table IT was extended
to 4400° R. Although properties may be read from the table for tempera-
tures up to 4400° R, use of equetion (B4) is not always possible for
temperatures above 3500° R. :

Determining T from ¢ and f
The theoretical problem of determining temperature T from ¢ and
f is Jjust like that of finding T from h and f. However, two sepa-
rate methods for obtaining spproximate values of T are presented. The
choice of the method to be used depends on the temperature range.

The relation corresponding to equation (B4) is

N (L+ £) ¥p
Vo =117 w'(l - 0.0016 T'f) (3)
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and ¥§ is the value of VY, &t a temperature T' such that @} = o.
A velue of Yy from equation (3) can be substituted into equation (ALl)
and the resulting value of @y used to determine temperature; a basic
limitation on this equation restricts its use to temperatures of 600° to
1800o R, where the error in the resultent temperature will be less than
2v.

The basic limitation on epplication of equation (3} is the large oo
difference between T and T!', T!' bheing considerably the larger. For
a temperature of 1500° R and the stoichiometric fuel-alr ratio of 0.02821, = _
the value of ¢ exceeds the value for air ¢ Cat a temperature of 4400°
R. It was therefore considered impractical to ‘extend the gas tables to
temperatures high enocugh to permlt use of this technique for temperatures
as high as 3500° R.

. 290%

Because of the inherent limitation on use of equa.tion (3) , an alter-
native technique was developed that 1s suitable for use over a wider
range of temperature but that—proved to yield lese accurate resulte than
equation (3). If both cp,g and Ve, are considered to be constant,

then the relations
= a
vax [ B2 ar

and
¥e
= _p “
w¢ - T dT -
reduce to
q)a =°p,a 1n‘I'+Kq> (4’)
W(P = ‘#c ln T + K.‘y (5)

P
Combination of equations (4) and (5) with equation (All) yields

(1 + ) +[(0 - DKy - Ky JF (6)

a 1+ fw

¢

Equation (6) is only approximate, because Cp,a wcp, and, thus, o

were considered to be constant in 1ts derivation. The terme o and
[(m - l)K¢ - KW] were assigned values that keer low the error in equa- -

tion (6). The resulting relation i1s
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(L + £)¢ - 3.5307 £
= 7
®a. 1+ 10.683 T (7)

A value of ¢4, computed from equation (7) can be used to determine tem-
perature in table IT or iIn table 1 of reference 5. The temperatures so
determined are within 10° of the correct value for temperatures of 1000°
to 2850° R, and the greatest error is only 5° for temperatures of 1200°
to 2700° R. -

After evaluating ¢, from equation (7) to obtain a first spproxi-
mation, increasingly accurate values of temperature can be obtained by
performing the following successive operstions:

(1) For an estimated temperature, read vy from table I or II.

(2) Compute ¢, from eguation (All).

(3) Use this value of ¢g4 with table II or table 1 of reference 5
to obtain & next epproximetion of the tempersture.

Successive repetitions of this process converge to the correct value. At
3500° R and stoichiometric fuel-air ratio, the error in temperature is

reduced about 65 percent by each successive computation. At lower tem-
peratures and lower fuel-air ratios, the reduction in error 1ls greater

then 65 percent.
Gas Constant R
For the perfect gases assumed herein, the problem of determining the
gas constant R 1is simpler than that of either h or ¢ because of the
lack of variation in R with temperature. From equations (A9) and (Al4),

29.92 F
329.92 £ (8)

R = 53.342 +
1+ f

Specific Heats and Ratio of Specific Heats ¥y
Specific heat for constant pressure can be determined from
cp=cpa+—f—*c (A12)
2 1+2 P
Specific heat for constent volume is

cv=cp-gi (9)
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Ratio of specific heats v 1is

C

vy = —E4 (10)
°» -7

Values of and V. in tables I and II permit determination of each
P

c
p,a
of these three varisbles - Cps Cvs and 7y. For many thermodynamic proc-

esses involving small changes in tempersture, these properties cen be used
with both greater precision and convenience than the values of h and ¢
from tables I and I1I.

Thermodynemic Processes

The same methods for anglyzing thermodynamlc processes in gas tur-
bines as described in reference 4 may be employed.

Isentropic compression or egpansion. ~ Equatlon (4) of reference 4

states that : _ e e - — o

—1n—-=¢2-¢‘3 ll)

Constent small-stage efficienqg. - For compression.with constant
small-stage, or polytropic, efficiency na ¢ equation (7) of reference 4 .
states that

R P2

<92—¢1 =—_—J_ﬂ@,clni’-3__ (12)

For expansion wilth constant small-stage efficlency N, , T2 equation
(8) of reference 4 may be written as

R P
<p2"q)]_=nm,'l"j'ln'§f (13)
Combustion. - For combustion of fuel with air, equations (8) and (9)
of reference 4 are, respectively,

npfE = (1 + £)hy o - g g3 - fhe 3 (14)

and

ha. t,2 = Ba,t,1 (15)
TgE - Byt 2 - Vn,t,z T Pr,1 - .

b7 T

Yy
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Correction of the heating value to & value corresponding to the datum tem-
peratures of tables I and II ard reference 5 results in a chemical energy
H for use in equation (15) of 50965.4 Btu per pound (see appendix C).

Data for the fuel enthalpy hy were obtained from references 6 and
7 and are presented in table ITI. Reference 6 contains the most extensive
correlation of the properties of hydrogen availeble. Reference 7 presents
some of the data from reference 6 in a form that is more convenient for
engineering calculations. Table IIT presents values of enthalpy in Btu
per pound for the real gas para-hydrogen for a pressure of 1 atmosphere,
in 10° increments, from the boiling point (36.5°) to 1260° R. A discus-
sion of the derivation of table ITI 1s given in gppendix D.

Values of ideal-gas enthalpy at temperstures above 1260° R may be
read from table 6-12 of reference 7. At these elevated temperatures the
difference between ldeal-gas and real-gas enthalpies at l-atmosphere
pressure is negligible for engineering calculations.

The bolling point of liquld para-hydrogen at atmospheric pressure
is glven in table 29 of reference 6 as 20.27° K (36.5° R). The latent
heat of vaporization at this temperature from equation (9.3) of reference
6 is 213.4 calories per mole (190.5 Btu/1b).

NUMERICAL EXAMPLES
The following six examples demonstrate use of the tebles and some
of the problems for which they are applicable. The problems are stated
and solved, and the sources of information (equations and tables) are
listed at the right mergin.

1. Calculation of h and ¢

Values of the enthalpy h and the function ¢ may be calculated
directly for given temperatures T; and Tz and fuel-alr ratio I.

Given:
T, = 1200° R
Ty = 3200° R
£ = 0.020
To find:
bz - by -

g - 9
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Method:
hg,1 = 291.30 Btu/(Ib air) at Tq
° (teble 1, ref. 5)
g1 = 0-79628 Btu/(1b air)(°R)
hg,p = 849.48 Btu/(1b air) at T2
o (table II)
Pg,2 = 1.06676 Btu/(1b air)(°R)
¥y 1 = 2440.6 Btu/1b
? o (table I)
Vo,1 = 11.2760 Btu/(1b) (°R)
¥, o = 8046.8 Btu/lb
? (table II)
Yo,z = 13.9355 Btu/(1b)(°R)
Therefore, - o : -
£ ™
h =hg + 757 ¥n
by = 291.30 + %4%53 (2440.6) = 339.15 Btu/(1b gas) ) (eq. (A10))
hy = 849.48 + 2920 (g046.8) = 1007.26 Btu/(1b gas)
2 1.020 /

A

he - hy = 668.11 Btu/(1b gas)
2 1 )

? =0g * If%'f Vo

= 0.79628 + 2:0B0 (11.2760) = 1.01738 Btu/(1b gas)(°R) \ (&1

e = 1.020 = (a11))
_ 0.020 [~z = 1 2400 1 gac) (O
¢, = 1.06676 + 5% (13.9355) = 1.34000 Btu/(1b gas)(°R)

¢, - ¢, = 0.32262 Btu/(1b gas)(°R)

2. Compression Process

constant small-stage efficiency n,bc for the compression process

is assumed.

TON%
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Given:
T, = 800° R
= 0.92
N.,c
PZ/Pl = 4.0
Gas = Air
To find:
T
hy - by
Method:
¢, = 0.69558 Btu/(1b)(°R) at Ty
(table 1, ref. 5)
hy = 191.81 Btu/Ib at Tp
53.342
P, - 0.69558 = m=z—17r5- 1n(4.0)
(eq. (12))
¢, = 0.79887 Btu/(1b)(°R)
T, = 1212.3° R et @,
(table 1, ref. 5)
hy = 294.43 Btu/lb at @,

hy - hy = 102.62 Btu/1b

3. Combustion Process

The ideal temperature after combustion wlll be calculated for a
given initisl temperature and fuel-air ratio.

Given:

: o
Tt,l 1200 R

£ = 0.015
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The gaseous hydrogen fuel and the air are assumed to be fully mixed at
the initial temperature Tt 1 o
2

To find:

Method:

ha,t;l

H = 50965.4 Btu/(1b fuel)

he t,1

he 2 =

Tt—, 2
= 291.30 Btu/(1b air) e

=.4102.44 Btu/(1b fuel)

(1 + £)hy 5 - By g7 -The g o

ngf + b g1 v fReo60

1 +F _
(1.00)(0.015)(50965.4) + 291.30

- {teble 1, ref. 5)
(appendix C)

(table III)

P (eq.
' (14))
+ (0.015)(4102.44)

1.015 . .

1100.81 Btu/(1b mixture)

The first approximate temperature is obtained from table II:

T¢,2 =
1]
¥, 4,2

g 2

144
Vp, 4,2

1

a,t,2

o Ce
4042~ R at ht,z = é,t,Z

= 11012.5 Btu/lb at T} ,
2

= 13.150 at T{ o

(1 + ) 4.2 _
(1 -.0.00025 T  ,f)
- - P

= g T T
1+ ﬂmt’z.

{(table II)

7

(1.015)(11012.5) V (eq.

T T+ (0.015)(13.150) [1 - (0.00025)(2022)(0.0157] [ (B4))

.9359.5 Btu/1b.

]

= £ n
=hy 2 - T5F ¥,t,2

1.015

962.49 Btu/lb air

)

1100.81 - 2:915 (gzgg.5)

(eq. (A10))

(290% i

I
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Ty,p = Tf,2 = 3581° Rat by ¢ o (table IT)
Verification of this result using equation (AlQ) indicates the tempera-
ture is correct within 0.5° R.

4. A Mixing Process
A mixing process 1s considered in which & quantity of dry eir at a

given temperature is mixed with combustion gases having a different tem-
perature. A constant pressure level 1ls assumed for the processe. Such a
process might occur in an air-cooled turbine in which the cooling alr is
exhausted into the main gas stream. The temperature, enthalpy, and other
properties of the gas will be determined after mixing occurs.

Given:

Consider gases c (combustion gases) and d (air) st condition 1 to
be mixed, yielding a mixture at condition 2.

We =1 1b
fc,l = 0.015
(o]

Tc,‘t,l = 3600~ R

LE

0.05 1b air

1800° R

Ta,t,1
To f£ind:

by,2

f2

Method:

A heat-balance equation for the mixing process may be written

Welbe, 4,1 - Be,t,2) - Walbg,¢,2 - Bg,¢,1) =0
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or, rearranging and dividing by the total weight,

Woh + Wsh _ Weh + W
c,t,2 arg,t,2 cbe,t,1 abg,t,1
b,z = 3+ . *ﬁa TV (16)

fc 1

- _ 2
Be, 51 ha,c,t,l 1T fe,1 qrh,c,t,l

= 968.21 + { 2215 (g425.2) (eq. (A10);
1.015 3
table II)
= 1107.50 Btu/(1b combustion gases)
hg, ¢,1 = 449.71 Btu/(1b air) (table 1, ref. 5)
h _(1)(1107.50) + (0.05)(449.71)
t,2 = 1.05
(eq. (16))

1076.18 Btu/(1b mixture)
The fuel-ailr ratio of the final mixture £, may be derived as

fe,1¥e
Wo + (L + fc,l)wd

f2=

(0.015)(1)
(1) + (1.015)(0.05)

= 0.01428

The tempersture Tt o mway now be found in the same manner as in
example 3. The first approximation of temperature T} ,2 ig 3960° R
(table II at hg, o). o A . ) _

o _ (1 + £2)0, 4,2 ~
h,t;2 T 1+ famf (1 - 0.00025 T} fp)

(1.01428)(10713.6) }
1 + (0.01428)(13.097) [1 - (0.00025) (3960) (0.01428) ]

9174.9 Btu/1b

Il

Iy
(eq. (B4); table IT)

290%
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f2
;:t:z =Dbt,z - 1% i) ‘Fﬂ:t:z

0.01428
= . o ded oy . - AlO
1076.18 - T205e (9174.9) (eq. (A10))

= 947.01 Btu/(1b air)

T% 5 = 23529° R (table IT)
2

Verificaetion of this result using equation (Al0) indicates the tempera-
ture is correct within 0.5° R.

The gas constant Rz for the final mixture is

cs g . 2992 N
Ra I

0.01428
53.342 + 751438 (329.92) > (eq. (8))

57.987 £t-1b/(1b)(°R) J

The function ¢t,2 is

(0] =@ .|._..£..2___. =
. %t,2 =%a,t,2 T T, Yo,t,2
9,4,z = 1:09579 at T, ,
= 14.2728 at T (eq. (A11);
¥o,t,2 Y & table II)
0.01428 .
¢t,2 = 1.09579 + 707428 (14.2728)

1.2967 Btu/(1b mixture)(°R)

5. Calculation of Critical Veloclity for a Mixture of Combustion Gases

The critical velocity for a mixture of combustion gases 1s found as
follows. )
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Given:

To find:

Method:

. . NACA RM E56GO03

—_ o]
T, =-3529° R
f = 0.01428 - B
R = 57.987 £t-1b/(1b)(°R) (see example 4)
= A /=2 gRT (eq. 3.4, ref. 8;
8y = ‘r+lgRt eq. 3.4, ref. 8;

symbols changed
to correspond to
those used herein)

iy
¢ = Cp,a * TFF Ve

0.2980 Btu/(1b)(°R) at Ty

Cp,a =
Yo, = 3-504 Btu/(1b)(°R) at T (eq. (A12);
table IT)
0.01428
cp = 0.2980 + 775,58 (3.504)

0.3473 Btu/(1b)(°R)

e \
! °p - 7
_ 0.3473 (eq. (10))
el Em
= 1.273 J

= }—t - N
Ber "q’r + L gRTt

_ fb(ifﬁ?%) (eq. 3.4
A a7m (32.174) (57.987)(3529) } igf. 8):

= 2716 ft/sec y

290%
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6. Expansion in a Nozzle

The exit static temperature, velocity, and throat area for the expan-
sion of a mixture of combustion gases in an ideal nozzle wlill be evaluated.

Given:
Ty,1 = 2500° R o
Py p = 2116.22 1b/sq £t
f = 0.01428
1;7,6,1/118,2 = 20.0
R = 57.987 Btu/(1b)(°R) (see example 4)
To find:
TS,Z
V2
ACI'
At temperature Tt,l)
®q 4,1 = 0-99497 Btu/(1b)(°R) (teble 1, ref. 5)
Yo,¢,1 = 13-1455 Btu/(1b) (°R) (tsble I)
®4,1 = %,6,1 * 7o Yo,4,1 3

.014
0.99497 + %6%225 (13.1455) F (eq. (ALL))

1.18005 Btu/(1b)(°R)

7
For ideal expansion in a nozzle,
¢ =@ + B ln.EE"—g w
5,2 t,1 7T Dy,1
_ 57.987
= 138005 + $LL m(m) > (eq. (13))
= 0.95681 Btu/(1b gas)(°R)
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The first approximation for temperature TB 2 may be obtained by using
equation (7):
. (1 + f)‘PB,z - 3.5307 ¢
Pe,s,2 = T + 10.663 T

(1.01428)(0.95681) - 3.5307(0.01428)
= (eq. (7))
1 + 10.663(0.01428)

0.79847 Btu/(1b air)( R)

]

Ty z = 1210° B I - (teble 1, ref. 5)

Uaging the steps on page 7 of the APPLICATTON OF TABLES for the succeeding
approximstions,

11.2947 Btu/(1b)(°R) at T4, 2 (teble I)

\

1
*@,S,Z

1 - i
®a,s,2 = ?s,2 - TFF ¥9, 5,2

0.01428

T 01458 (11.2947) $ (eq. (A11))

0.95681 -

0.79779 Btu/(1b air)(°R)

- " (o]
TS,Z = TB,Z 1207° R at ¢a 5,2 (table 1, ref. 5)

Further approximations are unnecessazw; as the same temperature To
would result.

Calculate Vé from

% oon,-n
ng t)l B’z

]

645.78 + 201428 (5a59 4y | (eq. (A10); table

t,1 1.01428 1, ref. 5; table
I)
= 727.57 Btu/(1b gas)
_ 0.01428 )
hg o = 293.08 + iiﬁiZEE'(2456'°) (eq. (A10); table

15 ref. 5; table
327.67 Btu/(1b gas) L

Al
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= A283(by 1 - Bg p)

N<
I

A2(32.174)(778.16) (727 .57 - 327.67)

4475 £t/sec

The ideal nozzle throat area required to pass 1 pound of air per
second (assuming constant v from the inlet total state to the throat) is

1
A =
cr Yt l+l
2( -1)
L b, IN B —
Yt,l + l) ) t,1
_ £
°p,t,1 = %pya,t,1 t 77 *cp,t,l W
, cp,a,t,1 = 0.2863 Btu/(1b)(°R) at Ty 1
= 3.011 Btu/(1b)(°R) at T (eq. (A12);
Il"'C:p,'t,]. ll/( )( ) 't,l > table I)
B 0.01428
cp,t,1 = 0.2863 + TToTize (3.011)
= 0.32869 Btu/(1b)(°R) J
. ___Cp,t,l
t,1
? Cp,t,1 - F
= S £ T (eq. (10})
0.32869 - (?75716)
= 1.2932
1
Aor = 2932 + 1
2(1.20932-1
2 [T 2932) (32.174)
2 2116.22
1.2932 + 1 ﬁv (57.987) (2500)

A.. = 0.04763 (sq £t)(sec)/1b
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APPENDIX A

DERIVATION OF TABLES I AND II, COMBUSTION-GAS VALUES OF Wh,

¥gs ® Cp,a) snd Yo FOR THE COMBUSTION

OF HYDROGEN WITH AIR

0%

Physical Reletions

The following composition of air on & volume basis was chosen in
reference 5 and was assumed hereln as well: h C

Oxygen 0.2099
Nitrogen . 7803
Argon .0098

1.0000

The following atomic weights were slso taken from reference 5:

Oxygen 16.000
Nitrogen 14.008
Argon 39.950
Hydrogen 1.0080 .

Complete combustion of f pounds of hydrogen with 1 pound of air
results 1n the following relation:

1

£ _
37578 2 * 355555 (0-2099 Op + 0.7803 Np + 0.0098 A)—

f 1. 1
RO <H20 -3 02) + 555855 (0-2099 Op + 0.7803 Np + 0.0098 A}
(A1)
The stoichiometric fuel-air retio is 0,02321.
In order to simplify the determinstion of mixture charascteristics

that follows, the combustion products were considered to be a mixture of
two gases a and b, where gas & 1is air and gas b 1is the hypothetical

gas (HZO - % 02>. One pound of gas b is . . . R

b = ’EI%"IE <HZO - % 02) (a2)
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For a mixture of these two gases,

_ Walp,a + Wpop,b
; Wg + Wy

which can be modified to read

W
°p = 77 (°,b - °p,8) * °p,a

where
Wg =1 and Wy =7
Similerly,
R=ﬁ—i+—(Rb-Ra)+Ra
a t Wp
W, .
P (P 7 e) * i
Wy
¢=m(¢b-¢a)+¢a
For
I 3\
¥R = Ry - Ry
¥p =y - hy
11r‘PE(p'b-q)a. ?

\II% = CP:b - %,a J
equations (A3) to (A7) can be modified to yield

£
R=Rat+t1T7 ¥

21

(43)

(a4)

(a5)

(a6)

(A7)

(a8)

(a9)
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£

h = ha + T+ F ¥y (AlO)
f
¢ =9, + T F Yo (a11)
hig
°0 = 0 * THE Yoo (a12)

For the universsal gss constant R on page 201 of reference-5 and the
value of Rg on page 202,

R 1545.32 _
Ry = il v 383.26. £t-1b/ (10} (°R) (A13)

Yp = 383.26 ~ 53.342 = 329.92 £t-1b/(1b)(°R) (A14)

where the average molecular weight of gas b 1is 4.032 (1/2 mole having
e weight of 2.016 1b).

Computations

The properties vy, ¥y, and *cp were determined from the tabular

values in reference 5 and equations (A8). These values were computed at
20° intervels in tempersture and then quadrastically interpolated to 1°
intervals for 1}, and Vo and to 5° intervals for vcp. Both mpecifice

heat for alr Cp,a and ® were also computed for 5° intervals in tem-
Persature, where

a)Efng-

p,a

which can be rewritten ss

®=—5 41 (A15)

290%
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The temperature intervals for tabulastion were established by employ-
ing the following criterion: For both convenience and accuracy, direct
use of the tabular values without interpolation should permit computation
of both h and ¢ with an error corresponding Lo & temperature change
of no greater than 0.5°. Use of the relation

h = j'cP ar

permits reducing equation (ALO) to
il
cp 9T = cp,a I + ToF Yo I (A18)

The selected criterion for sstisfactory computetion of . h i1s satisfled
if enthalpy h 1s determined at a temperature corresponding to the
nearest integer. Because the tebulations of enthalpy for alr h, in

tgble 1 of reference 5 and its extension in table II herein are for 1°
intervals in temperature, this requirement is automaticelly fulfilled,
and the first term on the right side of equation (Al6) may be set equal
to zero. Equation (A16) can then be rewritten as

i ig
cp dTh = i‘;ﬁ%‘*cp ATy, (A17)

where, according to the selected criterion for satisfactory error in h,
4Ty, <1.0. From equation (Al7) and the definition of w,

1+ 7F
<
Ty = - D7 (a18)
Because dTWh becomes smaller as f and & I1ncrease, the most extreme

conditions occur at high temperature and fuel-gir retio. The value of
grestest dTwh for & temperature of 4400° R and stoichiometriec fuel-air

ratio (0.02921) is 2.8°. A temperature intervsl of 1° is thus satisfac-
tory for tabulsetion of .

Use of the relstion

' E‘J\%? dar

in equation (All) yilelds
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. ¥
%w=%&ﬂ+lifﬁidm (A19)

In a fashion directly paralleling that for. equation (A16), equation (A19)
can be reduced to & form like that of equastion (Al8), namely,

1A

am + £
1F(p iﬂ) - l’f

This relation is satisfied by tsbuleting W, for each 1° R.

An interval of 5° R was arbitrarily selected for tabulation of each
of the factors m, Cp,a’ and \kcp.

290%
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APPENDIX B

DERIVATION COF EQUATION FOR DETERMINING T FROM h AND f

Assume that the derivatives diy/dT and dh,/dT are conmstant from
T to T', that is,

ht - h, dh,

TT - T = af (81)
and

Y - ¥ Gy

v -7 -t (82)

Division of equation (B2) by (Bl) yields

d¥h

Vh - ¥ &F
: - by dh,
aT

Use of the definition of ¥, Iin equation (A8) permits reducing this
expresslion to

' dp _ She
Yo -V, _FF T
hd - hg dhg,

a7
[
= P42 _ 3
C
P.a
= o - 1

Combination of this expression with equations (A10) and (All) yields

(1 + )y
S A B3
1 + fo (83)
Because of the spproximate nature of equations (B1l) and (B2), equation
(B3) ylelds only approximste results. In order to obtain better results
‘than those obtainsble from equation (B3), the relation was adjusted to
produce
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) (1 + £
Yh = T3 For (L = pr'F)

where B8 i1s an empirically determined coefficient.

An investigation of a suitable value of B  resulted in

B = 0.00025

(B4)

(B5)

Zan®
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APPENDIX C

CATCUILATION OF THE LOWER HEATING VAIUE OF HYDROGEN USING VAIUES OF

ENTHATPY FROM TABIES T TO IIT

The lower heating value of hydrogen at 25° C and constant pressure
is given in reference 2 as q = 51571.4 Btu per pound.

The chemical energy H corresponding to the enthalpy values of air,
combustion products, and fuel given in tables I to III may be evaluated

from the following hesat-balance equation at & temperature of 25° C
(536.69° R):

h, + fhe + fE = (1 + f)(éa-+37§}§ wﬁ) + fq

or

H:ha+1[fh+q-hf (Cl)
h = 128.3 Btu/lb (table 1, ref. 5)
he = 1793.7 Btu/1b (table III)

\lrh=hb-ha (AB)

From equation (AZ2),

5, = (B0 - 5 o) 7im) 2

hy o = 4255.9 Btu/(1b mole) (teble 15, ref. 5)
2
by = 3723.0 Btu/(1b mole) (table 13, ref. 5)
2
3723.0 1
by = (#255.9 - T3 \Z 016
(eq. (C2))
= 1187.7 Btu/lb
¥, = 1187.7 - 128.3
(eq. (A8))

1059.4 Btu/1b
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128.3 + 1059.4 + 51571.4 - 1793.7

50965.4 Btu/(1b fuel)

NACA RM ES56G03

(eq. (C1))

asioh 4
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APPENDIX D

DERIVATION OF TABLE III, ENTHALPY OF THE REAL GAS
PARA-HYDROGEN AT A PRESSURE OF 1 ATMOSPHERE

The two modificatlons of hydrogen, para-hydrogen (p-Hp) and ortho-
hydrogen (9732) have differing thermael properties at low temperatures.

The enthalpies and other properties of each of the modifications are
given in reference 6. At temperatures of 900° R and above, the equilibri-
um composlition is 75 percent 97H2 and 25 percent 27H2; this composition

is referred to as normal hydrogen (ETHZ)' At lower temperatures the
equilibrium percentage of p-Hy, increases until at the saturation tem-
perature (36.5° R) the equilibrium composition is 99.80 percent p-H,

and 0.20 percent o-H, (see teble 12, ref. 8).

The enthalpy of p-Ho at low temperatures 1s considerably lower than
that for o-H,;. For example, the heat given off in the conversion of n-H,
to Esz at the saturatlon temperature is 226.8 Btu per pound. Liquid

hydrogen produced for use in alrcraft will probably be essentially p-Hgp,

because it would otherwise be Impractical to store this fuel. Reference
10 (ch. IV) indicates that the reconversion of Pp-Hy to o-H; is a rela-

tively slow process at the low temperatures (less than about 620° R) at
which there i1s an appreciable difference in the enthalpy for E‘HZ and

Pp-Hy. Therefore, for all practlcel purposes in cycle analysis, the

enthalpy for pure p-H, can be used over the entire range for which gas-
property data are available. i

The basic date In preparing table III were obtained from table 4 of
reference 6, which gives enthalpy values for the ideal gas p-Hp,. In order

to obtain values for the real gas, correction factors from table 23 of
reference 6 and from teble 6-4 of reference 7 were used. Although in
both references this ldeal- to real-gas enthalpy correction is for n-Hp,

the error in epplying it to the enthalpy for p-H; is probably very small,

because the correction is for an Intermolecular effect, whereas the 4if-
ference between 97E2 and ETHZ cccurs within the molecule. The values

for the real-gas enthalpy of p-H, obtained for the temperatures listed

in table 4 of referehce 6 were quadratically interpolated at temperature
intervals of 100 R for table ITI.
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TABTE II. - THERMODYNAMIC PROPERTIES OF AIR AT LOW PRESSURES, AND COMBUSTION~GAS VALUES OF
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THERMODYNAMIC PROPERTIES OF ATR AT LOW PRESSURES

- Continued.

TABLE IT.

AND COMBUSTION-GAS

FOR COMBUSTICN OF HYDROGEN WITH AIR
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THERMODYNAMIC PROPERTIES OF AIR AT LOW PRESSURES, AND COMBUSTION-GAS

- Continued.
VALUES OF ¥y, ¥p. @, 5,2’ AND 'c
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FOR COMBUSTION OF HYDROGEN WITH AIR
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Continued. .
VALUES OF ¥y, ¥gp» ® Cp gs AND ¥,

TABLE II. ~

THERMODYNAMIC PROPERTIES OF AIR AT LOW FRESSURES, AND COMBUSTION-GAS

FOR COMBUSTION OF HYDROGEN WITH AIR
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THERMODYNAMIC PROPERTIES OF AIR AT LOW PRESSURES, AND COMBUSTION-GAS

TABLE II. - Continued.

FOR COMBUSTION OF HEYDROGEN WITH ATR
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- Continued.
VALUES OF \i'h, '&Q, ®, g, 8 AND ¥,

TABLE 1I.

FOR COFEBUST]_ZON OF HYDROGEN WITH AIR

THERMODYNAMIC PROPERTIES OF AIR AT LOW PRESSURES, AND COMBUSTION-GAS
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PRESSURES, AND COMBUSTION-GAS

THERMODYNAMIC PROPERTIES OF ATR AT LOW

- Continued.
VALUES OF ¥y, ¥q» @ cp a0 AND ¥

TABLE II.

FOR COMBUSTION OF HYDROGEN WITH AIR
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" THERMODYNAMIC FPROFERTIES OF ATR AT LOW PRESSURES, AND COMBUSTION-GAS

TABIE II. - Cotitinued.

FOR COMBUSTION OF HYDROGEN WITH ATR
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THERMODYNAMIC PROPERTIES OF ATR AT LOW PRESSURES, AND COMBUSTIOR-GAS

- Countimed.

TABLE IT.

POR COMBUSTION OF HYDROGEN WITH AIR
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THERMODYNAMIC PROPERTIES OF ATR AT LOW PRESSURES, AND COMBUSTION-~GAS

TABLE II. - Cdritinued.

FOR COMBUSTION OF HYDROGEN WITH AIR
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THERMODYNAMIC PROPERTIES OF ATR AT LOW PRESSURES, AND COMBUSTION-GAS

- Continued.

TABLE II.

FOR COMBUSTION OF HYDROGEN WITH ATR
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TABLE III. - ENTHALPY OF THE REAL GAS PARA-HYDROGEN
AT A PRESSURE OF 1 ATMOSPHERE

T, hy, T, he, ‘g, he,

°R Btu/1b | “B | Btu/ib R | Btu/1b

36. 81.41

40 90.97

50 117.81 | 450 | 1481.70 850 | 2886.59

60 145.92 | 460 | 1518.33 860 | 2921.31

70 169.30 | 470 | 1554.80 870 | 2956.02

80 194.40 | 480 | 1591.10 880 | 2990.73

90 219.63 | 490 | 1627.23 890 | 3025.43
100 244.94 | 500 | 1663.20 900 | 3060.14
110 270.34 | 510 | 1699.00 910 | 3094.85
120 296.25 | 520 | 1734.63 920 | 3129.56
130 322.85 | 530 | 1770.10 930 | 3164.27
140 350.14 | 540 | 1805.39 940 | 3198.98
150 378.30 | 550 | 1840.70 950 | 3233.70
160 207.59 | 560 | 1875.97 960 | 3268.40
170 437.97 | 570 | 1911.20 970 | 3303.11
180 469.44 | 580 | 1946.41 980 | 3337.83
190 504.33 | 590 | 1981.57 990 | 3372.53
200 539.52 | 600 | 2016.70 | 1000 | 3407.24
210 575.01 | 610 | 2051.79 | 1010 | 3441.96
220 610.81 | 620 | 2086.84 | 1020 | 3476.67
230 646.92 | 630 | 2121.87 | 1030 | 3511.38
240 683.55 | 640 | 2156.84 | 1040 | 3546.09
250 720.08 | 650 | 2191.79 | 1050 | 3580.81
260 757.11 | 660 | 2226.71 | 1060 | 3615.51
270 794.46 | 670 | 2261.57 | 1070 | 3650.23
280 832.11 | 680 | 2296.42 | 1080 | 3684.95
290 870.08 | 690 | 2331.22 | 1090 | 3719.71
300 908.35 | 700 | 2365.99 | 1100 | 3754.47
310 946.93 | 710 | 2400.71 | 1110 | 3789.25
320 985.82 | 720 | 2435.41 | 1120 | 3824.03
330  [1025.02 | 730 | 2470.12 | 1130 | 3858.80
340 [1064.52 | 740 | 2504.82 | 1140 | 3893.60
350  [1104.33 | 750 | 2539.53 | 1150 | 3928.39
360  |1144.46 | 760 | 2574.24 | 1160 | 3963.20
370 |1182.60 | 770 | 2608.94 | 1170 | 3997.99
380  [1220.57 | 780 | 2643.64 | 1180 | 4032.81
390 [1258.37 | 790 | 2678.35 | 1190 | 4067.63
200 [296.02 | 800 | 2713.06 | 1200 | 4102.44
410 [1333.48 | 810 | 2747.76 | 1210 | 4137.27
420 [1370.79 | 820 | 2782.47 | 1220 | 4172.10
430 [407.92 | 830 | 2817.18 | 1230 | 4206.94
440 [1424.89 | 840 | 2851.89 | 1240 | 4241.78

1250 | 4276.63
1260 | 4311.49
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