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ABSTRACT

The thermodynamic properties of perfluorocpropane
(octzfluoropropane) have been determined by the author
for the saturated region from ~100°C to the cyitical
temperature, 71°C, Properties in the superheated vegion
were likewise determined by the suthor for temperstures
from ~35°C to 300°C and over a pressure range from 1
atmosphere to 40 atwmospheres. Enthalpies, eniropies,
densities, and specific volumes are reported for both
vapor and liquid phases where agpplicable. The datum
point used in these cgleulations is based on a zero
value for vapor enthalpy and vapor entropy at ~1GG°C and

0.0183 atmospheres.

Constants usedlin the Benadict?Webb~Rubin equation
of state were calculated. Calculated results using
Benedict~Webb~Rubin, Martin and Hou equations of stsate,
and Hirschfelder's generalized equation of state in
determination of P~V-T relationships were compered with

the experimental data.

Pressure~temperature~volume relations were predicted
using the Martin and Hou equation of state. This equation
of state was alsoc used to evaluagte the isothermal

variation of enthalpy and entropy with pressure.
ii



The low pressure heat capacity equstion was

obtained from experimental data.

The values for temperature, pressure, specific
volume, enthalpy end entropy for liquid and vapor in the
saturated region and for vapor in the superheated region
are reported in the form of tables. The date are also
presented in the fﬁrm of temperature-enthalpy and

temperature-entropy diagrams.,

ii1
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INTRODUCTION

Perfluoropropane is produced by catalytic reaction
between fluorine and carbon or by the electrofluorination

of various organic compounds.

It is essentially chemicsally unreactive and thermally
stable., Under severe conditions, negligible corrosion orx
decomposition in contact with metals or glass can be

detected.

The most important industrial uses of perfluoro~
propane gre as refrigerant and gaseous dielectric. It is
also used as a component of aerosol propellent, as a heat
transfer medium, as a low temperature hydraulic fluid and

as an acoustical gas.

The growing importance of perfluorcopropane as a
comsercial chemical, its diversified and wide applications
and its many unique charscteristics have definitely
created the need for a thorough knowledge ©f thermodynamic
properties in process evaluations and engineering designe
in industry. The purpose of this investigation is te
fulfill this requirement. |

The following sections cover in detail, sourses of

data, derivation of equations and calculation procedures.



SOURCES OF DATA

Critical evaluation of the thermodynamic properties

of a compound requires some knowledge of pressure~volume-

temperature behavior as well as some measurements of

vapor heat capacity over the range of temperature and

pressure involved.

Limited data for perfluoropropane are

available in the literature and were used in the pre~-

paration of this thesis.

A full tabulation of these data

is presented in Table I in the Appendix., As in some cases

where there are more than one source of dats availeble,

only the most recent ones were chosen in this study. The

table below indicates the sources of data:

1)

3)
4)

6)
7
8)

Property
Noxrmal Boiling Point

Normal Freezing Point
Critical Constants
Vapor Pressure
Specific Heat

Ligquid Density
Thermal Conductivity

Vapor Viscosity

Source
Brown(&)

Allied Chem.Corp.Pub. ‘Y
(4)

(4)

Masi et &1(15)
(%)

Brown

Brown

Brown
Matheson Co. ?ub‘(lé}
Allied Chem.Corp.Pub. )



Equation of State

The choice of an equation of state for predicting
P-V~T behavior is generally bassed on two important factors;
extent of accuracy desired, and ability to obtain the
necessary constants for the specific compound to be used
in the equation of state. Hirschfelder‘s(lg) generalized
equation of state has been generally used in predicting
the thermodynamic properties of refrigerants whenever
experimental data are unavailable. However, adventage is
taken in this study of the fact that some limited PeVeT
data are available and that some data on physical
properties have been obtained. A closer look at the
situation seems to indicate & more accurate result if

(14)

either the Martin and Hou or the Benedict-Webb=

Kubin(z) equation of state is used,

Generalized equation of state. Based on a modifed
principle of corresponding states, Hirschfelder and co-

workers(la) were able to predict the thermodynamic properties
of gases and liquids suitable for general applications
usually well within engineering accuracy requirements for

design work,

The biggest adventage of this equation of state is
that only few input data are vrequired. They ave:

critical constants; normal boiling point; and for the



liquid region only, the density of the saturated liquid

at two temperatures.

P«V~T values have been erbitrarily divided into
three regions, with different equations applying in each

region?

For gas reglon, where density is less than criticsal

density at all temperature levels,
B/ T =0y (T,) P 2wy (T ) P, 48 (F) w

For high density gas region, where reduced temperature
is equal to or greater than 1.0, and reduced density is
equal to or greater than 1.0, the following equation is

used:
B, gyl Ty (B P, 2wy (2 ) 148 Brs (=13 1P DA, 1) (2)

For liquid region, where temperature is below the
eritical, Trﬁl.ﬂ, and density is gfeatmr than the
criticel, £,21.0,

PrIIIw?rII(fQ’Tr)"?rIII [fi(Tr)’Tr] ¥2(Ty) (3

Benedict-Webb-Rubin equation. Benedict and co=-

wcrkerﬂ(z) derived an empirical equation to predict the
thermodynamic properties of pure substances in both the
gaseous and ligquid states. The equation is considered to
be & modification of the Beattie-Bridgeman equation of

state.



This equation was originally proposed for calculating
the thermodynamic behavior of hydrocerbons. Since then,
it has been used for predicting that of other pure

substances.

The B«Wi=R equation expresses the isothermal wvariation
with density of the work content A of a mole of gaseous
or liquid substance. The residual work content may be
defined by the equation:

~

A = a «RT In d = lim (A-RY 1nd) (4)
d+0

The corresponding equation of state tekes the form ofs
P = RTd + (BRT =b, = C,/T9)d? + (bRT - a)d® + aud®

+ _ed3(rra) exp(-yd? )
~4Wﬁ%mL |

1t can be seen that Equetion (5) contains eight
characteristic constants which can be determined fronm

experimental data.

The numerical valuesz of these parameters for
perfluoropropane were evaluated according to the procedure
suggested by Benedict end co-workers. They are listed in
Table 11 in the Appendix.

Martin and Hou equation of state. The Martin and

Hou equation is empirical and was derived im the following

form:



P = £/(Vb) + £,/ (V-0)% + £,/(v-b)3 + £,/ (v-b)"
+ £/ (V=b)> (6)

where £'s are functions of t&myerature and defined as
follows:

fl = Al + BlT + Cle"ijTc (7
. KT /T

fi A2 + BZT + cze c

etc.

: The equations for £ were found to represent the
curvature of isoﬁetricé of many different compounds with
only one value of k, this value being 5.475. Substituting
Egs. (7) in Eq. (6) gives the generalized equation., By
virtue of the hypothesis that the P~V~T behavior of g
given compound is a function of the critical properties,

the final equation of state becomes:

o (KT/T

Nine characteristic constants are necessary in the
above equation. Martin and Hou's solution yielded 17
equations, principally derived from gas behavior in the
critical region in determining these constants, A plot
of Boyle temperature versus critical temperature, and a

reduced vapor pressure~temperature plot with M, the slope



of the reduced vapor pressure curve at critical point, as
the parameter are needed. The two graphs are presented
in Figures II end III in the Appendix. The equations

required are as follows:

Z, = BV /K, (9)
1! = 1_(~0.67512, + 0.9869) (10)
B = 31,8832 % + 20.5332, (11)
m = 'mc/Tc (12)
. V
b=V, TS%; (13)
£,(T,) = 9P (V ~b)? ~ 3.8RT_(V_~b) (14)
£4(T ) = 5.4RI, (V)% - 172 (V ~b)> - as)
£,(T) = 122 (v -0)* = 3.4RT(V -b)° 16)
£,(I_) = 0.8RT_(V -b)* - ® (VD) a7

. 1 1,2 . ol
£,(T )+BRT+ (RT)“(L~z.) (Ty=T )+ £5(T )+bRTy (T ~T) .
.

C2™ ' T
(TB‘Te) (s"’k’e"k'f /TC) - (T‘:‘Tl) (eﬂkTBiTc'euk)

-£)(.) = bRI5=C, (e KB/ Te—e™k) (19)
TB"TC

Bzﬂ



Cy = =(V =b)C, (20)

Ay = £,(T_)=B,T ~Cre”™ (21)

A, = £,(T) (22)

Bg = fs('rc)/'rc (23)
, | B

By = m(V =b)=R(V_~b)2=B, (V -b)~ ‘(V;?-‘EV (24)

Ay = £5(T_)=B,T ~Cqe™ (25)

Brown(a) has evaluated the constants for perfluoro=-
propane, and the numerical values were used in this

investigation.

Comparison of various equatious of state. Calculated
P-V~T results using Hirschfelder's generalized, Benedict=

Webbe~Rubin and Martin and Hou equations of state were
compared with the experimental data. Table IV gives the

tabulated results.

All three equations may be used for the prediction
of thermodynamic behavior of perfluoropropane for engineering
applications. The generalized equation is ususlly limited
in its application to cases when only a few physical
properties are available. Although the Benedict-Webb-
Rubin equation gives good results, its complexity in

evaluating the constants has discouraged many from using



the equation. The Martin and Hou equation, on the other
hand, not only yields satisfactory results, but also is
easily menipulated so as to obtain the necessary constants
for the equation. Consequently, the Martin and Hou
equation of state was chosen in this study for determining

the thermodynamic properties of perxfluoropropane,

Heat Capacity Equation
Experimental gas heat capacities at low pressures

and over a range of temperatures were obtained by Masi and
co—warkexs(lﬁ). Edgell and cevworkers(v) studied the
Raman and infrared spectrum of perfluoxopropane, and found
twenty~two of the twenty-seven fundamental frequencies of
vibration. Using statistical methods, additional data

(1)

were calculated

Data were then fitted to several generalized forms
of heat capacity equations. The following equation was
developed in the present study as the one most consistent
with the data: |
€3 = 3.0911305+0.1485887T = 0.15309x1071%45.7292141x10"%1%  (26)

Since for temperatures below =30°C wvhere data are
not available, extrapclation was necessary in order to
cover the temperature range studied. Three equations
commonly used for estimation of heat capacity were

(17)

evaluated for comparison. Dobratz's equation,
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modification of Meghreblisn, Crawford and Parr(w) , and
Crawford and Patr‘s({’) expression all yielded values to
within 10% when compared with Eq. (26). Since none of

the three methods investigated are reliable at temperxatures
below 250°K, equation (26) was used throughout the entire
temperature range of this study.



DERIVATION OF EQUATIONS

To apply the constants determined for the equation
of state and the heat capacity equation, it is necessary
to derive some fundamental equations for evaluation of
énthalpies and entropies over the renge of temperature and
pressure lnvolved. The basic differential equation
expressing the enthalpy is:
di = TdS + Vdp 27

Since pressure is a single-valued continuous function
of two independent variables, volume and temperature,
P = £ (V,T) (28)
the total differential of pressure can be expressed in
terms of its partial derivatives with respect to two

independent variables, thus

@ = (P + (FPyar 29)
Substituting equation (29) into equatiomn (27),
ar = 1ds + V [ (3Bpav + ERyyar] (30)

Keeping temperature comstant, and differentiating

with respect to volume,

Gy = 165P; + VS, (31)

Using Maxwell relations, (11)

EPr = Sy (32)

11
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Combining equations (31) and (32),
S = 163Dy + VEPy (33)
Integrating with respect to volume,

s = [13ya + [ v (o

For ideal gas, the change in enthalpy is expressed
by the following equation:
di = deT (35)

Therefore, the value of enthelpy for a real gas can

be calculated by the expression:

H = Ho«i—fapd‘l' +f';:(—g-§)vdv +fv<—g-§)Tdv (36)
where H, is arbitrary enthalpy value at some initial
temperature and?prassuxe. In this particular study, H,
is designated as zero at -100°C and 0.0183 atmospheres.
The first integral is enthalpy variation with temperature
at constant pressure, and the second and third integrals

are enthalpy departures from ideality.

The first integral is obtained by integrating the
heat capacity equation (equation 286) to yield:

f C,aT=A(T-T)+"/5 (%1, 2)+C1y (Pex )P 1ty (37)

To evaluate TQ%%@)V using equation (8)
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321~c2ﬁ% e~ (KT/T )
T({%%) - LB 4 ——
v Vb (V-b) 2

. Bs'f'cskieﬂ(wtc) BT 38
T (Veb)° (V+b)>

To evaluate V(%%%)T using Equation (8):

-(kT/T
V(2B = - RIV 2,,[“2"‘32?“”"2e (r/te)

i IVEA§+B§T+C§e‘(kT/Tc)] R\
(v=b)* (v-b)*

335'1'

-5V—2er (39)

(V=b)

Substituting Equations (38) and (39) into Equation
(34) and integrating, using boundary conditions:
Vz =V3 vl = © (p =0)

AH = -(-\;%55- [2A2+(Bz+bx)*r+(ie'§ +2) cze"(kw Tc)}
<
- 3¢, C
+ -—-1--5-5 _M2+%A3+(33+bnz)r+(—zlb-73-k§c+b°z) o~ Ut/ Tc)]

—

+ —L—y | by 4‘""’3@*’“3"“(“”")]
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R T I

Equations (37) and (40), therefore, are the necessary

solutions for determination of enthalpy.

In similar fashion, entropy can be calculated as a
function of volume and temperature,
8 = £(V,T) (41)
and the exact equation of the form of Equation (41) is

5+ Qbgav + Byer @

Using the Maxwell relations(ll),

G = By “3)
Combining Equations (42) and (43),
as = (BB + (Shyar (44)

Integrating at constant temperature,
a8 = f 2B v (45)

Accordingly, the value of entxopy can be calculated
by the following equation:
§ =8, + f C,dr/T + f 2B av (46)
where 5, is an arbitrary emtropy value designated at some

base temperature and pressure. In this study, § 6 is set
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at zero at =100*C and 0.0183 atmospheres. The first
integral is the entropy variation with temperature at
constant pressure, while the second integral is the entropy

departure from ldeality.

The first integral of Equation (46) can be solved by
dividing the heat capacity equation and integrating. This
yields:

R C 2 2y 4 Der3 3
fﬁpd‘r/'l‘ & 1:37;; +33('I‘~T0)+\2-(T T°)+~§(T ']30) {47)
The second integral of Equation (46) can be evaluated

using Equation (8):

v Vs Bzacz%-e'(kT/Tc)

2
= R c
j; 1 i L [V«:‘S My

1

By=Colf e~ (KT/T) Bg=Cot e~ (T/T )

dV (48
e (Vi? + 9'-"5 ] (48)

(Veb)"

B, C. Vza‘i;
= RL

vl Py

Equation (48) yields:

mﬁb ——

A8 = R 1n( ﬁTYA“'—’-’:—) - [gz-cz%cg(k’rﬁcﬂ ( L »1’ -
Py Py

|
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1 k =(KI/T ) 1
”z[gs”cﬁfe 0] (-‘”"‘” 7 *g—"'z)
V=b « b
c (V~b) N ),

B 1 1 .
- Sy el -, e s (49)
z’i [(V*b) (i’-"{ = b)

Both Equations (47) and (49) are the necessary

solutions of Equation (46) for evaluation of entropy.

To determine the enthalpy of vaporization the Clausiuse

Clapeyron equation was used:
= (4 - )
Aﬁlg (a;?-) ';.‘(vg Vl) (50)

where dp/di is the rate of pressure change with respect to

temperature.

Differentiacing the wapor pressure equation in the
form of
log p = A + B/T + CT + DlogT (51)
with respect to temperature there results:

dp/dT = 2.3:33;»(;;% + € 4 pBroom) (52)

In similar fashion, entrupy of vaporization can be
obtained by dividing the enthalpy of vaporization by the
absolute temperature.

ASlg = (d?fd'f) (gg -~ Vl) (53)
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Enthalpy-entropy relationships can be expressed as:

5, - 1 (54)

Integrating at constant pressure to give
Y,
AK = Hy = By = A(TS) ef sdr (55)
T

Equation (55) is used to check the intermal

consistency of H-8 diagram.
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CALCULAT ION PROCEDURE

The following steps were used to calculate the

thermodynanic properties of perfluoropropane:

1.

3.

b

An arbitrary datum point was chosen to have a zero
value for both saturated vapor enthalpy and vapor
entropy of perfluorxopropane at -100°C and 0.0183

atmospheres,

Specific volume of vapor along the saturation curve
and in superheated region was calculated by successive
iteration using the Martin and Hou equation of state.
{(Equation 8)

Specific volume of liquid along the saturation cuxve
to the critical temperature was calculated using the
liquid density equation of Erownca).

Enthalpy of vaporization along the saturation curve
was calculated using the Clausius~Clapeyron equation.
(Equation 50)

Enthalpy of saturated liquid at ~100°C and 0.0183
atmospheres was taken as the negative enthalpy of

vaporization at =~100°C.

Enthalpy of vapox at temperatures above -100°C was
obtained by adding the comstant pressure variation of



7.

™~
"

Q .
L 4

9.

10.

11.

12,

13.

19

of enthalpy with temperature to the value at ~100°C.

Correction of enthalpy from ideality for both saturated
and superheated vapor was calculated by using enthalpy
departure equation. (Equation 40)

Enthalpy of saturated liquid was obtained by subtracting
the enthalpy of vaporization from the corresponding
value of vapor enthalpy.

Entyropy of vaporization along the saturation curve
was obtained by dividing the enthalpy of vaporization
by its corresponding absolute temperature.

Entropy of saturated liquid at «100°C and 0.0183
atmospheres was taken as the negative entropy of vapor

at *130" C.

Entropy of vapor above »100°C was obtained by adding
the constant pressure variation of entropy with

temperature to the value at «100°C., (Equation 47)

Correction of entropy from ideality for both saturated
and superheated vapor was obtained by using the entropy

departure equation. (Equation 48)

Entropy of saturated liquid above ~100°C was
obtained by subtracting the emtropy of vaporization

from the corresponding vapor entropy.
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DISCUSSION

An extensive literature search on perfluoropropane was
carried out prior to this particular investigation.
Although Simmns(ls), Haszeldinecg), and Lebeau and co=-
worker(ls) reported some physical data as far back as 1930,
the results disagree with each other by + 5%. A more
comprehensive study of the physical properties of perfluoroe
propane was made by Browmn’® in 1963. The data used in
this investigation is mainly taken from the work of Brown.

The wapor pressure equation derived from experimental
data is accurate to within 0¢.5%. While the liquid density
equation has an erroxr of only 0.08% covering the temperature
range of ~50°C to 50°C, greater deviation should be expected
since both sides of the range hasve been exceeded in this

work.,

The characteristic constants for the Martin and Hou
equation of state were calculated by Brown(4>, using the
critical properties of perfluoropropane suggésted by

Martin and Hou‘la).

The numerical values of the parameters
for the BenedicteWebb~Rubin equation of state were
calculated in this study using the procedure suggested by
Benedict and conwurkexs(z). Numerous steps in the
calculation procedure were not clearly defined, and some

judgment had to be used., Consequently, variations in
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values of calculated B-W-R constants are possible.

The predicted P-V~T data using the equations when

compared with measured values, give the following results:

Equation of State  Range of % Dev. Avexage % Dev.

Generaligzed 0.33 » 5.70 2.64
BaW=R 0 - 2016 0095
M=H 0.022= 0.56 0.22

While the Martin and Hou equation of state was chosen
to predict the thermodynamic behavior of periluoropropane
in this study because of its small deviations from the
actual data, it is believed that the Benedict-Webb«Rubin
equation could have yielded a smaller average deviation
them 0.95% if the numerical value of the constants used
in the equation was calculated by digital computer using
the method suggested by Brough, Schlinger and Sage(3).

The Martin and Hou equation of state was tested against
actual measured thermodynamic data for Cﬁz, HZO’ Cﬁﬂa, Nz,
Cqlg, H,8 and 0338 by its authors., A maximum error of

1.0% was found, and usually much less, for densities up
to about 1.5 times the critical demsity. Since the

calculated values for perfluoropropane were extended to a
density less than one and half times of its critical
density, it is expected that the predicted thermodynamic

behavior 1s accurate within 1.0%.
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The heat capacity equation was derived from data for
a temperature range from =30°C to 90°C. Extrapolation to
lower temperatures would probably introduce some exror.
Generalized methods for estimating heat capacity using
statistical theory are not recommended below 250°K. Heat
capacity calculations made at ~100°C using various equations
yielded results agreeing with each other within 10%. 1In
ordexr to keep the internal consistency, the derived equation
(Equation 26) was used throughout the entire temperature
range in this paper. Application of the data outside the
experimental temperature range should be pursued with

caution.

Fundamental thermodynamic relationships are usually
employed to check the internal consistency of enthalpy-
entropy values. Using the method suggested by Kang and
McKetta(lz), five values of enthalpy change were calculated
and compared by means of Equation (55). Table V in the
Appendix indicates that the thermodynamic properties of
perfluoropropane evaluated in this work are intermally

consistent.,

This investigation is the basis for the compilation
of thermodynamic tables for perfluoropropane. The
calculations were made by an IBM 7074 digital computerxr

using a program devised by ﬁichenbaum(g). Recognizing




23

the fact that some small deviations from actual values
exist, it is the author's opinion that the information
presented herein is well within engineering accuracy and

should therefore find useful application.
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NOMENCLATURE

General constant (Heat Capacity Equation)

Work content

Residual work content

Characteristic constant (Benedict-Webb<Rubin
Equation of State)

Characteristic constant (Martin and Hou Equation
of State)

Characteristic constant (Martin and Hou Equation
of State)

Characteristic constant (Martin and Hou Equation
of State)

Characteristic constant (Benedict<Webb-Rubin
Equation of State)

General constant (Heat Capacity Equation)

Characteristic constant (Benedict-Webb-Rubin
Equation of State)

Characteristic constant (Martin and Hou Equation
of State)

Characteristic constant (Martin and Hou Equation
of State) _

Characteristic constant (Martin and Hou Equation
of State)

Cheracteristic constant (Martin and Hou Equation

of State)




D

Characteristic constant (Benedict-Webb~Rubin
Equation of State)

General constant (leat Capacity Equation)

Characteristic constant (BenedicteWebb=Rubin
Equation of State)

Characteristic comstant (Martin and Hou Equation
of State)

Characteristic constant (Martin and Hou Equation
of State)

Ideal heat capacity at constant pressure

Characteristic constant (Benedict-Webb=Rubin
Equation of State)
General constant (Heat Capacity Equation)

D(Fr,Tr)Coxrection term (Generalized Equation of State)

d

Density

Liquid density

Base of natural logarithm, 2.7183

Function

Temperature function evaluated at T, (Martin and
Hou Equation of State)

Temperature function evaluated at Tc (Martin and
Hou Equation of State)

Temperature function evaluated at T, (Maxrtin and
Hou Equation of State)
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Temperature function evaluated at Tc (Martin and
Hou Equation of State)

Density function (Generalized Equation of State)

Enthalpy

Enthalpy evaluated at base temperature and pressure

Enthalpy of vaporization

Change in enthalpy

Conversion factor, 0.0413 liter-atm/g=-mole

5.475

Common logarithm

Natural logarithm

Slope of reduced vapor pressure curve at critical

point
Slope of the critical isometric on P-T diagram
Pressure
Criticsl pressure
Reduced pressure
Pressure
Pressure at which gas is assumed to be ideal,
0.0001 psia or 0.6803x10™° atm.
Gas constant, 0.08205 literw=atm/gemole °K
Entropy
Entropy evaluated at base temperature and pressure
Entropy of vaporization
Characteristic constant {(Generalized Equation of

State)



vy (T,)
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Temperature

Temperature for which slope of isotherm at P =0 on
compreasibility chart equals slope of line
joining critical point and (Z=1, Per)

Boyle temperature

Critical temperature

Base temperature

Reduced temperature

Temperature

Volume

Viscosity

Critical volume

Vapor specific volume

Liquid specific volume

Temperature function (Generalized Equation of
State)

Temperature function (Generalized Equation of
State)

Compressibility factor

Critical compressibility factor

Characteristic constant (BenedicteWebb-Rubin
Equation of State)

Characteristic constant (Martin and Hou Equation
of State)




Critical compressibility factor function
{Generalized Equation of State)
Characteristic constant (Benedict«WebbeRubin
| Equation of State)
Density
Reduced density
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SAMPLE CALCULAT IONS

Determine the specific volume of saturated liquid and

vapor at 0°C and 4.1099 atmospheres.

a)

bj

Liquid density = 1.4531 = 4.5363x107°(0)

- 2.1518x10°3(0) » 2.1174x1077(0)3 = 1.4531 g/ec
= 7,728 g-mole/liter

Liquid volume = 0.129392 liters/g-mole

Vapor volume: from Equation (8)

P o= %.GBZG§§§785162 . 15.126979+0.014656016(273.16)

) 273,16
-(385.33552) e "5 +473( )
(V=0.05332833)

. . 273.16
o L.7276063+0,34736373x10"3(273. 16) +104. 35258¢ 5475 (325358
| v=0.05332833)

(
. 0.20515732 . 1,8182426x107(273.16)
(V~0.05332833) (V=0.05332833)

By successful trials V = 4.69484 liters/g-mole

Determine enthalpy of saturated liquid and vapoxr at

0°C and 4.1099 atmoaspheres.

a)

b)

From definition of H,

H, = 0 at «100°C and 0,0183 atmospheres

Vapor volume at ~100°C and 0.0183 atmospheres
can be calculated using Equation (8) with
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successive trials
V = 773.84863 liters/g=mole
c¢) Enthalpy depaerture frxom ideality at ~100°C is

calculated from Equation (40)
AH = - 2(=15.126979)

- Lo I

+ [(’é .014656016+(0.05332833) (0.08205):] (173.16)

. 173,14
+ [(5.&75)G§%§§§2a+2:](uzss.sassz)e‘f"“75)( : bf}

+ -k 5 { (0.05332833) (=15.126979)
(773.84863+0,05332833)

+ $(1.7276043)+ | (0.34736373x107%)+(0.05332833)

(0.014656016) | (173.16)+ | $(104.35258)

+ (R08:33238) (5.475) (513:48)+(0.05332833)

3.16
(-385.33552)] o~ (5+475) (3757 )}

+ . o { (0.05332833) (1.7276043)
(773.848630,05332833)

+.% («0.20515732)+(0.05332833) (0. 34736373x10™3) (173.16)

173.16
+ (0.05332833) (104.35258) e~ (3+475) (3% )}

* - 7 [ (0.05332833) (-0.20515732)
(773 .84863+0,05332833)




d)

e)
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+ (1.8182426xxa”5)(173.16)]

+ L. 5 | (0.05332833) (1.8182426x10"7)
(773.84863-0.05332833)

(173.16)]

Al = 03,1863 liter-sim/ge~mole
w-4,51 cal/g=mole
Ideal enthalpy change from =100°C to U°C can be
calculated using Equation (26)
2 ,
‘l' C,dT = 3.0911305T + 00742943572
T 273.16

-0.05103x10"+1.432303525%10 "5
173.16

AH = 2916.7342 cal/gemole
Enthalpy departure from ideality at G°C can be
caleculated using Equation {(40)

AH = gy ‘{2(~1s.12a§79)
+{:ﬁ.ﬁl&ﬁSﬁﬁl&&(ﬁ.%SSBESSS)(0.@82@5)] (273.16)

" 3,16 L «(5.475) ($13=32)
+ [ (s.075) Gdegdrea | (-381.33552)67 ¢ 5

+ L 5 { (0.05332833) (<15.126979)
(4.6946840,05332833)




£)

g)
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3 (1.7276043)+ | (0.34736373x16™%)+(0.05332833)
(0.014656016) | (273.16)+] § (104.35258)

+ (R04:33238) 213:10) (5.475)+(0.05332833)

273.16
(»3&5.33552)] o~ (3+475) (573%° )}

+ L 5 { (0.05332833) (1.7276043)
(4.69484=0.05332833)

+ % (=0.20515732) + (0.05332833)(0.34736373x107%)

973.16
(273.16)+(0.05332833) (104.35258) ¢~ (5 +475) (§7%> )}

+ i |
(4.69484+0.05332833) * {(9.05332833} (=0.20515732)

+ (1.8182426x10") (273.16) }

1 " «5
+ = (0.05332833) (1.8182426x10"7) (273.16)
(4.69484~0,05332833)° [ ]

AH = =11.977 liter-atm/g~mole
= «289,9142 cal/gemole
Vapor enthalpy at 0°C and 4.1099 atmospheres
H = 2916.7342 + 4,51 » 289.9142
= 2631.33 cal/gemole
Enthalpy of vaporization at 0°C and 4.1099 atm,
Aﬁlg o (6.1354)(273‘15)(&.69484~G.129393)
= 168.857 liter-atm/g-mole
= 4087.384 cal/g-mole
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h) Liquid enthalpy at 0°C and 4.1099 atmospheres
H = 2631.33 =~ 4087.384
= »1456.054 cal/g-mole

Determine entropy of saturated liquid and vapor at
0°C and 4.1099 atmospheres
2) From definition of S,
S, =0 at «100°C and 0.0183 atmospheres
b) Entropy departure from ideality at »100°C is

calculated from Equation (49)

2
= 0.05332833] }

- % (1.8182426x10"%) 1 .
(773.84863+0,05332833)

- 6&5332833?}




35

AS = «(,648364 liter-atm/g-mole °K
= «15,699 cal/gemole °K
¢) Ideal entropy change from ~100°C to 0°C can be

calculated from Equation (47)
T

As ”.]-2 C,dT/T = 3.0911306 1n T + 0.1485887 T
1
273.16
-0.076545x10™31% + 1.909738033x10" 573
173.16

= 13.141923 cal/gemole °K
d) Entropy departure from ideality at 0°C & 4.1099
atmospheres can be calculated from Equation (49)

« 0 .65332833)

273.16
~{:(G.6146569x$)+(385.33552)c§g§§§39e“(5'4753‘ 08 |

~(e.05332333j

. | 273,16
- %;{(3.34736373x10”3)-(1@&.35258)( .“f ye~(5-475) (757 )}

{ (4.69484-0.05332833) >  L0-08205) (T3 T6Y (TR} ~(0.65332833)}

- % [1.8182426x10" | L. r
(4.69484+0.05332833)

.m»x&m b! 4.7

- (5.05332333]‘*}
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AS = «1,1254 liter=-atm/g-mole °K
= 27,2410 cal/g-mole °K
e) Vapor entropy at 0°C and 4.1099 atmospheres
5 = 15.7 + 13.141923 « 27.241
= 1.603 cal/g=mol °K
£) Entropy of vaporization at 0°C and 4.1099 atmospheres
Aslg = (0.1354) (4.69484-0.129392)
= (.,6181659
= 14,963331 cal/g-mole °K
g) Liquid entropy at 0°C and 4.1099 atmospheres
5 = 1.603 = 14,963331
= «13.3603 cal/gemole °K

Determine enthalpy and entrepy of superheated vapor

at 100°C and 10 atmospheres,

a) Specific volume of vapor is caleulated from
Equation (8) ac in Example 1 (b) for saturated
Vapor.

b) Enthalpy of superheated vapor is calculated from
Equations (26) and (40) seme as for enthalpy of
saturated vaper shown in Example 2 {(a), (b), (c),
{(d) and (e).

c) Entropy oi superheated vapor is calculsted from
Equations (47) and (49) same as for saturated
vapor shown in Example 3 (a), (b), (c), (d) amd
(e).
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TABLE I
PHEYSICAL PROPERTIES OF PERFLUOROPROPANE

Chemical Formula

Moleculaxr YWeight

Normal Boiling Point

Normal Freezing Foint
Critical Temperature
Critical Pressure

Critical Volume

Heat of Vaporization & b.p.
Thermel Conductivity ¢ 70°F
Liquid Density

CSFS

183,02

«36.7°C

~160°C

71.9°C

26.45 Atmospherves
0.299 liter/g=mole
4690 cal/g=mole

B.ﬁxlﬁ'saallﬁec.cm2°clcm

3, (gm/ce)=l.4531e4.5363x10"c-2.1518x107¢

~2.1174x10

Vapor Pressure

T3 pag

Log P(atm)=15.9953+1435.897-4.8828 logl

+0 . 0026824921

Heat Capacity

T = °K

C?°(cal/g~m01e °K)=3.0911305+0.14858871

Theoretical Vapor Viscosity
V (cp) = 10.32x107% /1

«0.15390x10 ™12
+5.7292141x16%13 7 = °k

T“"K
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IABLE 1I

CONSTANYS EVALUATED FOR BENEDICT -WEBB-RUBIN
EQUATION OF STATE

p = §E o+ (BRT A, ~C/T%) /V2 + (bRT =a) /v

. ; 2
v aufV® + (e/V31H) (@ +vpud)y= TV

g
#

= 4.0739

= 4.3497
0.108688
6.0765592
110.3093 x 10%
= 39.7196 x 16%
0.004

Y = G.065

o o oom
I

L2
il

*
#

Units: Atm.; liter; gemole; °K
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TABLE 111

CONSTANTS FOR MARTIN AND HOU

EQUATION OF STATE

~kr/ Tc A

A, + B,T + C,he
~RT+2 2 2 +__§

P =

+ 5§T + c3e‘kT/Te

¥-b (v“b)z -
A

B.T
‘i"-(---%-z +-——i—-§

Veb) (V=b)>

b = 0.05332833

A, = =15.126979

B, = 0.014656016

€, = =385.33552

8y = 1.7276043

By = 0.34736373 x 1073
Cy = 104.35258

Ay, = =0.20515732

By = 1.8182426 x 107°

Units: atm.; liter; gemole; °K

(veb)>

44



TABLE IV

COMPARISON OF OBSERVED P=V~T DATA% WITH
TION OF STATE

THOSE CAL

Volume
Liter/Mole

0.3038%

0.33301

0.39177

Temp. °C

74.63
84.90
94.56
103.72
114.74
125.98

73.12

81.51
94.74
109.49
112.65
132.44

74,56
80.73
86.01
89.05
102.06
117.60
149.04

TED FROM

27,61
31.37
38.20
45.66
47.33
57.35

27.39
30.07
32.31
33.56
39.03
45.27
57.93

«0.07
0,05
«0.04
«0.15
«0.10
-0.22

0,12
0,06
~0.04
-0.07
+0.01
=0.09
0,02

+0.15
+0.16
+0.17
+0.05
+0.10
+0.00

+0,57
+0.66
+0.70
+0.68
+0.78
+0.67
+(.66

«(.09
+0 .46
+1.18
+1.85
+2.08
+3.02

+0,40
+0.34
+.65
+0.77
+1.48
+2.05
+3.31
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Volume

Liter/Mole Temp. °C Pressure - Ai:ms eres
‘ anex'a
Obsd. 3 &

0.50104 92.90 31.99 =0.06 +0,33 +0,57
107.13 36.22 ~0.01 +0.28 +1.10
130.16 452.86 +0.05 +0.49 +1.76
166.24 53.08 +0.30 +0.11 +2.6%
1.00120 59.82 17,78 =0.01 +0.18 +G.30
82.58 20,65 +0.04 +0.05 =0,.11
102.11 22.97 +0.05 «0.09 +0.11
120.94 25,20 +0.13 ~0.15 «0.28
135.46 26.88 +0.19 =0.20 +0.46

* Experimental data from Erawncé)




TABLE V.

INTERNAL CONSISTENCY CHECK FOR

ENTHALPY AND ENTROPY VALUES

47

Z;;fs“”e’ 40 30 20 10 1
B A P 373.16 373.16 373.16 373.16
Temp. 2,

°x 473.16 473.16 473.16 473.16 473.16
Entropy 1 5.51063 7.71620 9.53012  11.59477  16.4748
Entropy 2  18.49634  19.34159  20.41063  22.03568  26.8182
Ty5, 2056.3467 2879.377  3556.2596  4326.704  $212.174
T,S, 8751.728  9151.666  9657.4937 10426.402  12689.304
A(TS) 6695.381  6272.290  6101.23¢  6099.700  6477.13
[saex 1262.334  1384.000  1514.000  1700.667  2191.667
AH 5433.047  4888.290  4587.234  4399.033  4285.46
H(table) 4842.6261 5548.9127 6012.0464 6348,0586  6593.6418
H,(Eq. 55)10275.6731 10437.2027 10599.2805 10747.0916 10879.1018
Hy(table) 10267.079¢ 10433.401 10596.1670 10752.6020 10886.9920
sH, 8.5941 3.8017 3.11349 5.5104 7.8902
% dev. 0.084 0.036 0.029 0.051 0.072

% Graphical method using Simpson's rule$®)




Tempgrature

c

«100.00
+95.00
«90.00
=85.00

~80.00
«75.00
«70.00
=65.00
=60.00

=55.00
~50.00
=45.00
«40 .00
~35.00

«30.00
«25.00
«20.00
«15.00
«10.00

TABLE VI

Pressure
Atm

Ebsolute
0.0183

0.0281
0.0421
0.0616

0.0882
0.1239
0.1709
0.2318
0.3095

0.4074
0.5291
0.6787
0.8606
1.0795

1.3404
1.6489
2.0104
2.4311
2.9169

THERMODYNAMIC PROPERTIES OF
SATURATED PERFLUOROPROPANE

Specific Volume

Liter/GMol
qu apox
0.098787 773.84863
0.100471 517.87708
£.102105 354.80764
0.103692 248,63003
0.105233 177.82506
0.106732 129.49229
0.108192 95.92254
0.109620 72.17430
0.111021 55.09950
0.112403 42.61537
0.113773 33.36480
G.115141 26.41407
0.116517 21.12422
0.117911 17.05606
0.119337 13.89273
0.120807 11.40579
0.122336 9.43401
0.123941 7.85450
0.125638 6.58065
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Temygrature

e

=5.00
0.00
5.00
10.00
15.00

20.00
25.00
30.00
35.00
40.00

45.00
50.00
55.00
60.00
65.00
70,00

Pressure
3.4743
4.1099
4.8303
5.6425
6.5534

7.5701
8.6996
9.9491
11.3259
12.8369

14.4895
16.2906
18.2475
20.3671
22.6564
25.1223

Specific Volume

Liter/GMole
qu apor
9.127448 5.54432
0.129392 4.69484
0.131496 3.99321
0.133787 3.41020
0.136296 2.92239
0.139061 2.51124
0.142123 2.16304
0.145534 1.86583
0.149354 1.61065
0.153653 1.39008
0.158520 1.19790
0.164063 1.02897
0.170419 0,87863
0,177759 0.74257
0.186310 0.61617
0.196367 0.49299




Tempgrature

c

«100.00
=95.00
«90.00
«85.00

=80.00
«75.00
«70.00
«65.00
=60.00

«55.00
«50.00
«45.00
«40.00
=35.00

«30.00
«25.00
«20.00
=15.00
=10.00

Enthalpy

Tiquid . ten%e Vapor

«5189,124 5189.124 0.000
«5013.778 5135.780 122,002
«4943.775 5189.655 245.880
«4835,370 5206.951 371.580
=4653.370 5151.939 498.879
«4461..469 5089.107 627.638
«4284,003 5041.717 757.714
=4122.051 5011.004 888.953
~3915.672 4936.880 1021.208
~3738.703 4893.018 1154.315
«3561.524 4849.658 1288.135
~3370.601 4793.111 1422.510
~3173.482 4730.765 1557.283
~2975.221 4667 .545 1692.324
~2777.280 4604.764 1827 .484
«2565.711 4528.297 1962.586
«2353.360 4450 .856 2097 .496
-2135.117 4367.114 2231.991
«1914.534 4280.490 2365.956
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Tempexature
°c

-5.00
0.00
5.00

16.00

15.00

20.00
25.00
30.00
35.00
40.00

45.00
50.00
55.G0
60.00
65.00

70.00

Enthalpy

Tiquld o gﬁﬁée Vapox
-1688.600 4187.745 2499.145
«1456.054 4087.384 2631.330
«1216.031 3978.249 2762.218
=-973.354 3864.889 2891.535
~722.095 3740.989 3018.895
«465.357 3609.136 3143.780
~201.277 3466.999 3265.722
71.334 3312.564 3383.898
352.660 3144.756 3497 .416
642.357 2962.685 3605.042
942.593 2762.426 3705.019
1253.622 2541.202 3794.823
1578.623 2291.911 3870.534
1917.972 2007.365 3925.337
2274,140 1672.400 3946.540
2644.838 1260.311 3905.149
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Temperature
°c

«100.00
=95.00
«90.,00
«85.00

~80.00
«75.00
«70.00
=65.00
=60.00

=55.00
~50.00
«45.00
=40.00
=35.00

=30.00
«25.00
=20.00
«15.00
«10.00

__Liquid

«29.967223
-28.980680
-28,600691
-28.013331

«27.051001
«26.069905
-25.185561
=24.397934
-23.41880%

-22.607829
«21.799233
=20.954710
»20.102612
«19.264056

~18.444428
«17.586752
~16.743742
~15.895238
~15.054645

s
atent Vapox
29.967223 0.00000
28.826786 =0,15389
28.333998 «0.26669
27.672997 «0.34033
26.671872 «(.37913
25.681808 «(,.38810
24.816485 «0,36908
24.072848 =~(.32509
23.160442 -(.25837
22.428575 «0.17925
21.731754 «(3.06748
21.007676 0.05297
20.289778 6.18717
19.598357 0.33430
18.937177 0.49275
18.247490 0.66074
17.581198 0.83746
16.916306 1.021067
16.265730 1.21108
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Tempsrature

c

«5.00
0.00
5.00

10.00

15.00

20.00
25.00
30.00
35.00
40.00

45,00
50.00
35.00
60.00
65,00

76.00

Entropy
_ Liquld Lal. Gngéﬁzc Vapox
-14.210542  15.616591 1.40605
13.358541 14.963331 1.60479
12,496124  14.302015 1.80589
-11.640721  13.649135 2.,00841
-10.771480  12.982333 2.21085
-9.899904  12.311147 2.41124
«9.019619  11.627981 2.60836
-8.127383  10.926783 2.79940
-7.223102 10.204946 2.98184
=6.308429 9.460612 3.15218
«5.377080 8.682506 3.30542
-4.428917 7.863602 3.43468
-3.455348 6.984126 3.52878
-2.456116 6.025229 3.56911
-1.425076 4.945586 3.54051
-0.370376 3.672664 3.30229
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TABLE VI1
THERMODYNAMIC PROPERTIES OF

SUPERHEATED P OROPROPANE

Pressure = 1.000 Atmospheres

Tempgéature Volume Enthalp Entrop
‘ Liter/GMole Cal/GMole gglzggg{eﬂc

=35.00 18.49861 1700.7313 0.51425
=30.00 18.97461 1861.3651 1.18171
«25.00 19.44494 2023.5092 1.84177
=20,.00 19.90986 2187.1977 2.49482
~15.00 20.36998 2352.4590 3.14126
=10.06 20.82581 2519.3150 3.78141
«5.00 21.27599 2687.7751 4.41539
0.00 21.72481 2857.8627 5.04385
5.00 22.17059 3029.5781 5.66681
10.00 22,61359 3202.9239 6.28449
15.00 23.05407 3377.9002 6.89705
20,00 23.49230 3554.5053 7.50469
25.00 23.92848 3732.7337 8.10752
30.00 24.,36282 3912.5797 8.,70572
35.00 24.79547 4094.0345 9.29940
40.00 25.22660 4277.0888 9.88866
45,00 25.65635 4461.7317 10.47362




Temperature
°C

50.00
55.00
60.00
€5.00
70.00

75.00
80.00
85.00
9G.00
95.00

100.00
105.00
110.00
115.00
120.00

125.00
130.00
135.00
140.00
145.00

Volume

Liter/Cliole

26.08484
26.51218
26.93847
27.36380
27.78825

28.21188
28.634177
29.05699
29,47856
29,89957

30.32003
30.74000
31.15952
31.57860
31.99730

32.41562
32.83361
33.25127
33.66864
34.08573

Enthalpy
Cal/GMole

4647.9207
4835.7335
5025.0654
5215.9324
5408.3191

5602.2399
5797.5883
5994.4380
6192.7418
6392.4821

6593.6418
6796.2029
7000.1476
7205.4577
7412.1151

7620.1009
7829.3977
8(G39.9878
8251.8517
8464.9718

Eﬁtxﬂp{ c

11.05438
11.63102
12.26362
12.77227
13.33703

13.89798
14.45516
15.00885
15.5585¢
16.10476

16.64748
17.18671
17.72248
18.26486
18.78386

19.30954
19.83194
20.35108
20.86700
21.37973

33




Temperature
°c

Ligg%?zgc;e gﬁﬁ?ﬁégge c§§f§§2{3~c
150.00 34.50257 8679.3281 21.88931
155.00 34.91916 8894.9058 22,39578
160.00 35.33552 9111.6823 22.89986
165.00 35.75167 9329.6437 23,39946
170.00 36.16762 9548.7692 23.89673
175.00 36.58338 9769.0415 24.39101
180.00 36.99896 9990.4429 24.88230
185.00 37.41437 10212.9570 25.37064
190.00 37.82963 10436.5650 25.85606
195.00 38.24473 10661.24%0 26.33857
200.00 38.635969 10886.9920 26.81821
205.00 39.07452 11113.7780 27.29501
216.00 29.48923 11341.5890 27.76897
215.00 39.90380 11570.4070 28.24012
22G.00 40.31827 11800.2180 28.70851
225.00 4CG.73262 12031.0030 29,17412
230.00 41.14687 12262.748 29.63703
235.00 41.56102 12495.4330 30.09718
240.00 41..97507 12729.0460 30.55466
245.00 42.38903 12963.5690 31.00947



Temperature
°C

250 .00
255.00
260.00
265.00
270.00

275.00
280.00
285.00
290.00
295.00

300,00

Volume

Litexr/GMole

42.80291
43.21670
43.63041
44 .04405
44.45320

44.87109
45.28038
45.69786
46.10722
46.52439

46.93382

Enthalpy

Cal/GMole

13198.9880
13435.2850
13672.4470
13910.4570
14149.3010

14388.9650
14629.4320
14870.6930
15112.7260
15355.5250

15599.0700

Entropy

Cal/GMole=C

31.46163
31.91116
32.35809
32.80243
33.24400

33.68342
34,11994
34.55431
34.98584
35.41525

35.84188

57




Temperature
°¢

«20.00
«15.00
=10.00

»5.00

G.C0
5.00
10.00
15.00
20.00

25.00
36.00
35.00
4G.00
45.00

50.00
55.00
60.00
65.0C
70.00

Volune

Liter/GMole

9.48759
2.74689
10.00227
10.25305

10.49976
10.74290
16.98287
11.22000
11.45462

11.68693
11.91731
12.14582
12.37158
12.59704

12.82117
13.04405
13.26580
13.48653
13.70631

Pressure = 2.000 Atmospheres

Enthalp

1 Gﬁoge
2098.4546
2269.914%
2442 .3660
2615.8818

2790.5416
2966.4099
3143.5382
3321.9677
3501.7325

3682.8578
3865.3644
4049.2673
4234,5704
4421.2968

4609.4117
4799.0070
4989.9911
5182.3914
5376.2028

Entxopy

C&l[GMble-

0.85187
1.52235
2.18399
2,83718

3.48253
4.12055
4.75169
5.37633
5.99483

0.60746
7.21450
7.81618
8.41252
9.0040%

9.59087
10.17300
10.75061
11.32383
11.89279
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Tempﬁrature

C Lizziuggble gnthalp{ Entropy
.1t Cal/GMole Cal/GMole=C

75.00 13.92523 5571.4692 12.45758

80.00 14.14336 5768.0324 13.01829

85.00 14.36077 5966.0337 13.57502

90.00 14.57752 6165.4128 14.12786

95.00 14.79366 6366.1584 14.67687

100.00 15.00923 6568.2590 15.22213
105.00 15.22429 6771.7018 15.76371
110,00 15.43887 6976.4736 16.30166
115.00 15.65300 7182.5605 16.84605
120.00 15.86672 7389.9483 17.36693
125.00 16.08007 7598.6217 17.89435
130.00 16.29305 7808.5665 18.41836
135.00 16.56571 8019.7680 18.93901
140.00 16.7180¢6 8232.2095 19.45634
145.060 16.93013 8445.8757 19.97039
150.60 17.14193 8660.7491 20,48120
155.00 17.35348 8876.8168 20.98882
160.00 17.56479 9094.0584 21.49399
165.00 17.77588 9312.4614 21.99459
170.00 17.98677 9532.0071 22.49283




Temperature
°C

175.00
180.00
185.00
196.60
195.00

200.00
205.00
210.00
215.00
220.00

225,00
230.00
235.00
240 .00
245.00

250.60
255.00
260,00
265.00
270.0C

Volume

Liter/GMole

18.19746
18.40797
18.61831
18.82849
19.03851

19.24838
19.45812
19.66773
19.87722
20.08658

2G.29584
20.50499
20.71403
20,92298
21.13184

21.34060
21.54929
21.75789
21.96041
22.17486

Enthalp{
Cal/GMo

9752.6793
9974.4619
10197.3400
10421.2950
10646.3110

10872.3720
11099.4630
11327.5660
11556.6650
11786.7450

12017.7960
12245.786

12482.7110
12716.5550
12951.3030

13186.9380
13423.44530
13660.8100
13899.017¢
14138.,0520

Entrop

Calzgﬁg{e~c

22.98800
23.48014
23.96928
24.45545
24.93367

25.41899
25.89642
26.37099
26.84273
27.31166

27.77780
28.24128
28.70184
29.15977
29.61501

36.06759
30.51752
30.96483
31.40953
31.85166




Temperature
°c

275.00
280.00
285.00
290.00
295.00

300.00

Volume

Litex/GMole

22.38323
22.59154
22.79978
23.00796
23.21607

23.42413

Enthalpy

Cal/GMole

14377.9000
14618.5480
14859.9820
15102.1860
15345.1490

15588.8560

Entropy

Cal/GMole~C

32.29123
32.72825
33.16275
33.5947¢
34.02428

34.45136
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Tempgrature

c

10.00
15.00
20.00

25.00
30.60
35.00
40.00
45.00

50.00
55.00
6C.00
65.00
76.00

75.00
80.00
85.00
90.00
95.00

Volume

Liter[GMole

3.95501
4.07725
4.19581

4.31093
4.42307
4.53220
4.63956
4.74490

4.84847
4.95044
5.05099
5.15028
5.24841

5.34552
5.44169
5.53701
5.63155
5.7253%9

Pressure = 5.000 Atmospheres

Enthalp

Yy
Cal/CGHole

2941.2972
3133.6810
3325.8784

3518.1255
3710.6334
3903.5489
4097.0566
4291.2404

4486.1614
4681.9860
4878.6858
5076.3433
5275.0005

5474.7424
5675.4473
5877.2881
6080.2327
6284.2948

Entropy

Cal/GMole~C

2.38712
3.06053
3.74182

4.37209
5.01241
5.64343
6.26638
6.88159

7.48960
8.09086
8.68575
9.27464
9.85782

10.43556
11.00808
11.57561
12.13833
12.69641




Temperature
°C

Ligziuggole ﬁﬁﬁ?éégie cﬁ?fgﬁgie~c
100.00 5.81859 6489.4852 13.25000
105.00 5.91119 6695,8110 13.79926
110.00 6.00326 6903.2768 14.34428
115.00 6.09426 7111.8743 14.89502
120.00 6.18539 7321.6257 15.42195
125.00 6.27612 7532.5175 15.95499
130.00 6.36645 7744.5469 16.48422
135.00 6.45641 7957.7098 17.00972
140.00 6.54603 8171.9992 17.53156
145.00 6.63533 8387.4088 18.04981
150,00 6.72433 8603.9289 18.56454
155.00 6.81306 8821.5541 19.07583
160.00 6.90154 9040.2705 19.58442
165.00 6.98977 9260.0719 20.08825
170.00 7.07778 9480.9450 20.58950
175.00 7.16558 9702.8788 21.08751
180.00 7.25318 9925.8619 21.58231
185.00 7.34060 10149.8830 22.07396
190.00 7.42784 10374.9290 22,56251
195.00 - 7.51491 10600.9870 23.04798




Temperature
°C

200.60
205.00
210.00
215.00
220.00

225.00
230.00
235.00
240.00
245.00

250.00
255.00
260.00
265.00
276.00

275.00
280.00
285.00
290.00
295.00

300.00

Volume

Licer(GMcle

7.60183
7.68860
7.77523
7.86174
7.94811

8.03437
8.12051
8.20655
8.29248
8.37832

8.46406
8.54972
8.63529
8.72077
3.80618

§.89151
8.97678
9.06197
9.14709
9.23215

9.31715

Enthalpy

Cal/GMole

10828.0440
11056.0870
11285.1030
11515.0760
11745.9970

11977.84%0
12210.621

12444.2940
12678.8550
12914.3020

13150.6080
13387.7630
13625.7550
13864.5680
14104.1910

14344.6090
14585.8100
14827.7800
15070.5060
15313.9760

15558.1750

Entropy

Cal/GMole~C

23.53041
24.00985
24,48632
24.95986
25.43050

25.89828
26.36325
26.82534
27.28469
27.74128

28.19515
28.64631
29.09481
29.54064
29.98385

30.42447
30.86249
31.29797
31.73090
32.16132

32.58926

64




Pressure = 10.000 Atmospheres

Temperature
°C Volume Enthalpy Entropy
Liter/GMole Cal/GMole Cal/GMole=~C

35.00 1.93488 3600.6749 3.50245
40.00 2.01200 3817.6688 4.20072
45.00 2.08534 4032,1129 4,88015
50.00 2.15516 4244.6346 5.54306
55.00 2.22186 4455,8771 65.19155
60.00 2.28641 4666.2862 6.82795
65.00 2.34886 4876.1772 7.45331
70.00 2,40952 5085.8192 8.06875
715.00 2.46862 | 5295.4777 8.67519
80.00 2.52636 5505.1769 9.27337
85.00 2,58289 5715.2089 9.86393
90.60 2.63809 5925.6125 10.44719
95.00 2.69264 6136.5470 11.02410
100.060 2.74634 6348.0586 11.59477
105.00 2.79925 6560.2143 12.15956
110.00 2.85147 6773.0709 12.71877
115.00 2.90306 6986.6756 13.28266
120.00 2.95407 7201.0679 13.82148




Temygracure

c

125.00
130.60
135.00
140.00
145.00

150.00
155.00
160.00
165.00
176.00C

175.00
180,00
185.00
190.00
195.00

200.00
205.00
210.00
215.00
220.00

Volunme

Liter/GMole

3.00455
3.05455
3.10411
3.15327
3.20205

3.25049
3.29861
3.34643
3.39398
3.44127

3.48832
3.33515
3.58143
3.62787
3.67414

3.72023
3.76616
3.81193
3.85756
3.90305

Enthalpy
Cal/GMole

7416.2797
7632.3389
7849.2682
8067.0841
8285.8013

8505.4200
8725.9787
8947.4514
9169.8547
9393.1874

9617.4498
9842.6405
10068.7420
10295.7810
10523.7370

10752,6020
10982.3710
11213.0340
11444 .5840
11677.0130

Entropy

CaL[GMole*C

14.36543
14.90471
15.43949
15.96991
16.49611

17.01823
17.53638
18.05137
18,56116
19.06799

19.57122
20.07093
20.56697
21.05984
21.54940

22,03568
22.51876
22.99867
23.47546
23.94919




Temperature
°c

225.00
230.00
235.00
240,00
245,00

250.00
255.00
260.00
265.00
27¢.00

275.00
280.00
285.00
290.00
295.00

306.00

Volume

Litar[GMole

3.94841
3.99364
4.03876
4.08376
4,12866

4.17346
4.21816
4.26277
4.30729
4.35173

4.39609
4.44037
4.48458
4.52871
4.57278

4.61678

Enthalp

CaL[GMo e

11910.3120
12144.481

12379.4780
12615.3250
12852.0020

13089.4970
13327.7980
13566.8960
13806.7780
140474350

14288.8530
14531.0230
14773.9320
15017.5680
15261.9210

15506.9790

Entrop

Cal/GMole~C

24.41988
24.88777
25.35237
25.81423
26.27322

20.72938
27.18273
27.63331
28.08114
28.52628

28.96872
29.40851
29.84567
36.28023
30.71222

31.14166




Pressure = 15.000 Atwmospheres

Temperature

°C - Volume Enthalpy Entropy

' Liter/GMole Cal/GMole Cal/CMole=C
50.00 1.19986 3913.8117 3.91195
55.00 1.26755 4159.5700 4.66638
60.00 1.32905 4397.2682 5.38525
65.00 1.38601 4629.5148 6.07727
70.00 1.43935 4857.8672 6.74765
75.00 1.48975 5083.4529 7.40010
80.00 1.53794 5306.9804 8.03775
85.00 1.58420 5529.1193 8.66238
90.00 1.62866 5750.2117 9.27532
95.00 1.67191 5970.6891 9.87833
100.00 1.71394 6190.7606 10.47211
105.00 1.75490 6410.6403 11.05746
110.00 1.79491 6630.5030 11.63507
115.0G0 1.83410 6850.4915 12.21552
120.00 1.87255 7070.7244 12.76929
125.00 1.91032 7291.2995 13.32680
130.00 1.94733 7512.2709 13.87819
135.00 1.98399 7733.7722 14.42426
140.00 2.02016 7955.8251 14.96501
145.00 2.05588 8178.4789 15.50071




Temperature
°C

156.00
155.00
160,00
165,00
170.00

175.00
180.00
185.00
190.00
195.00

200.00
205,00
210.00
215.00
220.00

225.00
230.00
235.00
240.00
245.00

Volune
Liter[GMole

2.09118
2.12611
2.16069
2.19495
2,22891

2.26260
2.29604
2.32923
2.36221
2.39498

2.42756
2.45996
2.49219
2.52427
2.55619

2,58797
2,61936
2.65089
2.68231
2.71361

Enthalp

Cal/GMole
8401.7730

8625.7454
8850.4202
9075.8257
9301.9784

9528.8947
9756.5874
9985.0676
10214.3400
10444.4110

10675.2840
10906.9610
11139.4400
11372.7200
11606.8010

11841.6770
12077.364

12313.7780
12551.0120
12789.0200

Entropy

Callgggle-c

16.03155
16.55775
17.08019
17.59688
18.11011

18.61930
19.12456
19.62600
20.12371
20.61780

21.10835
21..59542
22.07910
22.55945
23.03653

23.51040
23.98136
24,44855
24.91313
25.37471




Tempgrature

c

o

250.00
255.00
260.00
265.00
270.00

275.00
280.00
285.00
290.00
295.00

300.00

Volume
Litex

2.74481
2.77590
2.80689
2.83779
2.86860

2.89932
2.92996
2.96052
2.99101
3.02143

3.05178

ole

Enthalpy

Cal/GMole

13027.7930
13267.3240
13507.6060
13748.6290
13990.3870

14232.8670
14476.0630
14719.9650
14964.5620
15209.8460

15455.8070

Entropy

Cal/GMole~C

25.83333
26.28902
26.74184
27.19181
27.63898

28.08338
28.52503
28.96399
29.40026
29.83390

30.26493
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Tempsrature

60.00
65.00
76.00
75.00
80.00
85.00
90.00
$5.00

100.00
105.00
110.00
115.00
120.00

125.00
130.00
135,00
140.00
145.00

Volume

Litar[ﬁﬁple

0.78005
0.85767
0.92052
0.97510
1.02422
1.06941
1.11174
1.15159

1.18967
1.22615
1.26129
1.29515
1.32817

1.36031
1.39168
1.42236
1.45244
1.48197

Pressure = 20.000 Atmospheres

Enthalpy
Cal/Giole

3974.3359
4279.1895
4554.2381
4813.5855
5063.0711
5306.0426
5544.4530
5779.4463

6012.0464
6242.8225
6472.2667
6700.7117
6928.5608

7155.9902
7383.1950
7610.3359
7837.5434
8064.9281

Entropy

Cal/GMole~C

3.73800
4.64625
5.435375
6.20398
6.91564
7.59879
8,25991
9.62437

9.53012
10.14449
10.74729
11.34955
11.92284

12.49770
13.06481
13.62477
14.17806
14.72513

71




Tmygrature

g

150,00
155.00
160,00
165,00
170.00

175.00
180.00
185.00
190.00
195.00

200.00
205.00
210.00
215.00
220,00

225.00
230.00
235.00
240,00
245.00

VYolume

Litex/GMole

1.51100
1.53944
1.56764
1.59547
1.62295

1.65012
1.67700
1.70362
1.72998
1.75611

1.78204
1.80776
1.83329
1.85865
1.68385

1.9088%
1.93379
1.95855
1.98318
2.00770

Enthalp
Cgl[ﬁﬁgie

8292,5806
8520.5451
8748.9610
8977.8446
9207.2393

9437 .1846
9667.7141
9898.8571
16130.6340
10363.0660

10596.1670
10829.9510
11064.4270
11299.6020
11535.4830

11772.0730
12009.3800
12247 .3850
12486.1080
12725.5400

Entropy

15.26633
15,80175
16.33289
16,85758
17.37819

17.89418
18.40574
18.91303
19,.41619
19.91535

20.41063
20.90214
21.38998
21.87423
22.,35499

22.83232
23.30636
23.77761
24 ,26450
2£64.70883
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Temperature
°C

—_

250,00
253,00
260.00
265.00
270,00

275.00
280,00
285.00
290,00
295,00

300.00

Volume
Liter/GMole

2.03209
2.05638
2.08037
2.10446
2,12846

2,15238
2,17621
2,1999%
2.22363
2,24722

2,27075

Enthalpy

Cal/GMole

12965.6780
13206. 5180
13448,0360
13690, 2680
13933,1910

14176,7930
14421.0710
14666.,0170
14911.6220
15157.8810

15404 .7850

Entrop
gg;[@ﬂ#ia:g

25,17006
25,62823
26,08320
26,53543
26.98476

27,43121
27.87484
28.31568
28.75376
29,18913

29.62181
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Temperature
°c

70.6G0

75.00
80.G0
85.00

96.00
95.00

100.00
105.00
110.00

115.00
120.00

125.00
136.00
135.00
140,00
145.00

150.00
155.00
160.00
165.00
170.00

Volume

Ligaglgﬁgle

0.50771

0.61793
0.68588
0.74004

0.78671
0.82849

0.86678
0.90254
0.93622

0.96814
0.99876

1.02821
1.05663
1.08412
1.11095
1.13710

1.16265
1.18767
1.21221
1.23632
1.26004

Pressure = 25.000 Atmospheres

s,

3942.0801

4395.9101

4725.0849
5016.7936

5289.3239
5550,0911

5802.9832
6050.4168
6293.7841

6534.0867
6772.1970

7008.6046
7243.7455
7477.9134
7711.4857
7944,6196

8177.4941
8410,2616
8643.0418
8875.9430
9109.049%

Enerm?i
- e=l

3.41578

4.72932
5.66840
6,48871

7264645
7.95763

8,63990
9.29865
9.93804

10.57110
11.17066

11.76821
12.35513
12.93230
13.50112
14.06203

14.61566
15.16252
15.70378
16.23768
16.76676




Temperature
°c

i

175.00
180.00
185.00
190.00
195.00

200.00
205.00
210.00
215.00
226.00

225.00
230.00
235.00
240.00
245.00

250,00
255.00
260.00
265.00
270.00

Volume
Litexr/GMole

1.28328
1.30633
1.32908
1.35155
1.37377

1;395?5
1.41751
1.43907
1.46044
1.48163

1.50266
1.52353
1.54426
1.56484
1.58530

1.60564
1.62586
1.64597
1.66598
1.68589

moa,
9342.3960
9576.1324
9810.2633

10044.8370
10279.8860

105154460
10751. 5440
10988.2010
11225.4380
11463,2700

11701.7090
11940.7810
12180.4490
12420.7630
12661.7140

12903.3030
13145.5310
13388.3990
13631.9040
13876.0480

B
17.29017
17.80886
18.32272
18.83195
19.33675

19.83726
20.33364
20.82602
21.31452
21.79925

22.28032
22,75792
23.23183
23.70244
264.16971

24.63373
25.09455
25.55223
26.&5683
26.45840
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Temperature
°c

275.00
280.00
285.00
290,00
295.00

300.00

1.7G571
1.72527
1.74492
1.76449
1.783%9

1.80341

iter/GMol

En;héégia

14120.8240
14366.2050
14612.2400
14858.8960
15106.1700

15354.0520

Entropy
Cal @

26.50700
27.35245
27.79524
28.23520
28467236

29.10677
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Temperatuxe
°c

80.00
85.00
9G.00
95.00

100.00
105.00
110.00
115.00
120.00

125.00
130.00
135.00
140.00
145.00

150.00
155.00
160.060
165.00
170.00

Volume

Ligarzggg;e

0.37769
0.48466
0.54960
0.60002

0.64251
0.568070
0.71517
0.74705
0.77702

0.80336
0.83233
¢.B5825
0.88321
0.90736

0.93071
0.95353
0.97579
0.99756
1.01887

Pressure = 30.000 Atmospheres

Enthalpy
le

4013.1199
4568.2939
4940.,3738
5257.8952

5548,9127
5824,1199
6088.9460
6346.5061
6598.8732

6847.2910
7092,6758
7335.8490
7577.2757
7817.3756

8056.4288
8294.8165
8532.6857
8770.2196
9007.5643

cfn:ropz -C
3.46846
5.03052
6.06249
6.93096

7.71620
8.44886
9.14459
9.82242
10.45850

11..08641
11.69882
12,29833
12.88627
13.46393

14.03213
14.59222
15.14531
15.68985
16.22849




Temperature
°c

175.00
180.00
185.00
190,006
155.00

200.00
205.00
210.00
215.60
220.00

225.00
230.60
235.60
246,00
245.00

250,00
255,00
260.00
265.00
270.00

Volume

Liggrzﬁyg;e

1.03978
1.06032
1.08053
1.10034
1.11998

1.13936
1,15851
1.17744
1.19616
1.21470

1,23305
1.25124
1,26928
1.28717
1.304%3

1.32255
1.34006
1.35745
1.37474
1.39192

Enthalpy
&

9244 . 8446
9482.1654
9719.6162
9957.2252
10195.1530

10433.4010
10672.1170
10911.0370
11150.4950
11&9&.&226

11630.8410
11871.7999
12113.2280
12355,2270
12597.7810

12840,8970
13084. 5820
13328.8420
13573.6790
13819.0970

Entyo
Cal/ e~

16.76094
17.28757
17.80870
18.32437
18.83536

19.34159
19.84327
20.34057
20.83365
21.32266

21.80772
22.28914
22.76649
23.24040
23.71078

264.17774
2464132
25.10163
25.55872
26.01265
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Temperature
°c

275.00
280.00
285.00
290,00
295.00

360.00

Volume

Liter/GMole

1.40901
1.42600
1.44291
1.45973
1.47633

1.49301

Enthalpy

Cal/GMole

14065.0960
14311.6770
14558.8380
14806.5770
15054.8660

15303.7660

Entropy

§§;[6M91e~c

26,46349
26.91129
27.35611
27.79798
28.23676

28.67292
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Temperature
<

90.60
95.00

100.00
105.00
110.00
115.00
120,00

125,06
136,00
135.00
140,00
145.00

150.60
155.00
160.00
165.00
170.0C

Volume
0.35742
0.42377
0.47502
0.51750
0.55434

0.58738
0.61768

0.64575
0.67218
0.69721
0.72102
0.74392

0.76598
0.78731
0.80793
0.828G8
0.84772

Pressure = 35.000 Atmospheres

Enihalpi

4402.4338
4860.1182

5228.3209
5552.4427
5851.2783
6134.2549
6406.4737

6670.8303
6929, 5411
7183.9040
7434.8812
7683.3504

7929,8081
8174.7077
8418.3468
8661.1424
8903.2533

Entrap{

4.,431463
5.68337

6.67695
7.53992
8.32500
g.06878
9.75570

10.42384
- 11.06963

11.69671
12.30782
12.90565

13.49157
14.06694
14.63331
15.18995
15.73941
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Tempg;:;aturg

175.00
180,00
185.00
190.00
195.00

200.00
265.00
21G.00
215.00
220.00

225.00
230.00
235.00
240,00
245.00

25G.00
255.00
260.00
265.00
270.00

Volume
iter/GhMole

0.86692
0.88571
0.90414
0.92223
0.94003

0.957456
0.97474
6.9917%
1.00862
1.02525

1.04169
1.05796
1.07407
1.0%9002
1.10584

1.12152
1.13708
1.15251
1.16784
1.18306

9144.8741
9386.1672
9627.2691
9868.2918
10109.3320

10350.4220
10591.7420
10833.2900
11075.1160
11317.2660

11559.7770
11802.7260
12046.0030
12289.7690
12533.9980

12778.7060
13023,9050
13269.6090
13415.8240
13762.5590

Eﬂttbg{
Cal/GMole=C

16.28161
16,81706
17.34621
17 .86944
18.38709

18.89920
19.40657
19.90914%
20.40710
2G.90065

21.38993
21.87538
22.35634
22.83371
23.30735

23.77736
24.24383
24.70686
25.16652
25.62289
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Temperature
°C

275.00
280.00
285.00
290.00
295,00

300.00

Volume

Liter/GMole
1.19819
1.21322
1.22815
1.24361
1.25778

1.27235

Enthalp

Cal/GMole

14009,8190C
14257.6070
14505.9270
14754,7800
15004.1660

15254.0520

82

ngfgggie~c
26,07603
26.52603
26.97293
27.41679
27.85768

28.29540




Pressure = 40.000 Atmospheres

ngéatura Volume Enthalp Entrop
' Liter/@ole  Cal/Guole  Cal/GHblec

95.00 0.29748 4374.3131 4,24697
100.00 0.35084 4842.6261 5.51063
105.00 0.39580 5234.7160 6455457
110.00 0.43449 5580.8606 7 46404
115,00 C.46852 5897.8654 8.29605
120.00 0.49922 6195.8649 9.04899
125.00 0.52727 6480,4107 9,76818
130.00 0.55328 6755.3064  10.45428
135.00 0.57772 7023.1492  11.11463
140,00 0.60081 7285.5218  11.75359
145,00 0.62274 7543.6066  12.37445
150.00 0.64378 7798.4839  12.98040
155.00 0.66401 8050.7612  13.57312
160.00 0.68354 8300.9828  14.135489
165.00 0.70238 8549.5183  14.72456
170.00 0.72076 8796.8686  15.28593
175.00 0.73866 9643.2259  15.83877
180,00 0.75612 9288,.8247  16.38378
185.00 0.77320 9533.860%  16.92157
190.00 0.78992 9778.4936  17.45264
195,00 0.80633 17.97744

10022.8610




Tem@grature

200,00
205.00
210.00
215.00
220.00

225.00
230.00
235.00
240,00
245.00

250.00
255.00
260,00
265.00
270.00

275.00
280.00
285.00
290.90
295.00

300.00

Volume
Litex le

0.82244
0.83829
0.85382
U.86921
0,88439

0.89938
0591&19
0.92883
0.94332
0.95766

0.97187
0.985%4
0.9999C
1.01374
1.02748

1.04111
1.05465
1.06810
1.08146
1.09474

1.10794

Enthalpy

Cal/GMole

10267.0790
10511.2470
10755,3970
10999.7080
11244,1850

11488.8790
11733.8990
11979.0930
12224.6870
12470.6460

12716.9930
12963.7510
13210.9360
13458.5620
13706.6450

13955.1910
14204.2110
14453.7110
14703.6950
14954 .1680

15205.1310

Entropy
Ca le=C

18.49634
19.00968
19,51751
20.02059
20,.51888

21.01258
21.50221
21.98692
22.46787
22.,94487

23.41803
23.887417
24,35329
24.81559
25.27445

25,72996
26.18218
26.63121
27.07709
27.51999

27.95969
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