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SUMMARY 

The effect of pressure and temperature on the isobaric heat 

capacity and the heat capacity at constant volume for nitric oxide 

relative to the ideal gas state is presented. Results are reported 

for pressures ranging from 0 to 6000 PSIA. and for temperatures ranging 

from 300 to 1800°R. 

Based on the Benedict-Webb-Rubin equation of state, an equation 

was derived for the deviation of isobaric heat capacity from the ideal 

gas state. Graphs and tables relating the isobaric heat capacity and 

the deviation of heat capacity at constant volume to pressure and 

temperature for nitric oxide are included. 

The results show that the effect of pressure on the isobaric 

heat, capacity must be considered in thermal calculations, since a 

considerable error is introduced if the pressure effect is neglected. 

If the effect of pressure is neglected, the greatest error 'would occur 

near the critical point° 

Also included is a comparison of the calculated data with those 

of Opfell, Schlinger and Sage. 



INTRODUCTION 

The lack of basic knowledge at elevated temperatures and 

pressures has become more apparent in recent years with the devel—

opment of new processes and with the advancement of engineering. 

As a result, the petroleum industry is making a continued effort 

to accumulate more accurate thermodynamic data over an increasing 

range of temperatures and pressures. The American Petroleum 

Institute Research Project 44 (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 (4) are 

excellent examples. The second method requires the use of an equation 

of state which is exemplified by the equations of van der Waals, 

Berthelot (5), Dieterici Onnes (5), Wohl (6), Keyes (7), Beattie 

and Bridgeman (8), and Benedict, Webb and Rubin (9)0 

If generalized correlations are used to determine the effect 

of pressure and temperature on heat capacity, a full knowledge of the 

limitations of the correlation must be had. On the other hand, in 

order to apply one of the equations of state for this purpose, it is 

necessary to obtain the empirical constants for the specific fluid 

being considerd. 



Of the eight equations of state mentioned above,and the several 

hundred other equations available (most of the equations are applicable  

to one fluid over a limited range 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 Beattie-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 critical volume. Ellenwood, 

Klink, and Gay (11) used the Beattie-Bridgeman equation of state as a 

basis in computing the specific heats of air, CO, C02, H2, O2, O2, CH4 

and C
2
H
4 

for the temperature range of 400°R to 4500°F and a pressure 

range of 0 to 10,000 PSIA, 

Developed specifically for the lighter hydrocarbons (from the 

experimental data for methane, ethane, propane and n-butane) the 

Benedict-Webb-Rubin equation contains eight empirical constants. The 

equation is similar to the van der Weals equation, in that it assumes 

the continuity of the liquid and gaseous states. The same equation 

may be used to reproduce P-V-T data accurately for both the liquid and 

gaseous states of a fluid, up to approximately 1.8 times the critical 

density. According to Hougen and Watson the Benedict-Webb-Rubin equation 

holds within 0.34 per cent, even at gas densities which are double the 

critical density for methane, ethane, propane and n-butane. 



-Employing the Benedic-Webb-Rubin equation of state isobaric 

heat capacities relative to the ideal gas state have been computed 

over a wide range of pressures and temperatures: for methane by 

Sledjeski (12, 13), for propane by Seifarth (114, 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 0 to 

6000 PSIA and from 300 to 1800°R is computed using the Benedict-Webb- 

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-Webb-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 adequately describe the properties of nitric oxide in 

the critical or heterogeneous regions. They state that at temperatures 

of 100°R and 200°R marked disagreement occured between the estimated 

behavior and the behavior predicted by the Benedict-Webb-Rubin equation 

using these constants. Therefore, no attempt was made to predict the 

properties of nitric oxide below 300°R. However, this work does in- 

clude 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. 



DERIVATION OF THE EQUATION FOR (Cp-Cp*) FROM  

THE BENEDICT-WEBB-RUBIN EQUATION OF STATE  

The Benedict-Webb-Rubin Equation of State (9) is: 

(E-1) p RTd (BORT A0  CT- )d2 (bRT a)d3 

t a d6 cd3( I y a2 )T-2e- d2 

Substituting mole.' =rolrme .or denrAty in nountim (Li): 

(E-2) p RIV-1 (BoRT - A0  - coT-2)v-2  A- (bRT a)V-3 

a o( V-6 01.1-3(i+t v--2)T-2  

Expanding equation (E-2): 

(E-3) p RIV-'2. -1; BoRTV-2 -A0V C0T-211-2 4- bRTV-3 

-av-3 adLV-6 4- CV-3T-212.-1V-2 -1r c V4T-2(1 -1CV-2  

For an ideal gas: 

(E-4) Cp*  Cv*  R 

Rearranging (E4): 

(E-5) -Cv*  R 

Adding Cp:  the actual heat opacity:  at constant pressure to each side 
of equation (E-4): 

(E-6) Cp Cv* R 0  Cp 

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

(E-7) (Cp Cv) (Cv Cv*) R Cp Cp*  

Equation 90 on page 461 of Hougen and 'Watson (Li) is as follows: 

(E-8) (Cp Cv) -T  
T p SV T 



Differentiating equation (E-3) with respect to temperature at con- 
stant volume: 

(E-11 

Differentiating equation (E-3) with respect to volume at constant 
temperature: 

(E-12) 

Substituting (E-11) and (E,12) into equation (E-10): 

(E-13) 

Equation 89 on the same page of Hougen and Watson (4) is : 

(E-9)  

Substituting (E.9) into (E-8): 

(E-10)  

From Hougen and Watson (4) (equrttion 9)4, page 473): 



Rearranging (E-14): 

(E-15) 

Integrating (E-l5): 

(E-16) 

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

(E-17)  

Substituting (E-17) into (E-16): 

(E-18)  

Evaluation of (E-18) yields:, 

(E-19)  

Substituting limits: , 

(E-20)  



Substituting equations (E-13) and (E-20) into equation (E-7) results 

in the desired expression for (Cp-Cp*) in terms of the Benedict-Webb-

Rubin equation of state: 

(E-21) 



METHOD OF CALCULATION 

Since the values of Cp
* 

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
*
). Table II lists the values of Cp

* 
for nitric oxide from 

-450.69°F to 2200°F given by API Project 44(1). Cp*  values presented 

by Witmer (19) are listed in Table III for temperatures which range 

from 1°K to 500°K. 

Equation (E=2) is explicit in pressure and implicit in molal 

volume and temperature. Therefore, the solution of equation (E2) 

is accomplished, most conveniently, 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 

desired value of (Cp-Cp*) at the assumed temperature and the calculated 

pressure. Stepwise, the calculations were carried out as follows: 

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

from 1 to 20 ft3/lb. mole were substituted into equation (E2), 

and the equation was solved for the corresponding pressure. 

2. Equation (E-11) was then used to calculate the corresponding 

value of (8P/8T)V for the assumed molal volumes at 300°R. 

3. ( SP/ST)2  was obtained by squaring each of the values ob- 
V 

tained in step 2. 

4. Values of (cF/SV)T were then calculated using equation (E-12). 

2 50 Substituting the values of (CP/4T) and (spigv)T obtained in 
V 

step 3 and 4 into equation (E -13) resulted in the evaluation 

of (Cr-Cv),, 



6. Using equation (Elk) values ti (Cv-Cv*) were computed for 

the 300°R isotherm. 

7. The substitution of the values obtained from equations (E-13) 

and (E-20) into equation (E-21) provided the desired values 

of (Cp-C?). 

8. The procedure outlined in steps 1 through 7 was repeated 

for the following temperatures: 400°R, 500°R, 600°R, 700°R, 

1000°R9  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 isobars: 100 PSIA, 200 PSIA, 500 PSIA, 1000PSIA„ 2000 PSIA9  

3000 PSIA, 4000 PSIA, 5000 PSIA, and 6000 PSIA. This is shown in 

Figure 2. 

In a similar manner values of (Cv-Cv*) versus pressure were 

plotted in Figure 3 and cross plotted in figure 4 to show the variation 

of (Cv-Cv*) as a function of temperature for nine isobars. 



DISCUCSION OF RESULTS 

The accuracy of the present work can not be determined, 
since experimental data are not available in the literatue 

for the range covered by this work. The values presented 

herein, represent an extrapolation of the data of Onfell, 

Schlinger, .and Sage (18) who report the isobaric heat capacity 

of nitric oxide at pressures up to 2000 PSIA in the temperature 

range from -100 to 220°F. The data of Opfell, Schlinger, and 

Sage (16) are compared to the present word in Figures 5 and 

o. In order to obtain the data in the proper form Cps values, 

given by API project 44 (1), were subtracted from the Cp 

values reported by Opfell, Schlinger, and Sage and these 

data were plotted in Figure 5. In Figure 6 Cps' values presented 

by Witmer (19) were used in place of the values given by 

:API project 44. 

Figures 5 and o show close agreement between the data 

thus obtained and the data presented by Salzarulo. This was 

expected, since the present work is based on the Benedict, 

*ebb, and Rubin constants evaluated by Opfell, Schlinger, 

and Sage. 

The above named authors state that the Benedict-

Webb-Rubin constants were established by the methods of Brough 

and Selleck and therefore do not necessarily give a satis-

factory description of the volumetric behavior of nitric 

oxide beyond the ranges of temperature and pressure for 

which the coefficients were established (from -100 to 



220°F and for pressures up to 3000 PS1)0 However, for most 

engineering applications,  the extrapolated values for the 

isobaric heat capacity and the heat capacity at constant 

volume presented herein are sufficiently accurate. If a 

greater degree of accuracy is warrented, the required data 

must be obtained experimentally. 



FIGURE 1 THE EFFECT OF PRESSURE ON THE ISOBARIC HEAT CAPACITY OF NITRIC OXIDE RELATIVE TO THE IDEAL GAS STATE AT VARIOUS TEMPERATAURES 



FIGURE 2 THE EFFECT OF TEMPERATURE ON THE ISOBARIC HEAT CAPACITY OF NITRIC OXIDE RELATIVE TO THE IDEAL GAS STATE AT VARIOUS PRESSURES 



FIGURE 3 THE EFFECT OF PRESSURE ON THE HEAT CAPACITY OF NITRIC OXIDE RELATIVE TO THE IDEAL GAS STATE AT VARIOUS TEMPERATURES 



FIGURE 4 THE EFFECT OF TEMPERATURE ON THE HEAT CAPACITY AT CONSTANT VOLUME OF NITRIC OXIDE RELATIVE TO THE IDEAL GAS STATE AT VARIOUS PRESSURES 



FIGURE 5 COMPARISON OF PRESENT DATA WITH DATA OF OPFELL, SCHLINGER, AND SAGE 



FIGURE 6 COMPARISON OF PRESENT DATA WITH DATA OF OPFELL, SCHLINGER AND SAGE 
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SAMPLE  CALCULATION EQUATION E-2 (CONTINUED) 500.° 
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V 
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v3T-L  

P, • 
r

5
' ct- 

S i075:1+7 - B5:311.  - 18.52.1 0-0%5 • 29 7.94 '39g.657 
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7 766,5311 - `13 52.6 - b .750 0. 0062. 10. 67 B' 72.(3 94i 

8 . 610.117 - 33 325 - 9-.52.2 o 007.8 7.153 640. Via 
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100 0.10731 0.0001(c6 0,000536 0 000024 - 0 0000IS 0.10802Z 0.01161 ty 
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SAMPLE CALCULATION - EQUATION. E-12 
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6 89. 9 /3786 - eq. goi q7_ Z. o71876 
7 gq. '152_ 512. - 8,1.9tolq2. 1 .85o652. 
8 815907_16 - 81.9o1q t I.(M3S1) 
q 89. 4I819q - 871 fo (qt i.516 Brig 

10 ' i. 2q1588 - 89.'9o1 f2 1:38n68, 
IS 88. 877143 - 89.101q2 0.rilrin 
to 88. 65160 - Bri.goi Vt._ 0146170 

WD 86. 06o658 - $9.1o1ei2 0.t5T-138 
too() 87 918037 - 817.3o112. 0.01611r7 



SAMPLE CALCULATION - EQUATION E-21 

0)PiS:Sry (crq) -a (cp_cv ) (c v-  Cfl -13% =.--T (ww c„,*) 
_ 

1 
(SP/ST)v  ( V/MT  

(bPiSt 
-T 4 Ot PAOT  (C - C.V) 

v v  - R 
(ce-cpv  ) (cv--cr 
4...63_ psi 6t u. 

13 
?sm. 

tyaote oft - OF 

1 791-.81372.- --7401.055 53 6q593 -5.1691011 -10.13141 37.20036A 0.2,3316 4176.70 
Z 68 5n64 -1145.926 21. 81101,3--/ 2,566442 -10.-13141 21 '125b47 0.1340o1 2326•1(.4 
3 2-2..065-7t - 489.642 Z2 532.50 • 2.97.4035 - 10.7314'a 14 91506c1 0 0'10828 1 6 07 , 301 
i 10:662.12 - 2W4 918 18 .124-02. Z. 6501(64 -10.1307 io.(Arilt, omcSol 12.2.q 334 

5 6, 25402. - 13p'020 16 . 72.00 2.33q813 - lo.33.10 8.328512. o.051313 Vie,. 657 

13 4.10603 - 132.431 IS. Sorel 2.011876 - 1o.13141 6.842‘1C 0 otizzoe 241.2A7 
7 2.(10131 - 98.757 14- 68cio6 1.85065'4 -10.1307 5.8082.1-12. 0.0sS87.1 126.941 
8 2.15868 -. '76.497 14. 10q53 1.668356 - 10.11141 5 064.11C 0.0311/8 6(10.027 
9 1.66878 - 6I. 009 13.1.11644 1.516871 - 10.13141 1.40154 34 0-0215Z2 511,117- 

10 1 32865 .- 49 796 13.34086 138q66Z - 10.73141 3.1190s-4 0.02.q661 516 .54 
15 0.56164 - 12.(264 12 390.9q 0 M223 - 10.13147 2-6345114 0.016231 3418.L'36 
20 o 3102.1 - 12..906 12 0116q 0.74d76(1 - 10.13147 2 03S-987 0.012551 2 (03.123 

100 0.01167 - 0 532. 10.6o(13 0158138 -10.13147 0.188111 0.6e2.315 53. z195 
1000 0 00O12. - 0 005 to 75415 0 016111 - 10.73147 0.0387q8 0.000235 5.361 



TABLE 

CALCULATED DATA- T= 300°R 

v 

+t I tlo e Y'W" 1  

P 

pSia. 

c - C P V 

V-13- ?SI  

thwk. oR 

CV - eic- V 

vf P- psi  
u mole cf,', 

- R 
-C-i-'- pc)i  
Itvilote°R 

cry-.c 4! 
1 il 

-ci-'-psi  
ittlArIt c. GR 

c - c '3 '  
1) 
T)4-Q  

-3-_,r o F.- 

c -e*  v v 
Bt u 

., 1.- 

1 12.t5.08 0.11Z378 -23,G0806 -101'3141 -34.57r1152 -0.21.2. Cil -0,10470 
'2. 787.43 36.h24 R13 11,  t E))16 - 10.9.3141 3'1 B35023 0.23338 0.013240 
3 649 55 62.q752$0 B 53720 -10.%1111-1 P5181010 0- 40576 0.0(33502. 

4- 550.25 46.4441161 12 2,028 -10 .93147-1 47, '1S1 gril 0.21'5(11 0.075631 
5 .4-74.66 36.181231 10 837.41r1 --10.T.514'7 3ri oSt231 0.22873 0.066%13 

6 4163.6 31.2.500a3 9.51191 -10./309 30. 1185 33 . 0.18'318 0.0591t)6 
7 36936 27, 50.0762.  56183 -10.1314'1 z, '337 1T2 O. 10.-4j 0.055i9 

8 337.6t 24. 869763 1121381 - 10.'13141 'LI .8(02 103 0• l'345 0.0tiriGi3 
G 302 mr/ 2.2. 933'131 9. 0 22. 59 --1o.'73149 19. 2ZS 051 0.11$59 0.04a11 
10 2.76 .53 z. 1, 45" 64 0 6 43365 -10.13140 11.156020 0.105V 0.0396'65 

. 45 1 i3.10 11. T1Z.84 6 4 51492. .. 10.9310 11156216 0.0b8%7. 0,0738(A 
- 20 liti 23 IS icri.14o4 3 47113 -- 1o. 113 141 ' 6O 064 . 0.0S'1 0 OZ 14 11 



TABLE I 
CALCULATED DATA T = 400°R  

OA:11101Q 

P 

S1a- • P 

c -c p • v 

•10- 9S i  
-.r.-1..-vyible °R 

,...- 
e. 

 v---v 
-f.t-1- Psi • 

-it--mote °R 

- R 
l' • 

• "1' -PSI 
4-1/i1ole °P. 

c _ c,-k• ? e 
f.- F5 1: 

..ieviclte°R 

c r,- c,, i 
Bicia. 

-i...-- °F 

c.  „-- c'• , v 
Tilt, 

A-.  °F 

I 2_181.06 17 ,0061L4 -10.0$621 -10.13141 51.183434 0.31575 -0 0622.15 

Z. 1511.V1 39.briqU3 5.01158 -.10.1'31.41 35.16o390 0l044S o.0309iq 
3 • 1130.3.6 31 0(39H2 5:11100 -103314-'7 2,6 .06951S 0.160%0 0.0352Z7 
A -I S98.z1'8 2.4.4q25o8 5.17610 0-10.'73147 1?.936T37 0. lit,S1 0.0-5197.S 
5 744-.67. 21.0 50611 4.5014 - 10.'73147 14.2S9oS1 0.011M (Lon IS'I 
6 63S.31 1'2'167.653 4.04661 - 10.13141 12..22171c13 o_01573 clo24o61 

7 553.90 11.56S 11-7 3.61455 - 10n314r7 10 45i42.1 0.06447 o. 42225b 

8 490.% 16 5739(11 3.2.551 - 0.'7310 q.101031 0.05 G14 0.o2.a01ti 
9 440.66 15.<30124 2.962.65 - 10.13149 8.0613Qq- o.oliq73 0.01s275 

10 399.74 15.2.53221 211419 - 10.1314/ 1:235145 O. 04463  a 0 It2r12. 
15 221210 13.1o152.56 1.90'-73 - 10.73141 4.137516 0.02954 omiirwi 
2.0 20r7 I12. 12 9i327- 1.46438 - 10.(13141  3126231. 0 .0Z2.9 q 0.001a33 



TABLE I 
CALCULATED DATA T=600° R 

V 

-1-1y4No e. 

P 

• sict.. 

c -c p v 

4.4.-1)1' -4nelore oR 

* cv-cv  

Wzip5i • 
trtivtole.°R 

•-r? 
-n--4_fsi 
-thltole NZ 

(.13
,2,
-tt 

.+-Flyst 
arc mol e °R 

• 
c e -c 

Btu. 
IV ° r- 

cv-c+,4' 
btut. 

1,- °a= 

1 -1124.0tt 42.531361 -2.9T8567 -1().731y-'1 2.S.%11384 0.1r1T150 -0 01%43(13 
2. 3165.10 2.4.S2.2.341 1.4S5230 -10.73141 J5, 5r/VA1 0 OUOri? 0-00`11(,1'L 

3 201016 1.915 OSO I- 692.150 -10.13147 1.93S(160 a.060053 0 01043 11 

4 155335 16.I$0 t90 1.533660 - 10.73117 6.95318o 0 o43074 0 oociii601 

5 1246.44 14i04313 I-354059 -10.7314r/ 5.42622 0 os3415 U 0o53-52-2.. 

b l042.61 13.q65755 1.i9S191 -1013147 • 4.433322. 0.02.1346 0.0073958 

7 895.90 13.406249 1.070q80 - 10.13147 3.115759 0.023105 o.00660(11 

S • 1 5-.65 13.0011-3S o_i654211 - 10.13147 3_ 2.43141 0 oZoouS o,005c6Sz1 

9 - 699.s0 II, 711 125 0.W77$t4 -10.'1314'i 2 5351977 Cy 0 iriba 0 oostfazo 

10 6304 12.4 I191 0 So42o‘ - 10.'73147 Z.5541727 0.0l5758o 004i(A6 

15 . 423•12. 11 S36181 0 564365 - 10. 7314r1 1.60084 o 010795 0.001if812 

ZO 31 g.38 1 i. 576430 (.) 433292 - 10.13141 1 7.19352. o 00`1%91 o oo 7.(11611 



TABLE I 

CALCULATED DATA T = 700 ° R 

v 

i'..f3 1 • i 
--i't -tr tfilete . 0:51a. 

4 

- C  r., Cv•  

*.t' -t,  
5.7f7 01 -.1.):71. .--.): . 

sic. 

,te - c N;:\  

---11H-5.w051 .. 
1   = --  1;;;; .,. mow .rb  • 

• .-1  R 
5 • 

++  
+ I" vn  - - liT i  P - -Tr 0 0,. 

. - c -} -1  
* 

1 

44::--t- p5i 
44-71r ----a ,--,  
.-n" We. R. 

- . 

0 

4.-----e:7--;, •••';-• 

 r fc C v ---,...v 

T7;7--: 

4 
• It2V..$6 36+i2.4114 -1.nt975 -10,7314T z3,51126q 044501?) '0,011o?) 

a • 401S . ® z.0•14.&5110 o ci3si_13 -10-1'3•igri . 1 fil . 152_3(1•?, 0 66(3`1(1 1 a . o0596iz_ 

25, vi .,5S 16 1 0 OFS6S 1. 06S-  611 ''' 101311-1 . rt °SS-  00q 0 00314 (..), oo65730 . . 
. tV14. 14 14. 11146c1 0.165Sett - lo."-13 1 47 5-,Ori5S03' 0.0"3-0(21°1 0. 005i 514 
* 5 ! 4 9 4 , #6 1.6 . 14 /4  :3.'33 0.S52.1-10 a - 10.13 141 2"a5 Si() 0 (\j/-31 'Ill 07 3"5 -5irl 

0 . .et1.40, Vi• 1?-. 11 '' 11`-i-6 0.11550511 10 73 d9`; 5 . 1 it 1'110 0 . o i cl STI 0 . 00 ztf-,674 
,-.7  
( 1 0(37...43 11.10049 1 0.6741-31 - 1V731/1 . Z.. 64345.0 0 -01Wji`) Cr °C) 41a I 

,z
6 

 
qzq.6o rt _zi.asrtSci 0. 60s0(..)-z. - ie. ri 3 14VI i , I:(10Z9 I 0 - 0 14 0(16 o. 0 o ,::.,ri, o S - 

2 37.b. 50 . 17. 1 S2.'8 9 0- 552li ct* -- 10.9'3)0 LOO4icH 0.0ri.3t)2. 0 003'10`13 

10 . 7A-4M 12. (.) ing 0 0.506440 - to  .°1314
-
1 1 ricd'i36° 0 o Do? 5-  0 w)31'LA 

1'5 4irboi IL 5-61.166'0 0.355 4o3.  - 10. /3 1411 ' I, U5(513 0 .001i qi o. o c.,?. i 12.2_ 

20 37.3,2S • II 3391121 • 0 2.732.3 - 10a1314'1 o.c)::s13(di 0.00 Sii Y-1 0 60 Vpc,-'2,541 - 



TABLE I 
CALCULATED DATA T= ° 

v 

4-6/*F nide 

P 

r.); (-1- 

)- 
(I CV 

.4-0-  ?Si  
..fW mote °R 

c -(  V 
40-196 
L-i1101e °R 

R 
4-1- -.. psi 
Iti:-Allole °P 

P 
-H-3, p 5 i 

11:1,,ide oR 

C.: - C.: P I" 
--B f !A._  

-lb. of: 

Cy -  Cv 

B.64.  

-1,7: 017 

1 2.1561.7C1 17.Z23753 -0 6'-5518 -1033147 15 54065 0.0q171S -0.0039817 

2. 6613.57 16.35503ct 0 '3Z0305 -101310 5.14'67i1 0.03(3667  0.001cifl2 
3 3%34.05 13.715751 0 '365504 -10.7147 3.4%11135 0.02.115G 0.0022545 
4 acra,rvi i'L.2)z?_30 0:631z7 i -10.73147 z „L1Te,(5*-51 o .014144 0.0oZo434 

2212.6%. 1Z..734673 0.21707 -10.73147 1 )11-5630 0 0113 5 0 0olka1il 
6 12Z.1 01 11. c15?)40 0.25Sqls3 -10,11:))141.1 I 4(3()353 o oocf it;c() 0 0015975 
7 1557,74 • 11. 742.Z2 i 0 "/: -,1!)"E'i?.. -10:7314i 11420(83 0 oorAigi. 0.001W61 

S 1357.40 II .r38Q619 U 2.02,545 -10.7314/ 1.056911- 0 o(513574 0.0012864i 

9 1190,10 1 i 47444N o M610 -to 7•31111 0,93?56? 0 00575/. 0 0011643 
10 1020.74 11 :5V6324 0 1 73701 -10.731471 053?.S4 !S o.b05111 0 0010'115 
i 5 "717 26 11 140 3",1 0 121q03 -10.73147 0 S3070 0 063274 0.060151(1 

. *LI o Lsz7.1 11.0351 - 0013721 - 1013147 0 '518131 0 002456 0.0005'7$1 



TABLE I 
CALCULATED DATA T=1800 °R  

• V 

WilUVole 

P 

p s o' Q. 

c - L i.)  
p4.3.. p5;  

ittiole ° R 

C -C* V Y 

. jil-PPI  
it- Ino le ° R 

- PO. 

i - 1) t..1 ' 
Sc v409 Q 0 R 

C - C21"? 
4-0-jeSI 

-±114104 (., 0  S 

Cp--Cp 

-8+Lt, 

-it °F.  

-1k  
Cy -C 

%L.. 
 At G F 

1 4775•21.061516 -0.1406SE) -10.73147 .  i1:Z1c13`39 0062.05C --00006274 

Z. 1 3306.50 13_ 51-1319 0.055003 '. -10.13.147 z3642, 57 0.0170 it 0,000363930 
-2. 
j  - 'i55-J? 12..0S54M 0 062.672 - i0.73141 1366626 o.00(843o1 0.0003265S 
4 5524. IS It. 540250 0.056S02. -10.13147 0.S1)5612 0.0053-n4 0.00035037 

,.. zi- itri 03 R.31'3554 0.050150 - 10./314'7 0.(D/32:Z.Sit 0.00331,H 0.0003013i 
.6 -6c..577,91 It. 126432. 0 044407 -101.31/1-1 0,491369 . 0,o030243 6.000233i2_ 

'I ZS6-5.• f I I4. O545',  0.039666 -  to .r/3141 0.4I'3{ .'ic-1 0;0025515 0.0o0 24465,  
• 24S61-9 ii. 00 Zq6 0.03575Q -1c.13i4r/ 0.3535'85 '0.002isi0 0.00,:12zo57 

ci zicis .56 il.00Z5 0.03Z.512 . - lo.1731117 0-'56906r/ 0.001900 0.000 2005,'-i 
10 1911.06 10.'176311Z ()_02.9735 -10.7307 0444357 0.0o16i4.2. 0.000 IS'313 

15  1301.36 10.`8$7417 0.02.0902 - 10.73147 0-116909 _0.001&912. 0.o001793 
"Usa i7.36 10.447423 0.016T/0 - 10.r7?-ii4r1 n 205   i - ( nAn51141 A nnilr'iCi IQ) 



TABLE I 

CALCULATED DATA T = 2500°R.  

V 

-Vzniole 

P 

i ce-  r • 

cp-cy  

{4 3- PS 1 
'  

#.11-431e. °R 

-,k- cv -c.,, 

-li- t3S 1 

#11tol.e. °R, 

-- I( . 

..f.Thole:°R 

• c - r:4 P r 

troiD1 e 0  R 

C . C!'‘c  -i3 f 

;-;-..ic:'F 

C. v  ' c.- 

 B114. 

1 7.5)318,1)3 1S.96265 -0.0/.1313 -I0.73147 S.15043?_ 0 o507.754 -0.000z5,612,, 

2. 19111.,04 17.060S07 0,0Z051 -10,7314-1 1,34`M 0,o0T3a1 
3 103101AZ. 11 009693 0.62_3-'59z. -1013117 0, 0161'5 0.00.1T(165 O. 00014-4Zci 

/-1 7572.51 10.914734 0.021201 -101,3111-7 0.2014c13 .0.0012.617. 0.0001307S 

5 5S 6.(8z1,  10.°85'/I0r/ 0.0 iwil(1 10 ,r/3ILI-7 0 . 14455/, 0,0003904 0,00011 54.6 

6 11-751.06 10.2)3651. 0:016675 -10,r131,147 0.121(45V 0.0o075z5 0,00010214 

'1 40 lb.  orl 10 2.751Z 0.014(30S -1o:731r/ 0.111147 o,0006S37 0.00009132 

?.) '5‘Nl.!.7) 10 S2.1742. 0,013347 -10,7314,1 0.103614 O.o00t)391 0 0000 S233 

9 3074.14 I0.7 256 0,012135 -1o.1-/i47 O.09fyizi 0.000o40 0.00o071-S5 

10 275331 10.1?.)311-5 0.011117 -10.7s117 6.092.912.. 0 ,000573G 0,00006%5S 

15 IS i3.17 10 '197517 0,001802 -10,73141 0.0E734849 0.0004555 0.00064S12.. 

KO 135"-5.321 10.1(36592. •0,00 5q9 -16,9314r1 0.061120 0.0003!o 0.00003700 



TABLE U. 

VALUES OF THE ISOBARIC HEAT CAPACITY OF NITRIC OXIDE IN 

THE 'LEAL GAS STATE AT VARIOUS TEMPERATURES (1) 

Temperature 
oF . 

C*p  
BTVIA. ?I` 

••=.•=1:• =,...... 

-459.69 0 
0 0.2366 
32 0.2381 
60 0.2376 

0,2377 
77 0.2377 
100 0,2375 
200 . 0.2376 
300 0.2392 
400 0.2416 
500 0.2446 
600 0.240 
700 0.2515 
600 0.2550 
900 0.2583 
1000 0.2615 
1100 0.2644 
1200 0.2671 
1300 0.2697 
1400 0.2720 
1500 0.2741 
1600 0.2760 
1700 0.2773 
1600 0.2794 
1900 0,2609 
2000 0.2822 
2100 0.2o3 
2200 0.2646 



TABLE III 

VALUES VALUES OF THE ISOBARIC HEAT CAPACITY OF NITRIC OXIDE 

IN THE IDEAL GAS STATE AT VARIOUS TEMPERATURES (19) 

Temperature * Cr, 
ala&.tole °K  

1 5.1191 
2 6.2642 
3 6.7552 
4 6.8707 
5 6.9079 

10 6.9442 
20 69723 
30 7.137 
40 7.396 
50 7.6176 
60 7.743 
70 7.801 
80 7.70 
90 7.762 
100 7.7112 
110 7.653 
120 7.596 
130 7.540 
140 
150

7.489 
7.442 

160 7.400 
170  7.362 
180 7.329 
190 7.299 
200 7.272  
220 . ' 7.226 
240 7.188 
300 7.133 
400 7.158 
500 7.295 



NOMENCLATURE 

co Specific heat at constant pressure, Ft3-PSI/Lb mol O 

Cc - Specific heat at constant pressure, BTU/Lb. °n 

- Specific heat at constant pressure for a gas in the c 
ideal gas state, Ft3-PSI/Lb mol °U 

Cp - Specific heat at constant pressure for a gas in the 

ideal gas state, BTU/Lb. 0.R 

cv - Specific heat at constant volume, Ft3-PSI/Lb mol oR 

Cv . Specific heat at constant volume, BTU/Lb. 01t 

cv - Specific heat at constant volume for a gas in the 

ideal gas state, Ft3-PSI/Lb mol °R • 

Cv - Specific heat at constant volume for a gas in the 

. ideal gas state, BTU/Lb. 0R 

T - Absolute temperature, °R =0F1-459.69 

V e Aolal volume, Ft3/Lb. mol. 

P - Absolute pressure, Atmospheres 

p - Absolute pressure, Lbs. per Square Inch • 

R - Gas constant, 10.73147 Ft3-PSI/Lb. mol. °R 

Aos  Bo, Co, a, b, - Constants in the Benedict-

webb-Rubin Equation of State 

e - Base of the natural logarithms 



LITERATURE CITED 

1.  API Research Project 44, "Selected Values of Properties of Hydro-
carbons", Vashington)PD.C., Nati'. Bur. Standards (1947). 

2.  Edminster, We C., Ind. Eng. Chem., 22, 352 (1938). 

3.  Natson, K. M., and Smith, R. L., "National Petroleum News", 
July 1, 1936. 

L. 
. 

Hougen, O. A., and Natson, X. M, "Chemical Process Principles .-
Part Two", John Wiley and Sons, Inc., N. Y. (1947). 

5.  Glasstone, S., "Textbook of Physical Chemistry", p.287, D. Van 
YOstn%nd Company, Inc., N. Y.,(1940). 

6.  Wahl, A. Z. Physik, Chem., 87, 1 (1914). 

7.  Keyes, F. C., Proc; Nat'l. Acad. Sci. UiSop 3, 323 (1947). 
. 

B. Beattie, J. A.. and Bridgeman, O. C., Proc. Am. Acad. Arts Sci., 
63, 229 (1928). 

9.  Benedict, M.; Webb., G. N.; and Rubin, L. C., Jo Chem. Phys., 8, 
3344 (1940). 

10.  Dodge, B. F., "Chemical Engineering Thermodynnmics", p9188, 
MeGrav Hill Book Company, Inc., N0 Y. (1944). 

11.  Ellen wood, F.0.; Kulik. N.; and Gay, N. R., "The Specific Heats 
of Certain Gases Over de Ranges of Pressure and Temperatures" 
Cornell University Engineering Experiment Station. Bulletin NO. 
30, Oct. (1942). 

12.  Sledjeski, E. W. "Thesis for the Masters Degree in Chemical 
Engineering", Newark College of Engineering (1950). 

13.  Sledjeski. E. W.0, Ind. Eng. Cheml, 4.31  291315 (1951). 

14.  Seifarth, J. }L,  "Thesis for the Master's Degree in Chemical 
Engineering; Newark College of Engineering, (1951). 

15.  Seifarth, J. H. and Joffe, J., Ind. Eng. Chem., 114, 289497 (1952). 

16.  Glueck, R.M., "Thesis for the Master's Degree in Chemical Engineering", 
Newark College of Engineering (1952). 

17.  Sibilia, R. J., "Thesis for the Master's Degree in Chemical Engineering", 
Newark College of Engineerinef (1953). 



18. 
 Opfell, J. B.; Sehlinger, V. G0; and Sage, B. ..„ Ind. Eng. Chem. 

11.6, 189-193 (1254). 

19. Witmer, E. E., J. Am. Chem. &,c.. L.:I, 2222 (1934). 


	Isobaric heat capacity of nitric oxide over a wide range of temperature and pressure
	Recommended Citation

	Copyright Warning & Restrictions
	Personal Information Statement
	Title Page
	Contents
	Summary
	Introduction
	Derivation of the Equation for (Cp-Cp*) from the Benedict-Webb-Rubin Equation of State
	Method of Calculation
	Discucsion of Results
	Sample Calculation
	Nomenclature
	Literature Cited


