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SUMMARY 

This work was done to make possible more accurate design 

calculations for processes that require accurate data on the heat 

capacity of propylene at elevated temperatures and pressures. 

The effect of pressure and temperature on the isobaric heat 

opacity and the heat capacity at constant volume for propylene 

relative to the ideal gas state is presented. The results cover 

pressures from 0 to 9,500 PSIA and temperatures from 350°F. to 

2240°F. 

An equation was derived from the Benedict-Webb-Rubin equation 

of stets. This equation gives the deviation from the ideal gas 

state of the isobaric heat capacity of propylene for the wide range 

of pressures and temperatures severed. Graphs and tables relating 

the deviation of the ischaric heat capacity, the deviation of heat 

capacity at constant volume, pressure and temperature are included. 

The results indicate that deviantion of the isobaric, heat capacity 

from the ideal gas state caused by the effect of pressure is 

significantly large and must not be neglected. Small differences 

in P-V-T data appear to have a pronounced effect on the calculated 

heat capacity. 

A comparison of the calculated data has been made sad is 

included. 



INTRODUCTION 

tract thermodynamic data are demanded in present-day industrial 

calculations is the fields of high temperatures and pressures. 

Industry is asking a continued effort to obtain sore accurate thermo-

dynamic information in order to facilitate more accurate design 

calculations. There is a lack of basic thermodynamic data, particu-

larly at elevated temperatures and pressures. 

The thermodynamic property for which very little information 

is available is the heat capacity of gases and vapors at high pres-

sures. Previous investigations of the heat capacity of propylene 

have been limited to low temperature and pressure for both the liquid 

and gaseous range. Anerbach, Sage and Lacey (19) gave the isobaric 

heat capacity values of propylene et the Rubble Point determined from 

80°F. to 160°F. and at atmospheric pressure. Spencer (20) determined 

the empirical heat capacity equation for propylene in the ideal gaseous 

state from 291.10  to 1000°K. Kobe and. Long (22) presented the heat 

capacity, mean heat capacity, enthalpy and heat capacity equation over 

a similar range to that covered by Spencer (20). Heat capacities for 

the ideal state of 29 hydrocarbon gases, including propylene, were 

calculated at atmospheric pressure from 250 to 1500°K by Stull (24). 

Heat capacity for the ideal gas over a similar range to that covered 

by Stull (24) is given by American Petroleum Institute Research Project 

44 (1) from 459.69° to 2200°F. It is generally recognized that these 

are the most accurate data availlable to date but data are leaking when 

higher pressures are encountered. Calorimetric technique for obtaining 



heat capacity data at high pressures is limited. Telfair (21) has 

done supersonic measurement of heat capacity of propylene from 273° 

to 490°K at low pressures. 

Since there are limitations as wall ss difficulties in obtaining 

heat *opacity data at the higher pressures, indirect methods such as 

the generalized correlations or *stations of state are used to supply 

this Information. An example is the generalised correlation of 

Minister (2), (4) which is very useful when no other data can be found. 

It was the purpose of this work to obtain hoot capacity values 

for propylene derived from en *mottos of state since the equation 

of state leads itself most readily to the evaluation of derived thermo- 

dynamic properties. Met of the equations presented are applicable 

to one fluid over a limited range of 'pressures and temperature. One 

of these equations is the van der Waals equation which has boost used 

in the design of bottled gas cylinders (18). A very large number 

(over 100) of equations of state have come into common use. The two 

of the more valuable equations of state are the Beattie-Bridgeman and 

Benedict-Webb-Rubin. 

Inasmuch as thermodynamic properties can be calculated from their 

derived relationship, the Beattie-Bridgeman equation and the 

Benedict-Webb-Rubin equation have been applied to a number of fluids and among 

them some hydrocarbons. The Beattie-Bridgeman equation of state has 

been applied to the calculation of specific heats of air, carbon 

monoxide, carbon dioxide, hydrogen, nitrogen, oxygen, methane and 



ethylene for temperatures up to 4000°Y. and pressures up to 10,000 

pounds per square inch absolute (9). However, this equation was sot 

designed to reproduce properties of the gas in the critical range or 

above the critical density as indicated by Sledjeski (6), 

The Benedict-Webb-Rubin equation repreduces P-V-T data accurately 

up to approximately 1.8 times the critical density. Above this range. 

calculated values of pressure are too high. According to Benedict-

Webb-Rubin (14) calculated and observed critical temperatures and 

pressures for propylene agree within 0.70°C. and 0.70 atmosphere*. 

This equation is believed to be the most accurate in the field to 

date. The use of the Benedict-Webb-Rubin equation of state to predict 

isobaric. heat capacities relative tc the ideal gas state over a wide 

range of temperatures and pressurez haz been presented for methane by 

Sledjeski (6) (7), for propane by Seifarth (8) (9), for n-butane by 

Glue* (10), and for ethylene by Sibilla (11). Satisfactory agreement 

was established in all eases with published experimental data. 

The present work in an extension of the above studies to another 

hydrocarbon, propylene. No experimental or calculated data on the 

heat capacities of propylene at high pressure can be found in the 

literature, so that up to the present time such heat capacities had 

to be estimated for propylene from generalised charts (2) (4) (23). 

The present study hos aimed to remedy the situation by supplying 

calculated data on the heat capacities of propylene at elevated 

pressures. 



In so far as the constants hove bean evaluated for propylene (13) 

(14), the Benedict-Webb-Robin equation has been applied in the present 

work for the calculation of the isobaric and constant volume heat 

capacity of propylene. Values for the specific heat in the ideal gas 

state for propylene can be obtained from API Project 44 (1) for 

temperatures to 1500°K. No other published data have been found which 

cover the range given In this paper. The method of derivation from 

the Benedict-Webb-Rubin equation of the heat capactiy relation follows. 



DERIVATION OF THE EQUATION FOR (Cp - FROM 
? BENEDICT-WEBB-RUBIN EQUATION OF STATE 

The Bendlict-Webb-Rubin Equation of State (5) 1s: 

Expressing equatlon above in terms of volume rather than density. 

Expanding terms for mathematical convenience. 

For an Ideal gas: 

(4) C - 1 It 

Par so actual gas we can writes 

(5) Op - 0; R Or - 0; 

Adding and subtracting Cv on the left lade of the equation and rearreaging: 

(6) ( 011 cy) (c, - . cp - 

From Rougan and Watson (3) (pg. 461, Blau/aloe 90): 

By rearranging: 

(8) Cr - Cy • ..?(.42,12 /021 
4)Y/11 



Differentiating equation (3) at conntant volume with respect to 
teamsters: 

Differentiating equation (3) at seastant temperature with respect 
to volume: 

substituting equations (9) sad (10) is equation (8): 

From Hougen and Watson (3) (pg. 4,3, *nation 94) we have: 

)y rearranging: 

Is order to evaluate the integral, which is the second derivative 
of the pressure at constant volume with respect to the teaperature 
saltiplied by the absolute temperature, Equation (9). the first 
derivative, mant be differentiated again: 

Multiplying Equation (15) by T: 



And: 

Evaluatiag this series of integrals by performing the indicted 
integrations by parts, the following equation to obtainsed after 
collecting terms: 

Substituting Equation, (11) and (19) into Equation (6), the desired 
expression for - 4) in the terms of tho Benedict-Webb-Rubin 
equation of state is derived. The complete equation (20) is shown is 
the following: 



METHOD OF CALCULATION 

Values of heat capacity of propylene for the ideal gas state, 

4. are available from American Petroleum Institute Research Project 

h4 (1) and listed in Table IV. Since the values of heat capacity for 

the ideal gas state C*p and C are subject to constant revision, all 

of the calculations and graphs are presented in the fern of the devia- 

tions from the ideal gas state (Cp - C*p) or (Cr - c) rather than 

calculate the absolute values. Equations 19 and 20 were used in 

calculating these deviations. The following method of calculation 

was used: 

1. Values of molal volume ranging from 0.17 to 5.0 liters 

were assumed at proper intervals at a selected constant 

temperature and the corresponding pressure was calculated 

from Equation 2. 

2. For the same values of prcssure, volume and temperature, 

Equation 9 was used to calculate (311/31)2 and Equation 10 

was used to calculate ()11)7)11. These results are then 

substituted into Equation 11 to give values of (Cp °V),  

3. Taking valass of (Cr  - which have been calculated by 

Equation 19 under the same conditions as above and 

substituting in Equation 20, the desired values of (Cp - C*p) 

were obtained. 



This procedure of calculation was repeated for fifteen isotherms 

from 350.31°F. to 2240.31°F for pressures up to about 9,500 PSIA. 

The results of these calculaticns are given in Table I. /Figure 1 is 

a plot of those data and covers a rings of 350.31°7. to 2240.31°F. 

and pressures up to about 9,500 PSIA. A complete stepwise calculation 

is given in the Sample Calculation. 

'Using Figure 1, a cross-plot of the data was made showing the 

deviation in the heat capacity values as a function of temperature 

for isobars from 100 to 7,000 PSIA, as shown in Figure 2. 

Likewise, values of (Cv - C*v:) versus pressure were plotted in 

Figure 6 and cross-plotted in Figure 7 to show the variation of 

(Cv  - C*v) with temperature for various isobars. 

Marchman et al (13) also give constants for the 

Benedict-Webb-Rubin equation. A comparison of the data along two isotherms of 

510.31°F. and 710.31°F, was made. The calculations were performed 

in the stepwise method as indicated above. Results are listed in 

Table II and comparison plot is shown in Figures 3, 4. 

Thermodynamic data of Canjar, Goldman and Marchman (12) list 

enthalpy data of the superheated vapor in a pressure range from 

0 - 200 atmospheres and temperature range from 120°F. to 480°1. 

These enthalpy data were converted into values of isobaric heat 

capacity (Cp - C*p) by using the chord-area method of differentiation 

as described by Edmister (17). The method is as follows: 



1. At a selected pressure, tabulate (H - H*) for a series 

of temperatures. 

2. Take increments of ∆(H - H*) and (At) fer each interval 

tabulated end values of ∆(H - H*)/∆t for that interval. 

3. Plot ∆(H -H*)/∆t versus temperature by drawing a 

rectangle having the width (At) and the height of 

∆(H - H*)/∆t. 

4. Draw a smooth curve, cutting the herisontel lines in 

euch a scanner that the area under the curve equals the 

sum of the areas of the rectangles. 

5. Read off the ordinate of the curve which represents 

d(1! - N)fdt and SqUale (Cp ► C) at any desired temperature. 

An illustration using this method is presented in figure 8 at 

30 atmcspheres. lar comparison of present data with Canja►r's data 

(12), pressure. were selected et 35, 50, 100 and 200 atmospheres. 

Results are listed in 'Belie III and a comparison plot is shown in 

/lore 5. 



DISCUSSION OF RESULTS 

/In so far as no experimental heat capacity data are available 

in the literature for the range herein covered, it is difficult to 

estimate the accuracy of this wcrk. 

Since there were two sources of constants available, Marchman 

et al (13) and Benedict and co-workers (14)0  a comparison of results 

from the two cets of data was made to substantiate the accuracy of 

this work. The calculated data are listed in Tables I and II and 

results are compared in Figures 3 and 4. 

Figure 3 shows the comparison with (Cp - Cp*) data for the 

530.31°F. and 710.31°F. isotherms. An inspection of Figure 3 shows 

the values of Marchman's constants give greater deviation at the 

530.31°F. isotherm from the ideal gas state than the values herein 

calculated. There is no deviation 'between the two sets of results 

at the 710.31°F. isotherm. 

Figure 4 shows that the (0y .0. 0;) values using Marchman's 

constants give a greater deviation from the ideal gas state at 

530.31°F. end at 710.3101. than the values herein calculated. The 

difference between the two sets of data Is more pronounced at the 

lower temperature. However, the absolute magnitude of the difference 

cannot be considered abnormally large. 

Canjar, Goldman and Marchman et al (12) state that P-V-T data 

of Marchman et al (13) and Sage et al (15) agree rather well, but 



deviate somewhat from those of Vaughan and Cremes (16). However, the 

work of Vaughan and Graves (16) and Benedict (14) constants covers 

a greater temperature range (25 - 300°C.). Therefore it is felt that 

Benedict data used and presented in this paper are more applicable 

and preferable for the temperatures used. 

In the thermodynamic tables of Canjar. Goldman fad Marchman (12), 

enthalpy values are tabulated for the superheated region for a pressure 

range of 0 to 200 atmospheres and a temperature range of 12007. to 

480°F. Since the data of Canjar's (12) tabulate enthalpies, these 

enthalpy data had to be converted to heat capacities for purposes of 

comparison. The method of calculating the heat capacity data from 

enthalpy data is mentioned en pages 10, 11. The graphical ccmparison 

is presented in Figure 5. 

An inspection of Figaro 5 shows zubstantial agreement between the 

present data and the (Cp - Cp*) values which have been calculated from 

Canjar's (12) tabulated enthalpy data. This is to be *rpm:tad, since 

the present data and Canjar's tabulated enthalpy data are both based 

on the Benedict-Webb-Rubin equation. Hcwever, even though Canjar used 

residuals from the Benedict-Webb-Rubin equation so that (Cp - Cp*) 

values based on Canjar's data may be more accurate than the present 

data, Canjar's data cover only a small range of temperature and pressure. 

The discrepancy that occurs is a direct result of: (1) basing calcula-

tions on Canjar's enthalpy data which are tabulated to only four 

significant figure* and enthalpy differences are therefore known to 

only 2 or 3 figures; (2) comparison of the data where slope of Cp -  Cp* 



versus temperature is very steep so that graphical differentiation is 

not accurate; (3) minor graphical errors; (k) Canjar taking into account 

pressure residuals in deriving enthalpies with the equation. 

The residuals correct for the deviation of B-W-R values from observed 

values of pressure. Hence, Cp - Cp* values based on Canjar's data may 

be mere accurate than the present data. 

For the values of isobaric heat ()opacity and the specific heat 

at constant volume of propylene, results of the present study are 

recommended sines no other values are to be found in the literature. 

Since small differences in p-V-T data appear to have a pronounced 

effect on C values (Figure 4). the results presented in this 
paper for Cr  - Cv* are believed to involve a larger percentage error 

than the results for Cp - Cp* However, Cv - Cv* represents a small 

correction to the heat capacity at constant volume and reliable values 

of Cv  for propylene can be obtained with the aid of the chart for 

Cv - Cv* (Figure 7) developed in this paper. The correlation of 

Cp - Cp* (Figure 2) is likewise believed to be a reliable source for 

the calculation of Cp values of propylene over a wide range of 

temperatures and pressures. 

The present work is the only systematics compilation of heat 

capacities of propylene at elevated pressures. It is recomended that 

these values should be used for accurate design calculations for 

processes that require accurate data on the heat capacity of propylene 

at elevated temperatures and pressures. 



Figure 1 The effect of pressure on the isobaric heat capacity of propylene relative to the ideal gas state at various temperatures 



Figure 2 The effect of temperature on the isobaric heat capacity of propylene relative to the ideal gas state at various pressures 



Figure 3 Comparison of data with constants from the data of Benedict & coworkers (14) versus the data of Machman (13) 



Figure 4 Comparison of data with the constants from the data of Benedict & Coworkers (14) varsus the data of Marchman (13) 



Figure 5 Comparison of pressnt data and data of Canjar, Goldman and Marchman (12) 



Figure 6 The effect of pressure on the heat capacity at constant volume of propylene relative to the ideal gas state at various temperatures 



Figure 7 The effect of temperature on the heat capacity at constant volume of propylene relative to the ideal gas state at various pressures 



Figure 8 Graphical differentiation of enthalpy data of Canjar (12) at 50 ATM press. 



SAMPLE CALCULATION - EQUATION (2) 

P - P3/V 4 (Bon - Ao  - 0002)1./v2  ; OAT - *WO •d/14 4 (0/0,r2) 0. 4 5'/t2) wig VY2) 

I. • Absolute temperature. 0! Ao a 6.11220 1 ata. s 14.696 111.44. in. *be. 
or 650.00n Se  = 0.0850647 

1 a 0.08207  itfr AtAoyoberes Co  a 439182. 1 Litt? A.  • 0571§7 BTU 
uraa-mot mi b o 0.0187059 Gram-eel n Lb. ProprIent *7 

* is 0.774056 
V= Volume, Liters 0 a 102.611 4) a 2.7183 
P s Absolute Pressure, a. a 0.000455696 

Atmosphiprim y * 0.0182900 

1r Wit (3911.40-00412) (lisot - a)  
V 

Ao8/T6 4111.41 
V.,T4e 1/Y4  

P - sta. p - PS1A 
it 

0,18 296.363859 -80.674821 81.891429 37.049442 373.007540 5481.718808 38.:171625 

0.20 266.727500 -65.346600 27.977250 43.52047 28.00503 300.88365 4421.7861 

0.23 231.936952 -49.411413 1e.)95490 18.815098 19.026s471 238.75660 3508.76699 

0,25 213.382000 -41.821824 14.324352 11.40863 14.99459 212.28775 3119.7808 

0.30 177.818156 -29.042930 8.289554 3.820727 8.832594 169.71810 2494.1772 

0.50 106.691000 -10.455456 1.790544 0.178260 1.91.2k, 100.14248 1471.6939 

1.00 53.345500 -2.613864 0.223818 0.002785 0.242821 51.20106 752.45078 

2.00 26.672750 -0.653466 0.027977 0.000044 °M OW 26.077646 383.23729 

5.00 10.669100 -0.104555 0.001791 0.0000002 0,000014 10.56827 155.31130 



SAMPLE CALCULATION - EQUATION (9) 

OPPT): a /Z//' Belt/T2 2c,/ '3 4 aRpr,  (2./v V) (1 4 0,2) (1/10"2)] 

T itt, volly2  200IT2?3  14/0 -(20,)(1 4 Y/92)(1/. 2) (401), (33011: 

0.18 0.455944 0.215471 0.098704 0.263236 -0.139676 0.893679 0.798662 

0.20 0.410350 0.174572 0.079950 0.191899 .0.086172 0.770559 0.593761 

0.23 0.356826 0.131971 0.060454 0.126177 .0.071707 0.603721 0.364479 

0.25 0.328280 0.111700 0.051168 0.098252 -0.046138 0.543262 0.295134 

0.30 0.273566 0.077570 0.035533 0.05680, -0.027178 0.416350 0.173347 

0.50 0.164140 0.027925 0.012792 0,0122k -0.005964 0.211175 0.044595 

1.0 0.08207 0.008981 0.003198 0.0025,5 -0.000747 0.093037 0.008656 

2.0 0.041035 0.001745 0.000800 
i 

0.01002 -0.000094 0.043678 0.001908 

5.0 0.016414 0.000279 0.000128 14060012 -0.000006 0.016827  0.000283 



SAMPLE CALCULATION EQUATION (10) 

OPhY)T • -R1114 - (2/0)(10,-AtireoPe) (3/T/1) (b ITS..) 6101V7 4 tel2)(10Y2) 
(.3/Ttb 3i1y6 2)2/78) 

y PS/T2 $[ RIP-1141 -(3 )(bN1L81) -‘40 -It 

14 t 12  
Gr 3y) 

0.18 3.91.6.4661 896,3E18065 439.626409 Q345.670917 533. «»226,05295 

0,20 -1331.6375m 633.466006 .419.656750 r165.344531 -371►89055 4614.0707 

0,2, 4006.42146 42%.664,50 239.941200 42.154151 4433.457414 •11140150 

0.25 453.526000 134.57k592 171.89222k -34445752140 171.988472 -597.50934 

0.30 ++592.V9 191.619519 42.095495 -9.677221 46004862 477.16578 

0.50 r219.02000 14,821.82# -10.743264 -0.21,0900 11.590074 194.16 

1.0 l53.15500 5.227728 -0.671454 -0 002114 -0428302 -49.5196kt 

2.0 -13+33637'5 0.65,46 0.041966 -0.000017 -0.045535 ►12.7701$27 

5.0 #173820 0.041,22 -0.001074 -0.0000O0 -0.001166 -2 094238 



SAMPLE CALCULATION - EQUATION (19) 

0:) • 1-  -* ytr2. -Tce  
yto 2r-s 

.1 
Yep 2,2,0  

60/Y0 (.,.. 

0.18 0.111268k -0.122572 0.020 12 

0.20 0.143308 -0.122572 0.020736 

0.23 0.1/4511 .0.122572 0.020939 

0.25 0.143241 -0.122572 0.020669 

0.30 0.142179 .0.122572 0.019607 

0.50 0.137292 .0.122572 0.014720 

1.0 0.131044 .0.122572 0.008472 

2.0 0.127087 .0.122572 0.004515 

5.0 0.124502 .0.122572 0.001930 



SAMPLE CALCULATION EQUATION (20) 

( * ( ep •■• ( Of -1 

il(.4P1)?)2 (ey  4) -1 
TAW? 

(ppv): Ophilit  )2  
0 ) 

4) -I PSIA 

0.18 0.798662 .2269.0195 0.228791 0.020112 .0.082 0.1666/3  0.096041 5481.7188 

0.20 0.593761 -1645.0707 0.234607 0.020736 .0.08207 0.173273 0.099748 4421.7869 

0.23 0.364479 .1114.3150 0.212607 0.020939 -0.08207 0.151476 0.087200 3508.7670 

0.25 0.295134 -897.50934 0.213744 0.020669 .4.08207 0.152343 0.087699 3119.7808 

0.30 0.173347 -577.98578 0.194945 0.019607 -0.08207 0.132482 0.0/6266 2494.1772 

0.50 0.044395 -194.16442 0.149290 0.014720 -0.08207 0.081940 0.047171 1471.6939 

1.0 0.008656 .14.31964 0.113620 0,00,472 -044207 0.040022 0.02303, 752.45078 

2.0 0.001908 -12.77043 0.097115 0.004515 -0.08207 0.019560 0.011260 383.23729 

5.0 0.000283 .2,09424 0.087836 0.001930 -0-08207 0•407696 0-004431 155-31144 



TABLE I 
CALCULATED DATA 

T  

p (PSIA) 

1 00e? 

(ep '''' CO (4%,„ - 4 (ep  

01114.40 . .%*44 As . 

0.30 1251.6147 0.447798 0.059088 -0.08207 0.424816 0.244554 0.034015 

0.50 835.6373 0.264878 0.044361 .0.08207 0.227169 0.130774 0.025537 

0.75 604.3582 0.187122 0.032551 -0.08207 0.137603 0.0792/4 0.018739 

1.0 473.4797 0.154686 0.025531 -0.08207 0.098147 0.056500 0.014697 

2.0 253.2690 0.114022 0.013604 -0.08207 0.045556 0.026225 0.007831 

5.0 105.4896 0.093660 0.005615 .0.08207 0.017405 0.010020 0.003348 

T - 440.310P 

0.25 1928.8535 0.353A83 0.045409 -0.08207 0.317122 0.142558 0.026141 

0.30 1574.2751 0.319 0.043075 -0.08207 0.280192 0.161298 0.024797 

0.50 998.7233 0.211700 0.032339 0.06207 0.161949 0.093241 0.018617 

0.75 703.9719 0.160405 0.023730 .0.08207 0.102065 0.058756 0.013661 

1.0 544.683? 0.137496 0.018612 -0.08207 0.074038 0.042621 0.010714 

2.0 286.1818 0.107252 0.009917 -0.08207 0.035099 0.020205 0.005709 

5.0 118.0840 0.091528 0.004239 -0.08207 0.013697 0.007885 0.002b40 



TABLE I 
CALCULATED DATA (Cont.) 

V p (PS1A) 

I' - 485.31°Y  

(op - cv,,) (Q...  4) 

Liter-4ov  
Os-mel '1 

(lap - C) Op - 0;) (C, - 4) 

10=144' Th. Lb. it 

0.25 2116.2274 0.316241 0.019227 -0.08207 0.275398 0.158558 0.022562 

0.10 1723.4118 0,283044 0.037211 -0.08207 0.236165 0.137116 0.021421 

0,35 14e3.94? 0.253053 0.03k71 -0.08207 0.205697 0.118414 0.019984 

0,50 1076.49256 0.194609 0.027936 -0.08207 0.140675 0.080982 0.016082 

0.75 753.0106 0.151320 0.020499 -0.00207 0.069749 0.051666 0.011801 

1,0 579.8048 0.131467 0.016079 -0.08207 0.065476 0.037693 0.009256 

20 302.5000 0.104814 0.008567 -0,08207 0.031311 0.018025 0.004932 

5.0 124.3133 0.090727 0.003662 -0.08207 0.012319 0.007092 0.002108 

7 - 530.31.7 

0.18 4117.1102 0.323105 0.032404 -0.06207 0.273439 0.157411 0.018634 

0.20 3291.9947 0.315245 0.034227 -0.08207 0.267402 0.153935 0.019704 

0.25 2319.2504 0.286036 0.034117 -0.08207 0.238083 0.137057 0.019640 

0.30 1878.7474 0.256212 0.032363 -0.08207 0.206505 0.118879 0.018630 

0.35 1609.9530 0.230979 0.030192 -0.08207 0.179101 0.103103 0.017381 



TABLE I 
CALCULATED DATA (Cont.) 

V p (PSI.4) 

T - 53g .33.°7 ( Cont . )  

(0 - c ) P v 
(ev  - 4) 

gter-Att,  
0.....ea I 

,11 (tp - cl;) 

Ater-4r.  G..1.. ---. 

Op  - 0;) 

rzn----  
(Or  - er) 

ii!vr---i 

0.50 1158.4454 0.181613 0.024297 -0.08207 0.123840 0.071291 0.013987 

0.75 801.6577 0.144008 0.017829 -0.08207 0.07976? 0.045919 0.010264 

1.0 614.6806 0.126548 0.013984 -0.08207 0.058442 0.033655 0.006050 

2.0 318.7473 0.102720 0.007451 -0.08207 0.028101 0.016177 0.004289 

T - 575.3e7 

0.18 4471.8278 0.295652 0.027052 -0.08207 0.242634 0.139677 0.016724 

0.20 3573.8593 0,287821 0.029954 -0.08207 0.235705 0.136231 0.017244 

0.23 2828.3722 0.272313 0.030246 -0.06207 0.220403 0.126931 0.017413 

0.25 2519.8551 0.261474 0.029858 -0.08207 0.209262 0.120466 0.017168 

0.35 1735.2221 0,213799 0.026423 -0.08207 0.158152 0.091043 0.015211 

0.30 1237.3981 0.171067 0.021264 -0.08207 0.110261 0.063474 0.012241 

0.75 649.9798 0.136026 0.015603 -0.08207 0.071559 0.041194 0.008982 

1.0 649.3532 0.122474 0.012238 -0.08207 0.052642 0.030304 0.007045 

2.0 334,9346 0.100968 0.006521 -0.06207 0.025419 0.014633 0.003754 



TABLE I 
CALCULATED DATA (Cont.) 

V 

9 .. 

p (MA) (A 

gtor-44my.  
091-•02 6.1 

(0 :so) 

linet1‘it 1 

0.10 5009,5147 0.263119 0.026100 -0 0.207149 0.119249 0.015025 

0.20 4025.7120 0.255431 0.020/1 ..0 0.200272 0.115292 0.025492 

0.23 3191.3657 0.241673 0.027174 .0.00207 0.186777 0.107522 0.015643 

0.25 2840.1185 0,232424 0.O26 0.08207 0.177178 0.101996 0.0151i42 

0.30 2279.6462 0.210908 0.025445 .0.08207 0.154283 0.008816 0424648 

0.35 2914.4245 0.193091 0,023738 -0.08207 0.134759 0.077577 0.013665 

0.50 1362.7676 0.158019 0.019203 -0.08207 0.095052 0.054729 0.01099? 

0.75 926.7474 0.130443 0.014018 .0,08207 0.062391 0.035927 0.006070 

1.0 704.4064 0.117247 0.010995 .0.08207 0.046172 0.026580 0.006330 

2.0 360,7393 0.098710 0.005858 .0.08207 0.02249e 0.012951 0.003372 

5.0 146.6505 0.088509 0.002504 -0.08207 0.000943 0.005148 04°1442 



CALCULATED I 
CALCULATED DATA (Coat.) 

V F(MA) 

T - 665.11e7 

(o,- er) (cv  - 4) 

Liter-Ata.  
0m-sol 0I 

-It (el) - 4) 

1litor-Als.  
6.-nol 'IT 

(cP - C) 

BTU 
(c,- c:) 

Lb. 67 Lb. 

0.18 5144.2831 0.256553 0.022622 -0.08207 0.197105 0.113467 0.013023 

0.20 4118.8166 0.248910 0.023325 -0.08207 0.190165 0.109472 0.013428 

0.23 3282.0705 0.235508 0.023553 -0.08207 0.176991 0.101888 0.013559 

0.25 2920.0705 0.226573 0.023249 -0.0820? 0.167752 0.096570 0.013384 

0.30 2341.0220 0.205917 0.022055 -0.08207 0.145902 0.083991 0.012696 

0.35 1984,0122 0.198470 0.020575 -0.08207 0.136775 0.078852 0.011844 

0.50 1393.9551 0.155314 0.016558 _0.08207 0.089802 0.051696 0.009532 

0.75 945.8506 0.128842 0.012150 -0.08207 0.058722 0.033920 0.006994 

1.0 718.2141 0.116128 0.009530 -0.08207 0.043588 0.025092 0.005486 

2.0 367.1740 0,098243 0.005078 -0.08207 0.021251 0.012234 0.002923 

5.0 149.1262 0.088215 0.002170 -0.08207 0.008315 0.004787 0.001249 



TABLE I 
CALCULATED DATA (Cont.)  

Y p (PSIA) 

I' - 710.31°7  

(op - CT) (cc - 4) 

ter-Aisr. 
am-moi °I 

-it (ep  - e;) (cp - q;) (qv  - 4) 

Fie7gir- Illter-t.  t01 Lbrvgr 

0.20 4421.7869 0.234607 0.020736 _0.08207 0.173273 0.099748 0.011937 

0,25 3119.7808 0.213744 0.020669 -0.08207 0.152343 0.087699 0.011898 

0.30 2494.1772 0.194945 0.019607 _0.08207 0.132482 0.076266 0.011287 

0.50 1471.6939 0.149290 0.014720 -0.08207 0.081940 0.047171 0.008474 

1.0 752.4508 0,113620 0.008472 _0.08207 0.040022 0.023039 0.004877 

2.0 383.2373 0.097115 0.004515 -0.08207 0.019560 0.011260 0.002599 

5.0 155.3114 0,087836 0.001930 -0.08207 0.007696 0.004431 0.001111 

7 - Boo.ner 

0.1? 7025.971 0.222898 0.015717 -0.08207 0.156545 0.090118 0.009048 

0.18 6158.426 0.219756 0.016102 .0.08207 0.153788 0.088531. 0.009270 

0.20 4988.477 0.212500 0.016602 -0.08207 0.147032 0.084642 0.009557 

0.25 3518.587 0.193926 0.016548 -0.08207 0.128405 0.073919 0.009526 

0.30 2913.345 0.177921 0.015698 -0.08207 0.111549 0.064216 0.009037 

0.35 2354.021 0.165015 0.014645 -0.08207 0.097590 0.056180 0.008411 



TABLE I 
CALCULATED DATA (Cont.) 

p (PSI) (ay- 

=34
►   

I . 

0.50 0.011765 '4) 0.0945 0.039977 0.006784 

1.0 0.006783 -.048207 0.004248 0419716 0,00,906 

2.0 415.663 0.092704 0.001414. .0.08207 0.014248 0.000202 0.002081 

5.0 167.667 0.086707 0.001545 .408207 0.006262 0.003605 0.000890 

0.20 6116.434 0.284019 0.011122 0.113091 0.065103 0.006403 

0.2$ 4309.567 0.168470 0.011066 0.097486 0.056120 0.006132 

0.30 34©3.754 0.158064 0.010516 0.086511 0.049802 0.006054 

0.50 1932.025 0.124901 0.007095 0.08207 0.052816 0.030405 0.004545 

1.0 955.814 0.103896 0.004544 0.026369 0.015180 0,002616 

2.0 478.008 0.092883 0.002421 -0.08 7 0.0132,4 0.007619 0.001394 

5.0 192,321 0.0861119 0.001035 -048207 0.005113 0.002944 0.0005,6 



TABLE I 
CALCULATED DATA (Cont.) 

(er eir) 

latir2h4" 

- - 

Coaili41.  

(C. - O.  

la 
0e.led. gx sb, *7 La V 

4.24  ,411v7 0305757 0,,.007811 -0.08207 °m1$'8 0.052679 0.001497 

ok,55 0.252184 040786-  .0.08207 0.077902 0.044644 0.004482 

6455- 3350.056 0455821 0.006890 4403207 0.058641.  0.035758. 0005947 

0.50 2158.060 0418571 0.005545 44- 4°22e1? 0.0W044 0.024,205 0003192 

1.0 1090.666 0.100055 0.005191 -0 08207 0.021177 0.012191 0.802837 

2.0 . 542.732 0.090894 0001701 - **0408207 0.010527 040060 00043979 

540 216..07 No$554 moon? .0.08201' 9,0077k1 0,004457 0.000419 

'V - 1"-""`#'  
0.20 0400. 0455557 0.005695 0.077182 0,044431 0.00- 76 

025 5902,125 0.141550 0.005676 046490 0.#337393 0.E10,268 

0.28 509.660 0355644 0.005515 -0.0,20? 0.059069 0.054016 0.003175 

0.35 5615,542 0.125605 0.005024, 14°82°7 t3. t855 9.027954 0.002992 

04,50 2541/616 04112848 0004043. .0,Q0? 0.054621 0.020045 0.002527 

Lo 1225.153 04097290 0.002527- • .0.03207 0,01754? 0.010101 0.001550 

2.0 6064217 0029232 0.001240. , 0,118207 0.006502 0.004779 0.000714 

540 2414804 0.065008 0.000530 . 06207 0.00468 0.001200 0,000051 



TABLE I 
CALCULATED DATA (Cont.) 

V to -4) 

t
i
tit  

all ' *P ( 

$6...1‘11"t 11.31.41r . 

7  T  

0.20 9y4.1 0.139751 0.004278 0.061960 0.035 O. 

0.25 6680 0.129070 0.004265 0.051264 0.029511 0.001455 

0.30 5206.17F 0.1.211057 0.004540 0.044227 0.02546* 0.002414 

0.35 4289.207 o.116,71 0.003774 0.08o22 0.021923 9."21" 
0.50 2837.002 O*106406 0.003037 0.o27374 0. MM 0•°1317118 
1.0 1355.476 0.095640 o.001749 r0.08207 0.015311 0.00elli$ 0.001006 

2.0 667485 0.089543 0.000731 -0.08207 0.006548 0.00376, 0.000536 

7 1'7 

0.23 9391.241 0.126441 0.002617 0.06988 0.027050 0.001507 

0.25 0279.100 0.1229011 0.00258 0.043512 0.025048 0.00187 

0.30 621.M 0.116,49 0.002451 0.056750 0.021140 0.001411 

0,50 3448.132 0.102926 0.001840 0.022696 0.013065 0.001059 

t.o 1426.550 0.092622 0.001039 mit612 0.006684 0.000610 

2,0 796.247 0488063 0.000564 0406557 0.003775 0.000,25 



WI& 
CALCULATED DATA (Cont.) 

V WSW (01 "• 14) 
r

i
t
e
titir  

-I (op - I) 

01146,1 MK 

Op - ep 

-"eli---  -ir,!%-- 
? 
0.25 9862.200 0.116267 0.001682 .0.08207 0.035879 0.020654 0.000,03 

0.28 8377.055 0.112499 0.00167 .0.08207 0.032063 0.014458 0.000941 

0.10 7623.120 0.11044 0.001595 .0.00207 0.029966 0.017251 0.000918 

0.35 42,0.131 0.144371 0.001444 .0.08207 0.025796 0.014150 0.000857 

0.50 4050.406 0399505 0.001298 .0,08207 0.014631 0.010725 0.°"‘" 

1.0 1493:530 0.090798 0.000609 .0.09207 0.009418 0.005421 0.000397 

2.0 922.769 0.07091 0000367 .0.04407 0.005389 0.005102 0.000212 

5.0 564.464 0.085044 0.000157 .0.08207 0.003135 0.001805 0.000090 



SAMPLE CALCULATED USING MARCHMAN CONSTANTS - EQUATION (2) 
' 

p* WY 4 ok)111  - A. - corf2)110 4 Ow - snie 4 04176  4 (010f 2) (1 4 TO) we rfT .
2 ) 

? a- ibseluto tompimittuv. It A. az 4.01365 1 sit.. 14.696, 111./04. 116 Os. 
A 650.001 4 m 0.0467375 

It. 0.082004 &to,. ofisksubers. 0, = 554005. I 141**rAmA  = 0.47147 3#41 
ftsmo.**1 et 11, : 0.0240732 Orso.**1 'I Lb. Propylete .1.* 

1 al Velum* Liters * * 1.065495 
P w Atbaolit;* Presturet • . 116,990 • iz' 2.710 

Ate****ros ok * 0.00034,627 
K * 0.014200 

WV 

Lis 296.30753 -.87.364528 g1.2581© 43.2e m.29 
0.20 246.67600 -70.927"10a .02425 4076.95  

0.25 213.34144 -45.39344 13«981427 5.74784 17.270334 204.9 1011.9114 

0.50 177.78452 -31.525152 I19494 10.107522 2445.1929 

0.50 106.67072 .11.348356 1.747670 0.000010 2.210465 95.32238 1400.10577 

0.75 71.11580 500h3703 0.517831 0.007885 0.656060 67.25189 906.3338 

1.0 53.33536 -2.017064 0.218460 0.001401 0.279518 50.99766 749.461.6 

2.0 26.66768 .0.709271 0.027100 0.000028 0.054612 26.02036 382.3952 

5.0 10.66707 -0.1134433 0.00174B 0.000000 0.0022146 10.55755 155.1538 



SAMPLE CALCULATION USING MARCHMAN CONSTANTS - squirm (9) 

(1PPT)2  [ Rtv NNIT2  4 2corride bitITY (201,30) Ci Vv2 ) (110
)4'2 

)12 

V R/V 301/V2  2C 3 )1' ( • Y)OP 3 (a)t)12 
V 

0.18 0.451645 0.1111345 0.124996 0.669330 -0.132951 0.8810.776825 

0.20 0.410272 0.095675 0.101249 0.753041 .0.099605 0.754405 0.569127 

0.25 0.528216 0.061360 0.064799 0.515998 -0.053/41 0.527656 0.278421 

0.30 0.271515 0.042611 0.040999 0.389286 .0.011:01. 0.403184 0.162557 

0.50 0.164109 0.015340 0.016200 0.195252 .0.006802 0.204650 0.041882 

0.75 0.109406 0.006818 0.007200 0.120904 '0.002019 0.124087 0.015898 

1.0 0.08205k 0.005655 0.004050 0.087865 -0. 00'i860 0.091055 0-008291 

2.0 0.041027 0.000959 0.001012 0.042233 -.0,000107 0.043138 0.001861 

5.0 0.016411 0.000151 0.000162 0.016580 -0.000007 0.01015 0.000280 



SAMPLE CALCUMLATIONS USING MARCHMAN CONSTANTS - EQUATION (10) 

C P/ Pl? -211,2  (2/0)(201.4*-V10) (3/Vmmso 4447  4 (2/12)(1/4" Ir/Y2) 
(-3/9 - 36/0 2r2/98) 

T -17/v2  4 [ 
0 

) a) .4adtr? 
{ ir I 4 OW 

oas 044.1.512 972.2936 365.064591 1199 -1303#3577 

0.20 -1,33.3860 709.2710 .409,4121 74.621094,  _448.6680 -1457.0142 

0.25 53.3658 363.1467 467.7771 36.620675 .199.072, -294.4092 

0.30 -592.6252 210.154, .80.9110 .10.220156 -99 22496 -572.81692 

0.50 -213.34144 45.39334 .-10.4060? -0.286099 19.21791 -191.94810 

0.75 -94.81230 13.44988 4.07132 -0.016745 -2,62292 .86.07940 

1.0 -53.335,6 5!674i68 .0.655179 -0402235 .0.830409 -49.15,22 

2.0 -13.93384 0.709271 .43.4344,962 -0.000021 -0.053797 .22.719497 

5.0 -2.13342 0.09393 .0.001049 .0.000000 .0.00133"j .2 090407 



SAMPLE CALCULATION USING MARCHMAN CONSTANTS - EQUATION (19) 

(0,„ Op • # 4   X z  4 a] 
)1 • 2y2•" eV 11-43-  

V 
45*  [W 2V2  /144♦ :1-ITZ  4 64] 

-6417, (40,- 4) 

0.18 0.187203 -0.157778 0.029425 

0.20 0.167340 • -0.157776 0.029562 

0.25 0.186571 -0.157778 0.026793 

0.30 0.184170 -0.257776 0.026,92 

0.30 0.176968 -0.15n7,3 0.019190 

0.75 0.171716 -0.157775 0.013938 

1.0 0.169696 -0.157778 0.011918 

2.0 0.165557 .0.157776 0.005759 

5.0 0.160204 .0.157776 0.402426 



SAMPLE CALCULATION USING MARCHMAN CONSTANTS - EVATION (20) 

(Op w c;) la (op - av) (ay  - 4) -Rs  

= OPP44  (cv  -R' 

0 P/441? 

V 0 P/a 14 0 Ph V)11 
2 

411)20.4.1, 
0 Ph Thi 

(e -. 4) -le 

Oft.m0) 

(0, .. 00) 
......n25....... 

Lb. 7 

p, ASIA 

0,18 0.776825 -2303.3577 0.219218 o.019425 0.0820544 0.166589 0.095900 4859.5012 

0.20 0.569127 -1657.0142 0.223252 0.029562 0.0820544 0.170760 0.098301 4076.9508 

0,25 0.278421 -894.4892 0.202321 0.028793 0.0820544 0.149060 0.085809 3011.9140 

0.30 0.162557 ...572.81692 0.184460 0.026392 0.0820544 0.128798 0.074145 2445.1929 

0.50 0.041882 -191.94818 0.141826 0.019190 0.0820544 0.078962 0.045456 1400.8577 

0.75 0.015898 -86.07948 0.120048 0.013938 0.0820544 0.051932 0.029896 988.3338 

1.0 0.008291 ..49.15722 0,109631 0.011918 0.0820544 0.039495 0.022736 749.4616 

2.0 0.001861 -12.719497 0.095102 0.005759 0.0820544 0.018807 0.010827 382.3952 

5.0 0.000280 4.090407 0.087064 0.002426 0.0820544 0.007436 0.004281 155.1538 



TABLE II 
CALCULATED DATA (Cont.) 

T p (PSIA) (op - cr) (car - e:) 

14ter-Alip  
Om-mol -1r 

..11*  (cP - c*) 

Liter-Atka.  
0%-mol OT 

(CP 
P 

- C*) 

__Mr_ 
Lb. 7 

(Cr  - 4) 

Lb. 

T - 530.31°Y  

0.18 1532.933 0.295364 0.048570 -0.0820544 0.261848 0.150738 0.027960 

0.20 2967.5161 0.303832 0.048796 -0.0820544 0.270542 0.155743 0.028090 

0.25 2231.5129 0.274090 0.047526 -0.0820544 0.239530 0.137890 0.027359 

0.30 1846.7661 0.245456 0.043564 -0.0820544 0.206934 0.119125 0.025079 

0.50 1/55.5989 0.174011 0.031676 -0.0820544 0.123601 0.071153 0.018235 

0.75 800.8321 0,138888 0.0230c)8 -0.0820544 0.079810 0.045944 0.013245 

1.0 614.2919 0.122687 0.019673 -0.0820544 0.060193 0.034651 0.011325 

2.0 318.2919 0.100865 0.009507 -0.0820544 0.028286 0.016283 0.005473 

5.0 130.4937 0.094432 0.004005 -0.0820544 0.016351 0.009413 0.002304 



TABLE TI 
CALCULATED DATA (Cont.) 

V p (PSIA) (cp - cy) (CT  - 4) 

Liter-AI*.  
Om-m01 er 

-1'  (c 
P 

P - els) 

jitter-Alps  
cm-mol i:Pr 

(0p - 0;) 

2.23-F 

(c - 4) 

XTV  
Lb. 67 

? .- 71041141  

0.18 4859.5012 0.219218 0.029425 -0.0820544 0.166589 0.095000 0.016939 

0.20 4076.9508 0.223252 0.029562 -0.0820544 0.170760 0.098301 0.017018 

0.25 3011.9140 0.202321 0.028793 -0.0820544 0.149060 0.085809 0.016575 

0.10 2445.1929 0.184460 0.026392 -0.0820544 0.128798 0.074145 0.015193 

0.50 1400.8577 0.141826 0.019190 -0.0820544 0.078962 0.045456 0.011047 

0.75 988.3338 0.120048 0.013938 -0.0820544 0.051932 0.029896 0.080237 

1.0 749.4616 0.109631 0.011918 -0.0820544 0.039495 0.022736 0-068648 

2.0 382.3952 0.093102 0.005759 -0.0820544 0.018807 0.010827 0.033153 

5.0 155.1538 0.087064 0.002426 -0.0820544 0.007436 0.004281 0.001397 



TABLE III 
CALCULATE DATA FROM THE ENTHALPY DATA OF CANJAR GOLDMAN & 

MADONNAS (12) AS COMPARE WITH PRESENT DATA, DATA 

CANJAR, GOLDMAN & MARCHMAN 
DATA 

"120 - 5) 

Lbw  

POSES DATA 

. C.) 
P 

11335: 

5 • 

380 0.063 0.0630 

420 0.045 0.0515 

460 0.035 0.0420 

1 

350 0.110 0.1085 

380 0.093 0.0571 

420 0.070 0.0700 

400 0.208 0.190* 

420 0.175 0.1700  

*60 0.133 0.1370 

/fr mA99 ATN.  

400 0.225 0.228* 

440 0.205 0.20900  

460 0.185 0.197* 

* war slum' 



TABLE IT 

VALUES OF THE ISOBARIC HEAT CAPACITY OF PROMOS 

IN THE IDEAL GAS STATE AT VARIOUS TEMPERATURES (1) 

Temperature 
or 

4 

pllati,b. °T 

Tomperatare 

oX 

0; 

Colorioo/Orfp 401, 

0 0.3239 298.16 15.27 
32 0.3400 300 15.34 
60 0.3541 400 19.10 
68 0.3581 500 22.62 
77 0.3627 600 25.70 

100 0.3742 Too 28.37 
200 0.4241 800 30.68 
300 0.4727 900 32.70 
400 0.5192 1000 34.46 
500 0.5626 1.100 35.99 
60o 0.6026 1200 37.32 
700 0.6396 1300 38.49 
800 0.673? 1400 39.51 
900 0.7051 150o 40.39 
1000 0.7342 
1100 0.7613 
1200 0.7863 
1300 0.8096 
1400 0.8310 
1300 0.8509 
1600 0.8693 
1700 0.8863 
1800 0.9022 
1900 0.9170 
2000 0.9306 
2100 0.9432 
2200 0.9549 



NOMENCLATURE 

sp - Specific heat at constant pleasure, Liter-Atm./Ga.-mei 61 

Cp - Specifie heat at constant pressure, BTU/Lb. °7 

c; - Specific heat at constant pressure far a gas in the ideal 
state, Liter-Atm./Sm.-mol 9X 

11 - Specific heat at constant pressure tor a gas in the ideal 
state, BTU/Lit. 07 

co  - Specific heat at constant volume, Liter-Atin./Oa.-mol 61 

Specific heat at constant vo/uste, BTU/Lb. 67 

er - Specific heat at constant volume for a gas in the ideal 
state, Liter-Ata./Cm.sel 6X 

Cr - Specific heat at constant volume for a gas is the ideal 
state, BTU/Lb. 67 

T - Absolute temperature. °X = °C 213.13° 

t - Temperature, °7 

✓ - Volume, Liters 

P - Absolute pressure, Atmospheres 

p - Absolute pressure, Lbs. pet Square Inch 

R tins constaat, 0.08207 titsr-Atm./am.-nol 6K 

11 Ces constant, 0.0820544 Liter-Atm./0m.-mol 61 

Ao, le, Co. a, b. c, „ Constants in the letedict-Webb-Rubin 
*rotation of State 

• - lase of natural logarithms 

I - lathalpy, 3TU/lb. 

- Bathalpy for gas in the ideal state, BTU/lb. 

A - Delta 
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