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INTRODUCTION

The lack of basic knowledge at elevated temperatures and
pressures has become more apparent in recent years with the devel-
opment of new procésses and with the advancement of engineering.

As a result, the petroleum indﬁstry is making a eontinued effort

to accumulate more accurate thermodynamic data over an increasing
range of temperatures and pressures. The American Petroleum In-
§titute Research Project Lk (1) lists accurate thermodynamic prop-
erties over the temperature and pressure range normally encountered,
and at elevated temperatures. However, the effect of pressure on
the heat capacity of gases and vapors is, in general, neglected.

The absence of these data is due primarily to the difficulty en-
countered in making calorimetric measurements at high pressure.

There are two methods available which may be used to gather
the desired information. The first method involves the use of a
generalized correlation, of which the correlations presented by:
Edminster (2), Watson and Smith (3), and Hougen and Watson (L) are
excellent examples. The second method requires the use of an equation
of state which is exemplified by fhe equations of van der Waals,
Berthelot (5), Dieterici (5), Onnes (5), Wohl (6), Keyes (7), Beattie
and Bridgeman {8), and Benedict, Webb and Rubin (9).

If generalized correlations are used to determine the effect
of pressure and temperature on heat capacity, 2 full knowledge of the
limitations of the cerrelation must be had. On the other hand, in
order to apply one of the sguations of state for this purpose, it is
necessary to obtain the empirical constants for the specific fluid

being considered.
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of ﬁhe eight eguations of state mentioned above,and the several
hundred other equations available (most of the equations are applicable
to one fluid over a 1imited'rénge of temperatures and pressures), the
Beattie-Bridgeman and the Benedict, Webb and Rubin equations are the
two most useful for the interpolation and extrapolation of experimental
data when a high degree of precision is desired.

The Beattie~Bridgeman equation is one of the most widely used
equations of state. It employs five empirical constants and has been
found to agree within a fraction of one per cent with experimental
data for a number of gases over a wide range of conditions. An ex-
tensive tabulation of the constants for the Beabtie-Bridgeman equation
and a list of the range of conditions for which they apply, is given
in Dodge (10). The equation was not designed to reproduce properties
of gases in the critical range or below the eritical volume. Ellenwood,
Kulik, and Gay (11) used the Beattie-Bridgeman equation of state as a
basis in computing the specific heats of air, CO, CO0,, Hy, By, Op, CH
and CQHA for the temperature range of LOO°R to 1500°R and a pressure
- range of 0 to 10,000 PSIA.

Developed specifically for the lighter hydfocarbons (from the
experimental data for methane, ethane, propane and n=butane} the
Benedict-febb-Rubin equation contains eight empirical constants. The
equation is similar to the van der Waals eguation, in that it assumes
the conbtinuity of the liquid and gaseous states. The same equation
may be used to reproduce P=V=T data accuraitely for both the liquid and
gaseous states of a fluid, up to approximately 1.8 times the critical
density. According tc Hougén and Watson the Benedict=Webb-Rubin equation
holds within O.34 per cent, even at gas densities which are double the

RIS P -] a3 4 L Y L 3 NP [ UL PN A
critical density for methans, eéthane, propene and n<bubane,
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‘Employing the Benedictsiebb-Rubin equation of state isobaric
heat capacities relative to the ideal gas state have béen computed
over a wide range or pressures and temperatufes: for methane by
Sledjeski (12, 13), for propane by Seifarth (1k, 15), for n-butane
by Glueck (16), and for ethylene by Sibilia (17). Glueck and Sibilia
also report the variation of the heat capacity at constant volume relative
to the ideal gas state over a wide temperature and pressure range for
n=butane and ethylene respectively,

In the present work the isobaric heat capacity at constant
pressure of nitric oxide, relative to the ideal gas state from QO to
6000 PSIA and from 300 to 1800°R is computed using the BenediqtsWebba
Rubin equation. Also presented, is the variation of the heat
capacity at constant volume relative to the ideal gas state for nitric
oxide over the same pressure and temperature range.

The Benedict=\ebb-Rubin constants were evaluated by Opfell,
Schlinger and Sage (18) who report a standard deviation of 0.00458
in the compressibility factor form - 100°F to 220°F and for pressures
up to 3000 PSIA. Opfell, Schlinger and Sage report that these con~
stants do not adegquately describe the properties of nitric oxide in
the critical or heterogeneous regions. They state that at temperatures
of 1OOOR and 200°R marked disagreement occured between the estimated
behavior and the beshavior predicted by the Benedict-Vebb=Rubin equation
using these.constants. Therefore, no attempt was made to predict the
properties of niitric oxide below 300°R. However, this work does in-
¢lude calculations which represent an extrapolation of the available
data used by Opfell, Schlinger and Sage from 680° to 1800°R and from

3000 to 6000 PSIA,



DERTVATION OF THE EQUATION FOR (Cp-Cp’ ) FROM

THE BENEDICT-WEBB-RUBIN EQUATION OF STATE

The Benedict-Webb-Rubin Equation of State (9) is:
(E) p=RId + (BET = Ay ~ CoT2)a + (bRT = a)a
2
+ ak & + cd3(1'i'yd2)‘1‘c'2e°¥ d

Substituting melal wolome fov density in ecuation (Lal):
(B2) p =RWT 4+ (BRET « Ay = CoT2)V2 4= (bRT < 2)v™>
' yes
ad V0 4 ov-31+ ¥ v2)r=2 9 -7

Expanding equation (E=2):
(E=3) p R 4+ BRIVZ =& VP o ¢ 1272 4 wRTV-3
= =2
-av=3 4 adkv? c?"3T“_”2Q“’\6v 2 + c¥ v=51-2Q ~¥V

For an ideal gas:

(El) Cp¥ = Cv' gR

Rearvanging (E=li):

(E=5) -Cv" = B ==Cp*

Adding Cp, the actual heat cpacity, at constant pressure to each side
of equation (E<h):

(E-6) Cp = Cv =R z Cp <Cp"

Adding and subtracting Cv to the left side of (E<6):

(E=7) (Cp = Cv) 4+ (Cv = Cv) =R 5 Cp = Cp" -

Bquation 90 on page 461 of Hougen and Watson (L) is as follows:

(8) (oo~ 0v) = 2 EIAEH,



Equation 89 on the same page of Hougen and Watson (L) is @

: 5

(59 (S, s Py
3
(‘gf]")T

Substituting (E=9) into (E=8):

Z

Bp 12
(EmlO) Cp = GV =] ‘T(GE%)V

&5

Pifferentiating equation (E=3) with respect to temperature at con-
stant volume!?

(E-11) ({-@-)v =Rt 4 RV 4 20,7213 4 bRV
2036~ 3V21-3 Lpg ¥ v-Se=$V=21-3

or (ggqv = RV=14 (BR 4+ 20,73)v-2 4 av-3
2cV=31-3e=¥ U2 (1 + ¥ v2)

Pifferentiating equation (E-3) with respect to volume at constant
temperature:
(E-12) (%%)T = RTV2 2B RIV"> + 28 ova3 + 20,1-2%y-3 ~30RTV=4

A 327 62k VT + 2 Y ov-672¢= ¥V2 _ggy-lip2e=¥ V-2

o, ’@2
+ 20 ¥ 2y-Bp-2,- yu-2 =5¢ X 012~ ¥V

or (%’%—)T = HIV-2 a2V"3(BORT = A, - CoT2) =3VH(ERT = a)
=2
Bak V=7 + o125~ ¥V (37 —3¥v-6 + 2 ¥2v-D)

Substituting (E<11) and (E=12) into equation (E-=10):
© (E=<13) 2
. . XVQZ
CpGy = < [RV“]' + (BR+ 2CoT=3)V-2+ pRv=3 20v3773(14Y v=2)¢~ J
RTV2 2V3(BRT « A, = C,T=2) =3v=L (BRT < a)
620 V=7 + 126~ $ V2 (37 3Yu O+ 2 Y2v9)

From Hougen and Watson (L) (eavation 9L, page L73):

2
(B-2k) f%gl)m s T ((? =



Rearranging (E<1l):

p-,. «
(E-15) dCv = T (_SQEQ

81‘2)? av

Integrating (E<15):
(E<16) CvCyv = T( av
L 6T2

Differentiating equation (Eall) with respect to temperature at con-
stant volume:

@ ($f,

ox (28,

i

2
R AR SRR
-2
+ 6o v5em ¥V rd
-2 -2
srb(cr3e ¥V 4 oY vSe= ¥V e v ?)

1

Substituting (E<17) into (E=16):
v - =2
(E<18) Cv-Cv" = 6T"3 j(cv"=3 2 LR ~C V%) av

D

or CyLv" w 6013 LV"3e %) @ + 60 XT‘*‘3J(V“’5 A2 )dV=6C, T3 j v2qv

| Evaluation of (E=18) yields:

v
- velv® o 60T3 ig Lo
(E<19) ¢ CT s+ Sy + -

) i buti L :
ubstituting limits ) \‘ V°2 _ -‘(v&Q
< e Co

_ >+ - c_,3
(E-20) Cv-Cv" = 6¢T s + ;




Substituting equations (E=13) and (EaZO) into equation (E=7) results
in the desired expression for (Cp=Cp”) in terms of the Benedict-Webb=

Rubin equation of state:

o 2
' i ORT =P ,‘_ o
= Pils-= l

~RTV22V=3(BRT = 4, = CoT=2)-3V-"(VRT-a)

-2
6aWT T 123703 Y v=5 4 2 §27=0) " 87

=2 Y72 -
6eT3 | & fd 48 iV + Co | _ &eT 3 R
2v2 ¥ oV ¥

+



METHOD OF CALCULATION

Since the values of Gp% and Cv* are subject to constant re-
vision as methods and techniques are improved,; all calculations and
graphs present the deviation of Cp and Cv from the ideal gas state.
That is, all calculations and graphs are presented in the form (Cp<Cp’)
and (Cv«»Cv%)e Table IT lists the values of Cp* for nitric oxide from
=450.69°F to 2200°F given by API Project 4i(1)s Cp values presented
by Witmer (19) are listed in Table III for temperatures which range
from 19K to 500°K.

Equation (E=2) is explicit in pressure and implicit in molal
volume and temperature. Therefore, the solution of equation (E=2)
is accomplished, most conven®ently, by substituting assumed values of
temperature and molal volume into (E~2), and solving for the pressure.
Substituting the same assumed values into equation (E<21) yields the
degsired value of (sz»Cp*) at the assumed temperature and the calculated
pressure. Stepwise, the calcnlations were carried out as follows:

1. Assuming a temperature such as 300°R, molal volumes ranging

from 1 to 20 ft3/1bo mole were substituted into equation (E-2),
and the equation was solved for the corresponding pressure.

2. Equation (E<11) was then used to calculate the correspending

value of { HP/ & T)V for the assumed molal volumes at 300°R.

3. ( $P/$T)2 was obtained ‘ﬁy squaring each of the values obe

tained invstep 2.

Le Values of (SP/SV)T were then calculated using equation (E=12).

5, Substituting the values of (§¥/4T)2 and (bx/§V); obtained in

step 3 and L into eguation (E<13} resulted in the evaluation

of (Cpcﬁv)n
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6. Using equation {(E-B0) value;fﬁf (Cvav*) were computed for
the 300°R isotherm.

7. The substitution of the values cbtained from equations (E-<13)
and (E=20) into equation (E<21) provided the desired values
of (Cp=Cp'). |

8. The procedure outlined in steps 1 through 7 was repeated
for the following temperatures: LOO°R, S00°R, 600°R, 700°R,
1000°R, 1800%R, and 2500 R.

A complete stepwise calculation is given in the Sample Calculation,

The data obtained by these calculations was tabulated in Table I
and plotted in Figure 1, A cross=plot was made of Figure 1 which shows
the deviation of heat capacity as a function of temperature for the
following isoba§s: 100 PSIA, 200 PSIA, 500 PSIA, JOO0PSIA, 2000 PSIA,
3000 PSIA, LOOO PSIA, 5000 PSIA, and 6000 PSIA. This is shown in
Figure 2,

In a similar manner values of (Cquv*) versus pressure were
plotted in Figure 3 and cross plotted in figure L to show the variation

of (Cvacvw) as a function of temperature for nine iscbars.
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DISCUSSION OF RESULTS

The éccuracy of Epe presagt work can not be cetermined,
since experimental data are not available in the literatuce
for the range covered by this work. The values vresented
herein, represen?% an extrarolation of the data of Onfell,
Schlinger, #nd Sage (lv) who report the isobaric heat capacity
of nipric oxide at pressures up to 2000 PSIsi in the temnefature
range from -100 to 220°F. The data of Uofell, Schlinger, and
Sage (18) are compared to the present work in Figﬁres 5 and
o. In order to obtain the data in the nroner form Cn* valqésx
given-by API project 44 (1), were subtracted from the C,
values reported by Dpfell; Schlinger, and 3age and these
data were plotted in Figure 5. In Figure o CD* values nresented
by «itmer (19) were used in place of the values given by
1Pl project Lk,

Figures 5 and o show close agreement betﬁeen the data
thus obtained and the data presented by Salzarulo. This was
expected, since the present work is based on the Benedict,
aebb, and :iubin constants evaluated by Opfell, Schlinger,
and Sage.

The above named authors state that the Benedict- webb-
Rubin conétants were established by the methods qf Brough
and Selleck and therefore do not necessarily give a satis-
factory description of the volumetric behavior of nitric
oxide'beyond the ranges of temverature and pressure for

which the coefficients were established (from =100 to



220CF aﬁd for pressures up to 3000 PSI)o However, for mgg;_”
engineering applications, the extrapolated values for the
isobaric heat éapacity and the heat capacity at coﬁstant
volume présented herein are sufficiently accurate. If a
greate% degree of accurac&.is warrenﬁed, the required data

must be obtained experimentally.












HE
IVE

ol
i mad T
Bt Eet oo
o g
&=

o
§

AT

3 LA
)

1S 1:14;{"

=
'

g - | m m |
: 3l ; 4
v L H I
RS USRS S i Tl - #

fooo

So00

~<=4000 P51 3 —

Boo

Too

|

B :“"’Y* T
R N

IZI’

600

TEMPERATURE — R

SRR LN RPN FPes H
i ;

= “ ~ -
» minU“ ; 3 o . ” |
- .L.m = T.._ R S . SRt % -+ =i 1 1
o EE | T | |
e {5 el h S
mﬁm o, - : ] , HRRII g
ﬂwm s ! £ e ; 1 Ty :
nm.w i g e ] I ! , e
N o el e~ R . o7
ad Q B : i
G <y - EQ O u s
O b H W
=_ o P
Bt &3 [y 1) : ;
m O i :
— - e gt —— }
= e L
= M‘HW ,_N\mw}_wwu MU w ] .IN e +
A B i ! i ,,
: fand g :
o B : I
agy . :
Bl S U
M i
S e H + L
: ‘ i : I ' B
i S S RIS SRS SRR e
i : i .
i ! : ; i :
- - s
N A ] 1
i ' ; : ; H i
o ) e e
1 : i oy : !
_ . ! P T ) t
! ' -~ ; ; L
, B P N ; S0
i Cod i p ! i
R SO S A SRR NEANN SR B SR SRS N TN
S s RER I : 1W
- i Lo i
: ' ; -
; N ! B
H . Ins | i
L : o i
i 1T T
b e
i t
3 i
T

400

: 5 i i G
S EEO 8 L R
L

300




-

S RS
}
logo

1
T -
¢

!
1
I
i
T
i
L
ZARULD -
GE

900

R 3 w
ke UV SRS NI S . PN Rt S -
Lo ﬂ , ! ..m....;n.(”.” .
‘ RIS FEEN EDE Wiy :
m, T BE 1
o T T CO o M o
: . : o R o i S
H ; . e o T : 00
! e i . .,F | o X L |
m ,, O L YN ni
R T S E I Bl it e
N R Sidi S
i , 0 wT. ww SN I o I {
! o L FS S L ] : o S & s
: m ; i PR m?
: ‘ ., — : et e n..R
: ; |5 ; [ i HIy
: - - : - Loy ﬂ
T R I It E
o ; .
T [ A A B B »W, B - ! Ols
l M » b : O
w - : D
| : : M
ol . . i I ; 1
i ‘ i ' .“ b
i : . : ;
_ ey
P i ”m ; o
i o : g
HER W } v
; i
\--“,.:1 ” T»;Tt‘w i

5 BSRIESURNS NS -
{

400

i
1
i
i
PR
t

o'

Py



.8

—
-t

r
R
4

1000

L EEA Iy

L lsculinGER | -

MER [

900

Eb BY SALZARUL

AT
goo

CALSULA
5
D

C
D
A

pOF | OPREL

- JAQE -

R

700

TervpeR A T™Me - °D

[ S G §

600

i
Soo

400

300



B TR R T A e
YA

-~ ¥

. Colanh L roam A o b e e N e T
P =R E/\f + (BRT-A, - g+ (bR - a) st AR jye T AT <

Y ) y ARyl TR i Py u.»”;\‘! ,ﬁ\p
¥ Absolute Pressure | psia CALT 1R300 N
. \‘;“5“,;"‘\{".6‘ “- —
Vo= Moled Volome ; H”/-t..wwle B, = .0.126389 {3 1’:’ W SUUAN ! 1..
T - Ahselote @ “.\.‘?QFVL\_U\"Q Q CO = 3 5. L_g(})xlou :‘A-'—}," TJ) Q‘O’) ,!\d:hqge )
= 0F £ 459.673 a = 14188.6! (Pbﬁ)\?”) ‘Moﬂﬂ
¢ = 2.U828 o b f—ri 2}285 (’?“)”/\*‘:-n;»‘n
= roiniaT . SEes [rmee °R ¢ = SI5.645~% 108 {psi) (+E)*0RY (s mote)’
(60 pst 0. 0061683 Bty o = 0.051220% 3/ mole)?
UV L U W : = < (5
(mmote (O L. Mitric Oxide °F ¥ =0.5000000 £+ fhEmole)
- Q
1=5007R
7 o - : ' / .
v RTIV (8 RT- A _-Cfr? bRT- o ask c(1+%A0) P- psia
i ' TN Vi - yb VvaTh e‘ﬁf,"rl-
; 5365159 - 2132 .782 - 27315150 7467434 3332 107 4976.7749
‘. i687,.568 - 533 8 - 1867394 13554 454 530 1326464

LD
"
O
o
N
]
o
i
]
wo
Nz
e
o O

- R5.746 0 9969 135448  1602.301
5 A% 939 - 133 259 - BRI 01174 57200  1229.729



. SAMPLE  CALCULATION - EQUATION E-2 (CONTINUED)
" 500-° R o
Vv RT/\/ BoRT~Ae~Cofit  bRT-c ok U+ Peaa
. ‘ VE VA Ve VTR F '
S 1073147 Q5,311 18.521 00465 19 294 - 998 657
6 894.2.89 5G. 744 10.7118  '0.0155  16.955 341.9G7
T 766.534 43 526 5750  0.006Z  10. 6778 72694l
g ‘ p70. 117 33375 4,522 0 0028 71.1573 b4-0.®T]
9 596.193 26.33) 3176 ®.0014 5.014. 5T
10 536 574 2t 328 2315 0.0007  3.663 516.594
15 357,716 9479 0 686 0.000' 1085 348. 636
0 268.281 5.332 0289 © 0.0000  0.458 163123
100 53,651 - 0.113 0.002  0.0000 0.004 53 445
1000 5 366 0.00Z 0.000  0.0000 5 364

06.000



SAMPLE CALCULATION — EQUATION E-t1l

| Y
(SPISTY=[RN + BRN"+ 2 ¢ /v T+ ajz'e/v3 @ PRV
' CoBRAY 20 FPRIMREY) (5B (8
VRN BRAT 20T DR/V VR (), (%),
I 1073197 1678784 5364576 23746420 -13 7328830 28192441  19%.84312
2 536574 0oN1S70  L3UVi44 2668365 - 1.8I3122 . 8276843 68.50364
3 35TH6 0186476 0596064 0819516 0.541797 4.691415 722065
4 2.68787 0104892 0935186 0.31046 0.228802 3 2652490 10.66712
£ 214529  0.0LTI31 0.214583 0.18%975 SRIMAME 1.500804% 6.15407
6 118858  0.044649  0.149016 0. 109939 0.06781G 2.016334 410603
7 153307 0.03425t  0.10948! 0.069233% O o472110 1.703322 2.90138
8 134143 0.02723 0.083871 0.0463%1 0.028613 1468240 215859
9 119239 0020720 0.066229  0.032575 0.0200%b 1291913 166878
10 107315 0.016783% 005364 0 023747 6.014650 152612 1.32865
15 071543  0.007459  0.023843 O 007036 0 004341 0749428 0.5516Y
20  0.5%57 0.00419 0.013411 0 002968 0.0001893 0556966  0.3Mp2l
{00 0.10731 0.000168 0.000534 0 000024 0 000015 - 0.10801% 0.011671
00D 001073 0 (00002 0.000005 0000000 0.000000 0.010734 0 00012

1.



CALCULATION« EQUATION

w |

RT-Ar 5 (R - S+ we”% -y

(5 = BT _
SV /5 v
R TR 4 Loy o¥NEa 3% (6P
V % r%iﬁOM"Ag% '“T\‘I‘Z;LLR—FQ} “"é*%*f T \{4? W\LW yh \/8} (‘%i;ﬁ
\ ~5365.7135 4265564 6945.450 ~4360.460 -8BB5.8T3 ~T7401.055
2 ~-1341 434 523 196 434 .09 - K406 - TIENL S~ 145.9%
3 - 396193 157 984 R6T46 - 1.494 - 135185~ 489 442
-4 - 335359 66 649 a3 - 0266 - 42873 — 184,718
5 - 1407 34125 .13~ = 005 - VisT . - 1870w
b ~ 149.048 19. 750 5354 - O.0it - SRS — 132 433
7 = 109505 V2 436 2813 - 0.005 - 457 - 48.757
8 - 83.840 8 .33! Led, -~ 0.002 - 683 —  16.491
9 - 66144 g 33l L 059 - 0.00) - R RY - L1009
R 1)) - 53657 4. 766 0-645 - 0.000 - 1.099 — 49746
15 - 13.64% | 264 0T - 0.000 -~ 0.2 - 1.6
-0 - 13.414 0533 0.043 -~  0.000 - 0.069 — 2905
o0 - 05%] 0 004 0.000 -  0.000 - C.000 - 0.5%2
10600 - 0,005 O 000 0.000 ~ -0.000 -~ 0.000 — 0.065

{~



SAME—‘LE CALCULA ION ~ tQUA N E-20
X
- be [ | ¢ = éf.—.
(¢-&i)= T [T PR T c\/} 3T
Q_ \"" Q_ V‘— C—u ' b b3
FoE Tl YT Cvm

! 827131719 - 8790192 = 5ab4t 4l

z G0.468362 -8713014T  1.56L 442
3 90. 825955 - 97. 90142 1.9140435

4 90.552084% -~ B1. G019 .656164%
5 90.041733 ~ 81. 90192 1834813
b 89.9713186 - g1. 3019 2.07118%6
T 34.752 5712 - 81.90147 1850652
8 29.5710216 - 87.90192 1L668356

§ 89. 418199 - 87.90191 1516 879
10 38. 291588 — 81.90i57 1.389668
15 88. 8117143 — 817101492 0.9152¢%
0 88. 651684 - - 8n.490141 0.14414
100 88 . 060658 — 81 .90142 0.1538138
[00n - 87 14B031 - 81.70112 0.016 1177

el



SAMPLE CALCULATION - EQUATION E-721

, . . (SP/7 )v ;
(cp-c®) = (cop- + (C,-c R =-T—=>~ +{c,~-¢*) -R
P © ( P CV\) v v ) A (%P/§V)T | ( CV ) A
(P (S¥/5TY, x (o) (Gmey
Ve, sl TER e R T G L

—— e Hwmolg 90 & OfF
I 794813712, -7401.055 5369598 -5.164141 -10.13147 37.800364 0.233164  4976.744
Z 6850364 ~-U459°6 24. 89007 2.566442 «10.73147 211725047 0.134007 232L.164%
3 272.069T - H89.641 27 53250 2.924035 -10.13147 1415069 0 090828 16072.301
4 10.66212 - 284718 18.72%02  2.650164 -10.73147 to. (42716 0.065647 1229 334
5 61254902 ~ 187020 16 72011  2.339813 -10.73.147  8.328512 0.051313 998 657
b 4,10603 132.433 15 50229 2.011876 -10.713147 6842695 0 0¥2208  B41.297
1 2.90131 98.757 14 L8906 1.85065% -10.73147  §5.908242 0.035821 12694
8 7.1586% 76 497  14.10953 1.66B356 - 10.73147 S oMLHIS 0.03118 640.027
g 1.66818 61009 13, L1644 1516879 - 1013147 4.46i%44  0.027522 ST WL
10 | 32866 - 49796  13.34086 1389668 ~ 1073147  3.999054 0.016LT 516594
15 0.56164 27.6L% 12.39019 0975223 - 10.73147  2.634544Y 0.01625t  348.636
20 0.3102) 12.906 12 01769 0714979 - 10.13147 2035987 0.012559 243.123
100 0.0u67 0 532 10.960%3 0.158138 - 10.13147 07388199 0.082335  53.44%
000 O oooMn2 0005 10 75415  G0W6IT - 10.73 3147 0.038748 5.364

(0.000234

.’7.2



TABLE L

CALCULATED DATA - T=300°R

V

p Cp-Cy Cy-C “;R Co G P-cf Cy-Ca
3 3 3t : PR -
‘ﬁ;/é;i—'ﬂ\()‘(% pSIG %%Q - "f}iﬁ%ﬁ i%%f{ g%%}g ;ng % EJ;)
| 1285.08  0.12378 ~1390806 ~107T314T 2457157 ~0. 21297 ~0.441470
2 18743 26484813 I:B8168 -~ 10731477 37835073 0.22338  0.0713290
3 4955 62.975280 13 53720  ~i013140 (581010 0.40576  0.083502
4 55025  46.44416) 1226928 -10.13147 4793191 029597 0.07563!
5 47466  36.981231 10 83247 ~10773147 37082231 0.12873  0.06L318
6 41608 31.258083  9.59197  ~1073147  30.185%3 . 0.18578  0.0541b
T 36996 27.5007¢2 858783 ~10.713147 2337122 0. 16246 0.05%%i
8 33260 24.869703 L1387 - 10713147 2862103 013485 0.047T643
q 302.07 22 933931 02259 —10.731477  19.225051 041859 0.0433%7
10 17653 21.453840D b 43365 —10.73147 17156020  0.10592 Q.03
.45 193.98 11972846 451497 ~10.13147 11156296 0.068%2  0.02784% o
20 14973 15.927404 34TH3  —10.73147 S 67064 . 0.05%6 O 02141



TABLE, T

CALCULATED DATA -..T._W,OR
\/ ' P Cpslyv CV—C;’;{- | .:;R ‘ Qi;—Cg'; CP—Q?j C\,*C\T}L
' : 2. psi L3 psi - pss £+ s Bt 3B
£ frmole pSia gm;i%s;R tﬁfmg;o‘? MO%ZOR | &7&@%3'5'2 ;;; i_i:
i 2481.06 17006124  -10.0%627 -10T3147 51183434 031575 -0.062215
l IS17.97T  39.67491%3 501258 ~10.13147 334960290 0.10948  0.030914
3 - 1130.36 31 081943 5100 ~10.73147 26 066318 0.16D80  0.035221
4 843 24.492308 547610  «10.73147 13.936938 0. HER1  0.0319%8
S 144,67 21.050611 45695 — 1073147 14.9330%1 0.09134  0.0231%9
b 63337  12.96165% 404661 - 10713147 12.27177193 0.0M5713  0.02494]
i 59390 171.56%347 3.61455 - 0.713147 SO-%MZT 0.06447  0.022296
3 49086 16.573991 3.25851 ~ 4013147 Q101031 0.05614  0.0L0099
L 440.66 15830124 296265 - 1073147 $.061304 0.04973  0.01§21
10 39974 152537270 1.N419 — 10712147 135945 0.04463  0.016142
15 L1290 13615256 1.90473 - 10.73147 47183516 ©.02954  0.011149
Lo 20712 17 993312 - 1073147 3726231 0.013 000033 &

| 46433



TABLE T

CALCULATED. DATA Te600°R .
V P Co-Cy CV-Céé :R Cp; (3& QP‘Q?}I‘ Cv;(j"‘
.H% '#‘W\D‘Q \’)SiCL 4-H)3-. Pgo‘ {1'%..'1)5! ' ' 'H’-— Pl ) 'H‘-—?Sl Bi‘u‘ Bh,t .
4t mofe °R #rwmole ©R tHmole OR | armole R I OF 1 OF

} 19%4.0% 42531361 -2983507  -1073147  238V13%4 0.1771150 -0 0134343
2 316510 24317341 1.435200  —10.73147  15.976081 0096078  0-0049161L

3 201076 137715080 16921450  -10.13147  GI3SUW0 0 060053 0 0104334

4 1553.35  16.180990 1.533660 - 10.73147 6993180 0 043074 O 009460l

5 24644 14904333 1354059 -10.713147  5.42722 0 0%3415 0 00%3522

6 l042.0t 13 9651795 1493997  —10.13147T - 4.433322 0.0271346  0.0073958

i 9510  13.406249 1070980 - 10.73147 3745759 ©.023105  0.006606]
3 785.65  13.00U35 0965484 - 10.13147  3.243149 0010005  (.0059554

9 69980 121425 0718 —10.713147 135719 0.017628 0 0054147
10 63094 12431991 0304206 . - {0.73147 25597277 0.015758 0 00&ibot
(5 423102 11 336185 0 564365 - 10. 13147 L66A084 0 01095 0.003481 1:
20 31838 11576930 043z - 10.73141 1199352 0 007891 0 0024



TABLE L .
CALCULATED DATA  T=1700°4 e

%!

\‘ | O C?"’C~.‘g. Gy (1:?{ “‘"R | .C"_:ﬁ‘{::‘?k ~-'-yf:§3:= Q%‘ g,{ng?‘

’ '!:) = | ‘-J_. . %P“‘QS; ;é‘
”"'//’?Fmo%e poa Y] pSL . ¥ .

AL ANy Tt x-quax-.m . T T AT TR T - »f-vu-—»r-.-,‘-m- . AL T s e TN |
o =y

] b4 . ._ X 5 e p e
Fmole °R HEmoie %8 Fmol2 °R. Finete © e OF S O
oy " ‘ et ot 30 5t s W s cp. o £ G s TSl

o~
AN
[~
o
o
8"'«.

0848570 0435293 1073147 1L 152397 0 063741 0.0097692
6 100863 L06SbIt  -1071314T  1e35009 0 049374 0.0065730

> o
: e
bR Y

"4..4

;—_C\W

260G -L3B9TS 0T34 23511269 0145023 <0.01600%
>
j

Lay P2 o9
wi
s
ot

75%1.58 ]
“ 197444 14 TG0 0.965%04 -~ 1013147 5005903 0.020971  0.0059504
i) (494,26 5:’,.“}1’;-!;?;5:’&. 0.852702 " —10.73147  3RE550 0613244 000051597
£ H

\)‘\

| L2A0.27T 13RI 0155054 - 10.73i147 314 }@O 00192 0.0046574%
{ 1062.45 1.’2604% O.-674431 - 1071347 - - L.653458 0 0i6306  G.0D41501
9

SRV EURV] W
3 729,60 12.4037159 0.603007 - 10713147 7. ._g,rw 0.014066  ©.0037503
T BL6.50 11I3A36T  OSSUN19% ~ 1043147 LO04193  0.011362 O 0934048
 OHOLS 0 0n31g

i0 -~ T440 110850 C.S0b4d0 — 0 T3IAT TEIEC G
N 4900 11534660 0355403 - 10.T3147  1.i58593 0 00%4
w0 O3S 3kl - 071338~ 1034 Usﬁ

-
o
<
Lo
{
-
2
Ry T
=
s
L
<
Nt
—
J"-t,
ol
i
A



TABLE 1

CALCULATED DATA T=tono®n
\ P Cp-Cu o-¢  -R L
%f #Fmole  psia 3 psi Jr-pe ,'H.S“ ps! £42- Pc’_“ﬂ Bty Bhﬁ
sk wnole °R Hmole Ok dEmele®R gvnie OR #* OF + OF
| 2056179 2722737153 -0 645518 1073147 15 S46165 0.047748 -0.0039817
7 661557 16358039 0370905 1073147 5944374 0036667 0001758
3 193405 13795751 0365504 ~10.13147 2429735 002156 - 0.0012545
4 2070971 11.977330 0331271 —10.T3147 247269 0.014944  0.00704%
5 2212.60 VL L346T3 O.C924T1  ~10.7131477 ) 345630 0011335 0 00®04|
6 192907 IL95%840 0.259432  -JOTAI4T 1486353 0009183 T 0 QOIBYTS
7 155774 4LT42221 O AL ~10.9314T 1242083 0 007650 0 0014264
% 1357.40 1 588619 0208545 1073141  LOLSEI4 0006574 0.0012364
4 HI0. 10 1 474423 0189610 ~10 13140 0422563 00057152 000646
3 109074 11 336394 O VI3709 ~ 10341 OSI862% 0.005111 0 0010U5
5 726 WI40391 O 1G03 —10.7314T 0580764 0 007274 0.060T519
70 E4706 1035381 - 0093121 —10A214T 038132 0 002456 00005781 ©



TARLE T

oL -

CALCULATED  DATA  T=1300°R
' P Co-Cy Cy-cX -R c?«_f Cp- Ca Cy-C3F
'Ha/iﬂmle '{)550. f-%3. pst 3 PSL ‘H"’— Pt A«‘H’?-ps: _‘Bﬂ\' Bt
Hmole R Hringie OR dtwple©R Winde °R ¥ 9F AL ofF
| 4792185 22.061345 -O.H06%6  =I0T314T 11219389 0 0692056 -000069274
Z 1330650 13-541319 ° 0.055003° ~10.13147T  1.354357 00176711 0.00033930
3 56507 12.035484 O 062677  -10.71314T 1366636 0.0094301  0.0002%(58
4 552418 11540230 0.056807 -10.73147  0.365617 00053394 0.000350%7
5 412703 W.313554  0.050150 -~ 1073147 0632234 0.0033%98  0.00030934
b $3719% 86437 0044407 -10.1314T  0.4993%9 - 0.0030%3  0.000273G2
T 86301 1105452 0.039666  -10.73147 0413649 0.0025515  0.00024467
3 243649  1.049296  0.035759  -18113147 0353585 0.0011810  0.00022057
4 2198.56  N.0020%5  0.02¢51T . - 1073147 0-30%67 0.001906%  0.000720054
0 1971.06 10976342 0029735 - 10.T314T 0274657 0.0016942  0.000183%3
i5 130136 10337417 0.020902 - 10.73147  0-116909 00016912 0.00017393
0 q12.3%6  10.8347433  0.015070 - 1072147  012203% 0.0003147

0.000"4913



TABLE L

0.00037%0

CALCULATED DATA T=2500°R
| ’ o EZ';CS; ﬁmH i oh T Qgci&
. : 2. P 42— - p f4o%pst  Bie tu
i / # Mole pIa. Mi’;j;m\‘; o m\ 3 ol ;‘ oR i;mgi o 2 ;2\ '“;ia” & oF
a *15,5’1%,(3% 13923265 —~0.041313  ~1073147 8.1504%¥L 0.050215%4 -0.00025433
2 11904 412.06030T 0020531 1073141 1249961 0.0083264  0.00012664
3 16,901.67 1009693 0.073%397  -10.71314T 0.201615 0.0018665  0.000 14429
4 T572.51  10.914734  0.021201  ~10.T3147  0.204445 .0.0012612  0.00013073
) 531%.84  10.857107 001G~ 1673147  0.144356 0.0003904  0.0000544
5 4751.06  10.936952  0.016575  —10712147T 04214957 0.000752%  0.00010224
T 4016 07 10 927512 0.014805  ~[0.73147 0.110347 0.6006337  0.00009132
3 3135 10 U742 0.013347  ~10.7%3147 0.103619  0.0006391  0.0000%233
G 307414  10.3v7256  0.012135  —10.75147T 0.097921 0.0006040  0.00007435
10 275331 10.913345 0.0 —10773147 0092997 0-0005736  0.00006%53
) V313,87 10197517 - 0.007802 —10.7731477 - 0.0713349 0.0004555  0.00064317
20 - 135%.3%  10.136597 0.005998 - 10131477 0.0b1120 0.00603700



VALUES OF THE LSUBARIC HEAT CaPaCITY OF RITRIC OXILE 1IN

THE ILEAL GAS STATE aT VARIOUS TEMPERATURLS (1)

Temperature ;
Cp BTy/Lb. °F

=4 59,0 0
0.,2386
32 0.2351
60 00,2378
16T ] 002377
77 : 0.2377
100 0.2375
200 « 0:2378
300 0.2392
400 Q.2410
500 0.24L6
600 0.24L80
700 0.2515
s00 0.2550
QG0 0.25053
1000 0.2015
1100 0.2044
1200 - 0.2671
13C0 00,2697
1400 0.2720
1500 Q.2741
1000 0.27560
1700 0.2778
1800 0.279%
1900 00,2809
2000 Q.2822
2100 0.2535

2200 02846



33
TABLE II1II

» ’a.' -
VALUES OF THE 130BAk..C HEAT CAPACITY OF NITRIC 0OX1D®
IN THE IDEAL GAS STAlZ AT VARIOUS TEMPERATU®ES (19)

Teuperature z
v Cal./ez.mole 9K
1 5,1191
' 2 6026!4'2
3 6.7552
I 6.8707
5 6,9079
10 69442
20 689723
30 7.137
40 7396
50 7.6176
60 ' 7743
70 7.801
80 7.72¢
90 7.762
100 7.7112
110 7.653
120 7.596
130 7540
140 7489
150 7 bl2
160 7400
170 , 7.362
180 74329
190 7.299
200 7.272

220 . 7
240 ' 7
300 7.133
400 7
500 7
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MOMENCLATURE
2

Specific heat at constant pressure, FtB—PSI/Lb mol i

Specific heat at constant pressure, BTU/Lb. Ox
Specific heat at constant pressure for a gas in the
ideal gas statey Ft3~PSI/Lb mol °Rr

Specific heat at constant pressure for a gas in the
ideal gas state, BTU/Lb. OR

Specific heat at comstant volume, Ft3~PSI/Lb mol °R
Specific heat at constant volume, BIU/Lb. °K
Specific heat at constant volume for a gas in the
ideal gas state, Ft>-PSI/Lb mol °R

Specific heat at constant volume for a gas in the

. ideal gas state, BTU/Lb. °©R

sbsolute temperature, CRZOF+4459.69

iolal volume, Ft3/Lb. mol.

Absolute pressure, Atmospheres

Absolute pressure, Lbs. per Square Inch

Gas comstant, 10.73147 ¥t2-PSI/Lb. mol. °R

a, b, c,N, x - Constants in the Benedict-
sebb=Rubin Egquation of State

Base of the natural logarithms
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