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ABSTRACT

Prediction of the accurate values of molar volume of compressed
liquids is very important in process design calculation and other industrial
applications. Experimental measurements of molar volume V for
compressed fluids are very expensive , so in order to obtain accurate V
values, attention has been turned to calculate it from equation of state
Alto and Kiskinen[1] equation for pure non polar component, using
correlations to Tait equation for polar component, and modification of
Rackett equation are used for mixtures.

In this study five types of equations of state were used to calculate
molar volume V for pure non polar compressed liquid, they are Alto and
Kiskinen, Tait, Peng- Robinson, Soave- Redlich- Kowng, Lee- Kesler.
These equations were tested against 241 experimental data points of pure
non polar compressed liquids and it was found that Aalto and Kiskinen
equation is the best compared with the other equations.

The results of Alto and Kiskinen gives the average absolute percent
deviation of 11 pure components was 0.6276.

For pure polar compound using four equations of state, Soave-
Redlich- Kowng, Peng- Robinson, Alto and Kiskinen, Tait. These
equations were tested against 63 experimental data points of polar
compressed liquids and it was found that Tait equation is the best
compared with the other equations. A new correlation for Tait equation
was made to improve its accuracy and this was done by replacing the two
terms in Tait equation (pressure and vapor pressure) with reduced
pressure P, and reduced saturated pressure P, as follows:

P
v :VS[1—c1n&]

IB+PI"S



Prediction using this equation agreed with the experimental data
where the average absolute percent deviation for 3 polar compounds with
63 experimental data points was 2.1529.

For mixtures two equations were used to calculate molar volumes
of compressed mixtures, Teja equation and Tait equation with HBT
mixing rules, the extend of Tait equation to be applicable for mixtures,
with Hankinson- Brobst- Thomson (HBT) mixing rules and modified
Rackett equation is applied for mixtures to evaluate the pseudo saturated

liquid mixtures which can be written as:

V = R]—;m 7 [1+(1_Trm)2/7]

sm cm

cm

This equation agreed with the experimental data where the average
percent deviation of 291 points for 7 mixtures was 4.9386, thus this new
proposed equation has improved the accuracy considerably and may be

considered very satisfactory.
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NOMENCLATURE

AB Constants used in the cubic equation of states
AK Aalto and Kiskinen equation
BWR Benedict- Webb- Rubin
C Constant used in Tait equation
LK Lee- Kesler
HBT Hankinson- Brobst- Thomson method
HT Hankinson- Thomson equation
m Constant used in to equations (2-44, 2-46, 2-
51)

P Pressure atm
P, Critical Pressure atm
P, Reduced Pressure
P Reduced Saturated Pressure
P, Saturated Pressure atm

PR Peng- Robinson equation
R Universal gas Constant atm.cm’/mol.K
SRK Soave- Redlich- Kwong equation
T Temperature K
T, Critical Temperature K
T, Reduced Temperature e
\Y Molar volume cm’/mol
V. Critical Volume cm’/mol
V. Reduced volume e
V, Saturated volume cm’/mol
Vi Reduced saturated volume ~ ceeeeee
Vi, Functions of T, for HBT correlations,eq.(2- cm’/mol
AR 73, 2-74)
A Characteristic volume used in AK equation
X Mole fraction
Z Compressibility Factor
Z. Critical Compressibility Factor
Zra Rackett Compressibility Factor

Vi



GREEK

o Constant used in the cubic equation of state

Riedel s third Parameter eq. (2-37)
B The isothermal Compressibility of saturated

liquid used in Chueh and Prausnitz eq.(2-18)
p Molar density mol/cm’
Pe Critical Molar density mol/cm’
Ds Saturated density mol/cm’
Prs Reduced saturated density ~ cemmmeeeeee
o Fugacity coefficient
® Acentric Factor

Superscript
R1 Simple fluid (eq.2-101)
R2 Reference fluid (eq. 2-101)
Subscript

1 Component 1
1 Component ij
m Mixture
S Saturated

Vil



CHAPTER ONE

INTRODUCTION

Molar volume is one of the most important thermodynamic
properties of a compound. In almost all design calculations, there is a
need for the values of molar volume. For saturated liquid or vapor and for
gas phase, volume V, is important in high- pressure processing and
particularly in the design and operation of high- pressure pumps for all
liquids in the chemical process industries. The volume- handing and
power characteristics of such pumps are strongly influenced by a liquid’s
isothermal bulk compressibility, k. All liquids will compress significantly

at high pressure [1].

Densities are needed in many engineering problems such as
process calculations, simulations, equipment and pipe design, and liquid
metering calculations. A good density correlation should be accurate and
reliable over the whole liquid region from the freezing point to the critical

point. In most practical cases, the fluids of interest are mixtures [2].

This work was made to study the equations which were used for
calculating the molar volume of compressed liquids, and shows which

equation gives good results than the other equations.

The principal aim of this work is to study the existing equations for
calculating the molar volume, and to modify or improve the best equation
in order to come out with an equation, or equations, that may predict the
molar volume for pure compressed liquid or for mixture of compressed

liquids with high accuracy.



This study includes a modification of Tait equation to be accurately
applicable to pure polar compressed liquid and introduces new mixing
rules for saturated liquid density which is applied to calculate the molar

volume of mixtures.



CHAPTER TWO

LITERATURE SURVEY
2.1 Equation of State |3, 4, 5]

An equation of state is an equation that relates pressure,
temperature, and specific volume. Many different equations of state have
been developed over the years. Some have been purely empirical and
others have been based on kinetic theory and/or thermodynamic
considerations. However all are empirical in the sense that the constants
must be determined from experimental observations, and the equations
are valid only for interpolation in the region where experimental data
have been obtained. While the equation of state primarily describe gas-
phase properties, many modern equations are also useful for prediction of
liquid-phase properties of the substance. A thorough understanding of
these methods is necessary to understanding of classical thermodynamics.

The simplest equation of state is that for an ideal gas.

2.2 Law of Corresponding States |3, 6]
van der Waals in1897 introduced the theorem of corresponding
states, which states that different compounds at identical conditions of
reduced temperature and reduced pressure will exhibit identical reduced
volumes. It was expanded to say that they will have the same
compressibility factor (Z).
Z=f(T,,P,) (2-)
However, this approach is only strictly applicable for spherical,
nonpolar molecules. For more complex molecules additional parameter(s)
are necessary .three parameters approaches have been demonstrated to be

successful in correlating properties for non-spherical, nonpolar



Three alternate parameter have been proposed: critical compressibility
Factor (Lydersen, Hougen, and Greenkorn) [7], alpha (Riedel)[8], and
acentric factor (Pitzer)[6]. Pitzer acentric factor has been widely used,
and the law i1s known as the law of corresponding states of three
parameters, 1.e.,

Z=f(1,.P,0) (2-2)
Polar molecules add an additional complexity, and four parameter models
have been developed. The introduction of law of corresponding states of
four parameter was made, with the critical compressibility factor as the

fourth parameter [11], i.e.,

Z:f(TwPr’Zc’a)) (2-3)

2.3 The Third Parameter |3, 6]
2.3.1 Critical compressibility Factor (Z£.):

The critical compressibility factor was first proposed to be used as
a third parameter by Lydersen, Hougen, and Greenkorn, and defined as:
‘" RT

c

Z (2-4)

The value of Z_ varies from about 0.23 for water to 0.30 for light
gases. Most polar compounds have factor in the range of 0.24 to 0.26,

while hydrocarbons are normally in the range of 0.26 to 0.28.

2.3.2 Acentric Factor (v) |6]:

Pitzer in 1955 postulated that the slope of the reduced vapor
pressure curve is the most sensitive property for a third parameter base.
Since vapor pressure can be measured with greater accuracy than critical
properties, this approach should be superior to the critical compressibility

factor. Thus the acentric factor o, is defined as:



w =—1-log |_Pr sat J-‘-r:o.7 (2-5)
sat

where P is the reduced saturated vapor pressure at reduced temperature
(T, =0.7) (i.e., a temperature near the normal boiling point ). This form is
chosen to make ® = 0 for simple fluids like (Ar, Kr, and Xe) with simple
spherical molecules. Hence acentric factor is a factor for measuring the
acentricity or non sphericity of a molecule. However, it should be noted
that T, = 0.7 1s close to the normal boiling point of most substances, thus
the particular choice of T, = 0.7 adopted by Pitzer provides not only
numerical simplicity because log P, = 1.0 but also convenience because

vapor — pressure data are most commonly available at pressure near

atmospheric.

2.4 Polar Compounds |8]:

Polar compounds expressed the effect of electrostatic forces
between molecules. Polar compounds are alcohol, phenol, water, ketones,
aldehydes, ether, and alknitriles. The first three are hydrogen bonding
compounds (a bond forms between the hydrogen atom attached to oxygen
in one molecule with the oxygen atom of another molecule), this makes
their behavior in the vapor different and more complex than that of non-

hydrogen bonding compounds (ketones, ect).

2.5 Vapor Pressure |7]:

Vapor pressures have been measured for many substances. When
reliable measurements are available, Boublik (1984) presents tabulations
of experimental data that have been judged to be of high quality for
approximately 1000 substances. However, sometimes these vapor
pressures are calculated rather than original data and therefore the

possibility exists that errors have been introduced in fitting, interpolation,



or extrapolation of these data. Many different equations have been
presented to correlate vapor pressures as a function of temperature. Two
of these, the Antoine and Wagner equations, while the Wagner equation

1s the best equation for vapor pressure.

2.5.1 Wagner Equation |7]:

Wagner used an elaborate statistical method to develop an equation
for representing the vapor pressure behavior of nitrogen and argon over
the entire temperature range for which experimental data were available.

The resulting equation is:

InpP, = (ar+b71'5 +er? +d76)/Tr (2-6)

P,,: 1s the reduced vapor pressure, T, is the reduced temperature, and t is
1-T,. The constants in eq. (2-6) have been given by McGarry for 250
fluids.

2.6 Critical Properties |9]:

The critical point is the state at which liquid and vapor in
equilibrium becomes indistinguishable from one another i.e. at which all
of the properties of the two phases (density, enthalpy .etc) become
identical .For a pure substance the critical point is the highest temperature
and pressure at which liquid and vapor phases can coexist in equilibrium.
The horizontal inflection exhibited by the critical isotherm at critical

point implies the two mathematical conditions:

oP
il —0
)



o°’P) 0
aVZ o (2-8)

where subscript Cr denotes the critical state . These critical properties are
used as special constants for each substance, in addition to the other
physical and chemical constants such as boiling and freezing points,
molecular weight...etc. where Tc represents the critical temperature and
Pc, Vc represent the critical pressure and volume respectively.

The most generalized correlation are based on the observation that
data for different fluids exhibit a remarkable uniformity when the
thermodynamic coordinates are expressed basis for the theorem of

corresponding states. Thus the reduced conditions are [10].

S
TC
P
Pr:FC > (2:9)
A
VC

2.7 Compressed Liquid [12]

On a pressure — temperature diagram, often called a phase diagram, the
saturation curves might appear as shown in figure 2-1. It is seen that the
liquid — vapor saturation curves ends at the critical point. Every pure
substance has a critical point .At any point not on the saturation curve, the
substance can exist only in one phase: solid, liquid, or gaseous. If the
temperature of the substance in the liquid phase is less than the saturation

temperature for the given pressure, the substance is called a sub cooled



liquid. Under the same conditions, the substance may also be called a
compressed liquid to indicate that its pressure is greater than the

saturation pressure required for the existing temperature

Solid-liquid Sat. curve

Subcooled or
Compressed Liquid

Liquid- vapor Sat. curve . )
) Critical Point
Solid

Vapor- gas
\ Triple Point por-&

Solid- vapor Sat. curve

Figure 2-1: Pressure- Temperature Diagram

Consider the saturation curves shown in figure 2-2. A liquid existing at
state 1 is not on the liquid — vapor saturation curve. It is at actual pressure
P,, and at liquids temperature T, which is below the saturation
temperature for Py, and is above the saturation pressure P; for T, and it

can also be thought of as a compressed liquid.



P1= Pz

Figure 2-2: Saturation curve

2.8 Alternative Analytical Methods [13]:
2.8.1 Yen and Woods Correlation
Yen and Woods [14] defined the density of a compressed liquid in

reduced quantities as:
Pr=Prs =(8p, )57 +7, (2-8)

Here (p, — p,) 1s the isothermal pressure effect on the reduced density
based on the saturated reduced density, p,, and (Ap;),; represents the

reduced density increase for compounds with a Z¢ of 0.27 when the
pressure is increased from the equilibrium vapor pressure to the pressure
of interest. The term 8¢, which equals zero for compounds having Z¢ of
0.27, further corrects the isothermal pressure effect on density for
compounds with other Z¢ values. It was recommended that the reduced

saturated liquid density be calculated by the following equation:

o =1+40-T,) +B1-T, 23 +p-1.)"3 (-9



The A, B and D in this equation have been correlated as polynomial

functions of Z¢. The value of (Ap,) »7 is calculated from
(Ap,. )y, = E+ FIn AP, + Ge™™r (2-10)

Here AP, is the reduced pressure increase from the vapor pressure to the
pressure of interest and E, F, G, and H are given by complicated functions

ot T,. Similarly, dzc is given as a function of AP:
8z, =1+JInAP, + K" (2-11)

where I, J, K, and L are defined functions of T, and Zc. The critical
density must be known or estimated. Needless to say, these calculations

are extremely tedious and intended exclusively for computer applications.

2.8.2 A Generalized Correlation for the Compressibilities of Normal
Liquids

Much attention has been given to the volumetric properties of
normal fluids in the gas phase and it is possible to estimate with good
accuracy the compressibility of nonpolar (or slightly polar) gases. In this

work one can report a correlation for the isothermal compressibility B is

defined by
1( ov
=)

For a given liquid, B is a function of both temperature and pressure
(or density). As suggested by Wada [16] the effect of density p is given to

a good approximation by

1/ 1/n
pB" = ps(ﬂs)

= constant which depends on temperature (2-13)
where superscript s stands for saturation and n is an empirical constant.

Substituting equation (2-13) into equation (2-12), gives:

10



dnv s[ v "

Rewriting and integrating equation (2-14) we have

v d 5P
fs )zjz_nﬂs sdP (2'15)
Yy y P
wherey =v".
from equation (2-15)
p" :(ps)n [1+nﬁs(P—PS)] (2-16)

The compressibility of saturated liquid, B° depends only on temperature.
To obtain a generalized correlation, the reduced experimental

compressibility data for argon, methane, nitrogen, benzene, and n-heptane

are used. From these data the empirical reduced equation is as follows

RB°T, 6.9547—76.2853T +191.30607>
RBTe _[1.0-0.890"| ex R R (2-17)
ve —203.5472% +82.763 1%

where Tr=T/Tc, Tc is the critical temperature, v, is the critical volume, ®
is Pitzer * s centric factor and R is the gas constant. Equation (2-17) holds
for the interval 0.4 < T, <0.98.

To calculate densities (or volumes) of compressed liquids equation
(2-16) and (2-17) together with the correlation of Lyckman and Eckert
[11] for volumes of saturated liquids are used. Wada [16] has suggested
that for normal fluids n = 7. However, the studies suggest that somewhat
better results are obtained with n = 9. Chueh and Prausnitz [15] suggested
that p is not strongly sensitive to n if equation (2-16) in logarithmic form
so they obtained generalized correlation for compressibilities of normal

liquids in the following form:

log p =log p° +%log[l+nﬂS(P—Ps)] (2-18)

11



where B° is the compressibility at saturation given as a function of T, and
. The equation of Lyckman is the recommended equation for calculating
the saturated liquid density, ps This equation has the form:
pelp =V, =V + oV, + 0V, (2-19)

The V, ©, s are generalized functions of T, ,,¢ ® is the acentric factor.
Again, the critical density must be known or estimated. The accuracy of
the correlations for the density of liquids under pressure depends strongly
on the value of the saturated liquid density used.

Yen and Woods and Chueh and Prausnitz [14, 15] examined the
results which presented of 32 components of 2590 data point and got an
over all absolute average percent deviation 2.95 and 5.52 for molar
volumes of compressed liquids of Yen and Woods and Chueh and
Prausnitz respectively, and when they used Rackett equation (2-20)
instead of equations (2-9), (2-19) the accuracy was improved to 2.29 and

1.75, so Rackett equation can be written in form:

Ve - RTc ZRA[1+(1—Tr)2/ "

Pc

Its an equation to estimate saturated volumes which was developed by

(2-20)

Rackett and later by Spencer and Danner [6, 7]. Zga 1s a unique constant
for each compound, if a value of Zg, 1s no available, it may be estimated
by:

Zpy 4 =0.29056-0.08775w (2-21)

If one experimental density is available at reference temperature TV, the

recommended form of the Rackett equation is:
R o
Vi =V Zpy (2-22)

where O =(1-T)%7 —-1,%)?"7 (2-23)

12



2.9.1 van der Waals Equation:

Derivation of the ideal gas law assumes that the volume of
molecules is infinitesimal compared with the total volume. Actually, the
volume in which a molecule can move is less than the total volume by
some amount, which takes into account the finite size of the molecules
and the repulsion between molecules. The force of attraction between
molecules, called the van der Waals forces, is also neglected in the ideal-
gas law. This force reduces the pressure below the value calculated from
ideal-gas law by pulling molecules together. Kinetic theory shows this
pressure to be inversely proportional to the molar volume squared. Using

this observation, the van der Waals equation has been derived as

(P+—"2 J(V —b)=RT (2-24)
4
RT a
p=— _ < )
or Vb p2 (2-25)

where a and b are characteristics of each compound and are called the van
der Waals constants. Values of a and second derivatives of pressure with
respect to volume equal to zero:

a and b can be calculated from critical properties by applying the van der

Waals equation to the critical point using the fact that at the critical point

constant:
2 2
g 2RI (2-26)
64P
RT,
b=—-— 2-27
8P (2-27)

The van der Waals equation is a simple although somewhat inaccurate
equation but it provides a starting point for many more sophisticated

formulations[3].

13



2.9.2 Redlich — Kwong Equation:
The two- constant Redlich-Kwong equation of state has been
determined to be one of the most useful equations, it has been proposed in
the century following van der Waals, work. The equation is:
P RT a
V=b TV2p(V+b)

Constant a and b can be most accurately determined by fitting the

(2-28)

constants, using experimental PVT data. However, as this information is
not usually available, the criteria of the critical point (at the critical point
the first and second derivatives of pressure with respect to volume equal
to zero) are used to determine values for a and b as a function of the
critical temperature and critical pressure of the compound concerned. The

results of this derivation are

0.42748R*T.*>

a= s (2-29)
0.08664RT,

b= P (2-30)

These generalized parameters can then used with the Redlich-Kwong
equation to determine PVT properties. The Redlich-Kwong equation is

also often written as a compressibility equation:

z--L A (2-31)
1-h Bl+h
where
n=2 50 (2-32)
Vv oz
B:% (2-33)

14



aP

A= R2T25

(2-34)

This equation will allow values of Z to be determined by iterative
solution of the equation. Such a procedure would set a value of Z (say 1),
calculate h, and then calculate a new value for Z. The process would be
repeated until the assumed Z and calculated Z agree with certain limits.

Equation (2-25) can be written in terms of compressibility factor

as:
Z3-7*+(4-B-B*Z-4B=0 (2-35)
Any cubic equation will give three roots for Z. The largest is the vapor

compressibility factor, the smallest is the liquid compressibility factor,

and the intermediate root has no physical significance[3, 4].

2.9.3 Wilson Equation:
Wilson equation is a modification of Redlich-Kwong equation.

Wilson redefined the equation in another way as:

RT
P= S (2-36)

V—b VIV +b)

where

a=aca (2-37)

0.42784(RT.)?
ae = (RTc) (2-38)

Fe

He also defined a parameter g, which is equivalent to a /T,, and
made a parameter as a function of reduced temperature T,, and acentric

factor m, as follows:

o =T,g(T,,0) (2-39)

g=1+(1.57 +1.62a))(T_1r —1) (2-40)

15



a=Tl+157+1.620)(1 " -1)| (2-42)

In deriving the above equation, Wilson used the PVT behavior
observation that the vapor pressure curve is continuous with the critical
isochors at the critical point. Soave, on the other hand, used vapor
pressure data and the definition of the acentric factor in obtaining the o

expression[4].

2.9.4 Soave Equation:

Soave also defined a as a function of T, and ®, but in a much
different way to Wilson, Soave calculated the values of a at series of
temperatures for a number of pure hydrocarbons, using the equality of

vapor and liquid fugacities along the saturation curve. He defined a as:

B 0.5 [
a=l+m(1-T,"") (2-43)
m=048+1.570w—-0.176w (2-44)
This is to be used into equation (2-38) with ac from equation (2-39) and
using o into equation (3-37) or to calculate A as in equation (2-45) and
use it into equation (2-36).
_aP
B 2
(RT)

A (2-45)

In 1984 Soave [30] redefined m in equation (2-43) as:

m=0.4998 +1.5928w — 0.19563w> + 0.0250°  (2-46)
which is restricted by (0<w <1)[3, 4, 17].

16



2.9.5 Peng — Robinson Equation:
Peng and Robinson modified equation (2-37) as follows:

RT a

P= -~ 2-47
V—b VIV +b)+b(V —b) (2-47)

or in terms of compressibility factor:

Z3 —(1-B)Z* +(4-2B-3B*)Z —(4B—- B> - B*)=0 (2-48)

where A and B are the same as in equation (2-45) and (2-33) respectively.
The difference i1s in the values of ac, b, and m. There values are

calculated from the following equations[4, 18]:

2
0 = 0.457235(RT) (2-49)
Fe
0.077796RT,
b= < (2-50)
Pc
m =0.37646 +1.542260—0.2699260> (2-51)

2.10 Lee - Kesler Correlations:
This method calculates the compressibility factor is as follows:

z=7"4 ﬁ( )-70) (2-52)

This method is based on the law of corresponding state of three
parameters. It states that there are two fluids, simple one and reference
one and calculated the compressibility factor of any interesting fluid from
these two fluids. The compressibility factors of both the simple fluid Z
(0) and the reference fluid Z(r) have been represented by the following
reduced form of modified BWR equation of state:

z:(_PrVrJ:HL el g L - L | 2s3)
T, AR AR A % v,

r r

17



B:bl _bZ/Tr _b3/Tr2 _b4/Tr3

(2-54)
3
C=c;-c,/T, +¢3/T, (2-55)
D:d1+d2/Tr (2-56)
Table 2-1: Constants for equation (2-53)
Simple Reference Simple Reference
Constant | q.ias | fluids Constant | qigs | fluids
b; 0.1181193 ] 0.2026579 C3 0.0 0.016901
b, 0.265728 | 0.331511 C4 0.042724 | 0.041577
b 0.154790 | 0.027655 d;x10* | 0.155488 0.48736
b, 0.030323 | 0.203488 | d,x10" | 0.623689 | 0.0740336
C 0.0236744 | 0.0313385 B 0.65392 1.226
Cy 0.0186984 | 0.0503618 Y 0.060167 0.03754

To calculate Z for the liquid of interest, given T and P, first calculating
the appropriate values of T, (T/T.) and P, (P/P.) using critical properties
of the from the simple fluid constants in table 2-1 equation (2-53),
solving for V;. When V., is applied in the first equality of equation (2-53),
Z9 is calculated for the simple fluid. The next step is identical to the first
except that the reference fluid constants of table 2-1 are used, but with the
same T, and P, values of the fluid of interest that were determined in the
first step. The result of the second step is Z". Finally, with Z® from the
first step and Z” from the second, the compressibility factor Z for the
fluid of interest is determined from equation (2-52) where @™ = 0.3978.

knowing that the reference fluid is n-octane[6, 9].

18




2.11 Tait Equation for non polar compressed Liquids [6, 7, 20]:

One of the most general and useful equation for estimation of V is
the Tait equation. This equation is generally applicable to nonpolar and
moderately polar compounds, such as hydrocarbons and common
solvents, but overestimates V for alcohols and diols at high pressures
mainly because it does not account for these compounds of relatively
large acentric factors, extreme polarities and strong hydrogen bonds.
Compressed liquid density measurements were performed at pressure up
to 68 MPa and at reduced temperature 7. < 0.95.

The obtained results were fitted to a generalized Tait equation in
the form proposed by [18]:

P
V=V (1 - Cln,Bﬂ—k;Pj (2-57)

sat
where V is the molar volume, Vg 1s the saturated molar volume, P the
pressure and P, the vapor pressure which was determined from eq. (2-6)
by multiplying P, with P,.
Pc = critical pressure, in bars

Thomson et al. [6] presented generalized correlations for B and ¢ in

terms of T, P. and ®, and obtained from the following equations:
p=P1+a-T) 3 +6(1-T, P +d0-T)+1-T, 3| (2-58)
e= eXP(f + gk + ha)SRKz) (2-59)
Cc = ] + ka)SRK (2'60)
Here o is the acentric factor calculated through the basic equation:

o =—log) Prsat(a;Tr =0.7) ~ 1 (2-61)

where B, =PB/F,

The a- kcoefficients, regressed on the base of experimental data, are

given in table 2-2.
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Table 2-2: Coefficients of the generalized Tait equation.

Coefficient | Numerical value Coefficient Numerical value
a —-9.070217 b 62.45326
d —135.1102 / 4.79594
g 0.250047 h 1.14188
J 0.0861488 k 0.0344483

The ability to predict saturated liquid densities for elements and
compounds continues to play an important role in the treatment of
thermodynamic properties. Although the calculation of such densities is
possible through the use of an equation of state more often than not. An
equation to estimate saturated volumes was given also by Spencer and

Danner [6, 7] (2-20).

2.12 Compressed Liquid densities based on Hankinson-Thomson

saturated liquid density
2.12.1 Hankinson-Brobst-Thomson model |21]

Thomson et al. [22] proposed a method (HBT) to calculate the
compressed liquid density. This model first calculates the saturated liquid
density using equations (2-73)-(2-75). The effect of pressure is then taken
into account using the generalized Tait equation. This method needs the
pure component vapor pressure (experimental value or from a correlation
equation like Antoine or Wagner equation) and the pure component
critical pressure.

Alto et al. [23] have shown that this generalized Tait equation is
limited to reduced temperature of 0.95. Therefore this method is to be

replaced with newer and more accurate methods described next.
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2.12.2 Alto et al. equation |7, 21]

Alto et al. [23, 24] have presented a compressed liquid density

calculation method that first calculates saturated liquid density using HT

model, and then the effect of pressure is taken into account by a

modification of equation of Chang - Zhao [25] (1990) to T, =1.

V:VS

ap, +cP ) (p —p, )

AP, +C(P -P,,)

(2-62)

A and B are polynomials in T/T. and o, respectively. Alto et al. (1996)
modified the Chang - Zhao model by the HT model: V*, Tc and ®grk.

This model is quite accurate as discussed by Poling et al. [30]. The

formation of A and B:

A= Clo +a1Tr +Cl27-;,3 +Cl3Tr6 +Cl4/Tr

B = bo +a)SRKb1

The constants of Alto et al. (1996) are shown in table 4-3.

(2-63)

(2-64)

Table 4-3: Constants for Alto, et al. (1996) Correlation for Compressed
Liquids of egs. (2-63) and (2-64)

a, a

a,

a,

a,

bO

bl

D

-170.335 | -28.578

124.809

-55.5393

130.01

0.164813

-0.0914427

Exp(1)

1.00588

The drawback of this model is that data used in the general model

parameter fitting was limited to 20 MPa as maximum. The model has

been found to have systematic errors (density under prediction) in

pressures higher than 25 MPa and it is recommended only for the

pressure range it was initially fitted, I, e. maximum pressure for this

model 1s 20 MPa.
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2.12.3 Alto and Keskinen equation |21]

Alto and Keskinen [26, 27] (AK) improved the equation of Alto et
al. [23, 24] for compressed liquids. The data used in fitting the general
model parameters extended up to 800 MPa. A lot of data points were also
located near the critical temperature. Thus the AK model can be used
with excellent accuracy up to extremely high pressures. The AK model
also applies with good accuracy to the critical temperature giving also the
liquid compression at the critical temperature when pressure is higher
than critical pressure. The AK model was compared to the model of Alto
et al. [23, 24] and was found to be of nearly the same accuracy in the
pressure range from saturation pressure to 20 MPa. Therefore the AK
model is better recommended than the model of Alto et al. The AK
model, using Vg from the HT model, is as follows:

4P (g p

S Ive (o (2:65)

A=a, +a1Tr+a2Tr3+a3Tr6+a4/Tr (2-66)
by
B=by+—— (2-67)
by + wgpg

C=c(-T.)2+ [1 ~(1-7,)2 Jexp c3+cu(P - PS’,)] (2-68)

The general model parameters for equations (2-65) - (2-68) are

a, =482.85416 a, =-11542977  a, =790.09727  a, =-212.14413
a, = 93.4904 b, =0.0264002 b =0.42711522 b, =0.5
¢, =9.2892236 ¢, =25103968 ¢, =0.5939722 ¢, =0.0010895002

D =1.00001 E =0.80329503

Reduced temperature is obtained from,
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(2-69)

P
P =— -
=7 (2-70)
P, =i (2-71)

a

The AK model uses the same pure component parameters as the HT
model: V*, Tc and wsrg. In addition to that the critical pressure and
saturated liquid vapor pressure are needed. The saturated liquid molar

volume, Vg is computed in the Hankinson- Thomson HT model [13].

2.12.4 Hankinson-Thomson model for saturated liquid density |21, 7]:
One of the most successful saturated liquid density models is the
Hankinson-Thomson (HT) model, often called COSTALD. 1t is accurate
for pure compounds from triple point to the near-critical region, and it has
been successfully extended to mixtures. Moreover, a large collection of
pure- component parameters has already been published. HT was
developed mainly for hydrocarbons and other organic compounds, but it
is also accurate for many other types of compounds. The Hankinson-
Brobst-Thomson (HBT) model is an extension of the HT model to the
compressed liquid region, HBT is applicable both for pure compounds
and mixtures. Later, many new methods for compressed liquid density
calculation have been proposed. Many of those utilize a concept similar
to HBT model. First, the saturated liquid density is obtained, and then the
effect of pressure is described using another model. HT has often been
selected for the saturated liquid density predictions in these compressed
liquid density model due to its good accuracy. The saturated liquid molar

volume, Vs is computed in the Hankinson-Thomson model from:
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s Vel - oy Vg

_ (5)]
V*

(2-72)

O =1+a(1-T)" 3 +b(1-T. 3 +c(1-T)+d(1-T)**  (2-73)

when 0.25< T, <095
Ve'® =(e+ T, +gT,” + hT,*)/(T, —1.00001) (2-74)
when 0.25<T,; < 1.0
T
s _T 2-75
- (2-75)

for equations (2-73) - (2-74) the general parameters are as the following:

a=-1.52816 b =1.43907 c=-0.81446 d =0.190454
e=-0.296123  f=0.386914 g =-0.0427258 h =-0.0480645

The pure - component specific parameters are the following:
characteristic volume ¥, slightly adjusted critical temperature 7, and the
SRK acentric factor wsrgx. These are tabulated for many compounds in
Appendix A and the uses of these special parameters are recommended to
get best accuracy. Although equation (2-74) was originally stated to apply
only at range 0.25<7,< 0.95 , Alto et al, Alto and Keskinen and also
Nasrifar et al [28], and Nasrifar and Mosfeghian[29] found it to hold
reasonably well up to the critical temperature Poling et al. [30], discussed
the need for the special parameter V' .T. and @spk. They state that real T
can be used in place of T, but remind that the same value of T, should be
used with the model that was used in the fitting of the V" and (WSRK-
Poling et al. Also stated that with a little loss of accuracy, V' can be set

equal to V. and correspondingly wgrx can be substituted by the normal

Riedel acentric factor w.
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2.13 Mixing Rules

The methods reviewed above are for pure components calculations.
To extend the methods to mixtures, they must be modified to include the
additional variable of composition. In essentially all cases, the inclusion
1s accomplished by averaging pure component constants to obtain
constants which hopefully characterize the mixtures. Equations that do

this are called mixing rules [6].

2.13.1 The Hankinson — Brobst - Thomson (HBT) |31]:
This mixing rules that are recommended for compressed liquids,
are as follows:

Zinxj Vi Tey
J

T, =— — (2-82)

cm

* * * 1/2
Vi Ty = (Vi IV, TCj) (2-83)

if

Voo %{Zw +3(in%*“ j(inVﬁ” ﬂ (2-84)

@, = ina)i (2-85)
(0.291-0.080w,, )RT,,
PCm = V * (2_86)

m

2.13.2 An Improved Correlation for Densities of compressed Liquids
and liquid Mixtures [31]:

The Tait equation has been extended and generalized to permit the
calculation of densities of compressed liquids and their mixtures to a
pressure of 680 atm using only critical temperature, critical pressure,
Soave- Redlich- Kwong acentric factor, saturation pressure, and saturated

volume for a pure liquid or the corresponding mixture parameters for a
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liquid mixture. This correlation, together with the correlation developed
by Hankinson and Thomson (1979) for saturated liquid densities,
comprises COSTALD (Corresponding States Liquid Density), an
integrated method for estimating densities of nonpolar and slightly polar
fluids and mixtures. This new correlation gave 0.446 average absolute
percent error for 6338 data points for nonpolar liquids, 2.57 for 1352 data
points for polar and quantum liquids, 0.369 for 319 data points for
LNG/LPG mixtures, and 1.61 for all mixtures tested. with regard Tait
equation (2-57), Cutler et al. (1958), Neece and Squire (1968), McDuffie
et al. (1969), Benson and Winnick (1971), and Kumagai et al. (1976)
treated the constant  as a linear or quadratic function of temperature,
decreased as the temperature increased. Cutler et al. Nanda and Simha
(1964), McDuffie et al; and Zordan and Henry (1975) treated C as a
constant while Ginell (1961), Neece and Squire; and Kumagai considered
it to be a weak function of temperature. Snyder and Winnick (1970)
selected the values for B and C which fitted their data best. They did not
discuss the temperature dependence of the constants.

Since B has the units of pressure, it is reduced by dividing it by P,
as in equation (2-57), Tait C is dimensionless and it is considered to be
independent of temperature. It is generalized by making it a linear
function of the SRK acentric factor as in equation (2-61).

In sense, mixing rules were not developed for the Tait equation.
But the mixing rules for the saturated and the compressed liquid density
mixtures were developed by (COSTALD) and these mixing ruled were
also used for density correlation of mixture using Tait equation. The
equations used are:

sziijlj*TCij
T, =—

Cm V * (2-82)

m
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. . N 1/2
V, Tey; = (V. T.V, TC].) (2-83)

ij i

A ﬂZ W+ 3{2 W }[z V. H (2-84)

and
W, = ina)i (2-85)
Mixture critical pressures are calculated as
P, =(Z,RT,)V, (2-86)
Where Vm* comes from Eq. (2-86) and Z,, as
Z =0.291-0.080w,, (2-87)

The saturation pressure of the mixture, Py, is equal to the product of Py,
and P.,.P., is calculated from the generalized Riedel vapor pressure

equation with constants determined in experimental,

log Py =By, ©) + Ospi By v (2-88)

P, ") =5.8031817l0gT,, +0.0760814la  (2-88a)
P, = 4866018 (2-88b)

a =35.0-36.0/T,, —96.736logT,, +T,,° (2-89)
B =logT,, +0.03721754a (2-90)

where T, = T/Ten

Hankinson and Thomson gave values of wsrx and V'~ for 200 compounds.
Alto, et al. (1996, 1997) have extended eq. (2-57) to mixtures eqgs.

(2-82) and (2-84) for T, and V .. They calculated P, as:

0.291-0.080w RT,

m
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2
1/2
OSRKm = [Z X;SRKi ] (2-92)

i
Alto et al [7]. (1996) recommended that the vapor pressure used to
calculate Py, in eq. (2-57) be obtained from generalized Riedel vapor

pressure equation which, with some algebraic manipulation, can be put in

the form
ln Pvpr = Povpr + C()Plvpr (2‘93)
P, =6.13144— 6.30662 —1.55663In7  +0. 17518T°,., (2-93a)
3.08508

Pl =2.99938 - +1.26573In T, +0.085607 °,., (2-93b)

rm

As previously mentioned, eqs. (2-82) and (2-84) do not represent
estimates of the true T, and A Thus, eq. (2-91) is not an estimate of
the true P, but is rather a pseudocritical pressure, and in the same way,
the P, value predicted by eqs. (2-93) is not an estimate of the true bubble
point pressure, but is rather a pseudo vapor pressure associated with the
pseudocritical values of T, and P.,. As a result, the Aalto method does
not predict the correct volume at the bubble point unless the correct point

pressure is used in eq. (2-57) instead of P, from eqs. (2-93).

2.14.3 Densities of liquid at their Bubble Point
In order to extend equations such as eq. (2-20) to mixtures, mixing
rules are required. Li [32] (1973) and Spencer and Danner [6]

recommended
T. 27
Ven —R[Z%szm[lnt(l T,) ] (2-94)
ZRam = inZRAi (2-95)
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with the relation of Yamada and Gunn (1973)
Zp4i =0.29056 - 0.08775w; (2-96)
Spencer and Danner (1973) recommend the mixing rules of Chueh and

Prausnitz [33]

Tom = Zz¢i¢chij (2-97)
P
¢ = e (2-98)
ijch
J
Ty = (1—k; NT,7, )2 (2-99)

Li's method sets &, = 0 for eq. (2-99).

2.15 Higher Parameter and Alternative CSP Approaches |7]

One method to extend Corresponding States Principle (CSP) to
substances more complex than normal fluids is to use more terms in eq.
(2-100) with new characteristic parameters to add for the effects of

polarity and association.
Z= Z(O)(T/TC PP, J+0zW(1/T,.P/P)  (2-100)

Most of these correlations were not very successful though the approach
(2-101) Wilding (Wilding and Rowley, 1986 and Wilding, et al., (1987)
showed reasonable accuracy. This lack of reliability may be due to the
polar and associating forces affecting not only the volumetric behavior as
the model tries to treat, but also the critical properties. The result is that to
use them for dimensionless scaling is inconsistent with the molecular
theory basis for CSP (Hakala, 1967).

Alternative expansions of eq (2-100) have also appeared. Rather
than using simple fluids as a single reference, multiple reference fluids

can be used. For example, Lee and Kesler (1975) and Teja, et al. (1981)
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developed CSP treatments for normal fluids that give excellent accuracy.
The concept is to write Z in two terms with two reference substances
having acentric factors o®” and @®?, Z® (T, P,, @®" ) and Z® (T,,

P,, ®®?). The expression is

(Rlll) [Z(R2)(T,,R,CI)(R2))_ Z(Rl)(Tr,B,,a)(Rl))] (2-101)

LA

w—w
R2) _

2T, B,0)= 2, B, o) 2
a

o

Typical reference fluids to provide properties are simple fluids as
R1 and a larger hydrocarbon such as n-octane for R2. It is also possible to
use more reference fluids to extend CSP to more complex substances. For
example, Golobic and Gaspersic (1994) use three reference fluids (simple
fluids, n-octane and water) with modification of the second term in eq. (2-
101) and an additional term, both of which include another characteristic
parameter. The properties have been provided in tables rather than
analytic equations. Golobic and Gaspersic compared 20 different models
for saturated vapor and liquid volumes with their method. Their
comparisons with eight strongly polar alcohols and others were the most
reliable, giving errors that were rarely more than any of the others and
with maximum errors less than twice the average. Platzer and Maurer
(1989) also used a three- reference fluids approach but with an equation
for the EoS. For the 24 normal and 18 polar and associating fluids for

which they obtained T, P., ®, and a polar factor, the correlation was as

good as other methods available [7].
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CHAPTER THREE
INVESTIGATION AND DISCUSSION

3.1 Introduction to Investigation

Liquid densities can be calculated from equations of state (EOS).
Normally, the accuracy of liquid density predictions with EOS is not
sufficient, and therefore special correlations for liquid density are used. Many
accurate correlations are available for saturated liquid densities of pure fluids.
The accuracy of many models is not good enough for mixtures, mainly due to
the problems in formulating the mixing rules.

A good discussion of saturated and compressed liquid density
calculation methods can be found in Poling et al. [30]. For density of
saturated pure liquids, they recommended the Daubert et al. [32] version of
the (modified Rackett) equation proposed by Spencer and Danner [33]. That
model is applicable only for pure compounds. Reid et al. [34] recommended
Spencer and Danner [33] and Hankinson- Thomson [35] (HT) models. They
also recommended compressed liquid densities to be calculated using the
Hankinson- Brobst- Thomson (HBT) model [22], in which HT is used for
saturated liquid density. Poling et al. [32] recommended the model by Alto et
al. [23, 24] for accurate compressed liquid density; the model by Alto et al.
[23, 24] uses the HT model as basis and is applicable both for pure
compounds and mixtures to predict compressed liquid densities. Aalto and
Keskinen [26, 27] published an improved version of Alto et al. [23, 24]
model. The new model is applicable for pure components and liquid mixtures
and at extremely high pressures and gives better density prediction near
critical temperature. The Alto and Keskinen [26, 27] model also uses the HT

model as the basis for saturated density.
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Based on the above discussion it can be stated that one of the most
successful saturated liquid density calculation models is the Hankinson-
Thomson model. The HT model was reviewed, with regard general and pure-
component model parameters that are needed, and whether they are available

and how to fit the parameters from experimental data.

Three notable paths have been evolved from industrial applications

view point [60], as follows:

Path 1. van der Waals ——> Redlich- Kowng —>Wilson —> Lee-
Edmister——>Soave ——>Peng- Robinson.

Path 2. Beattie- Bidgeman ——> Benedict- Webb- Rubin —>Starling
—> Starling Han——> Lee- Kesler.

Path 3. Tait equation

Path 4. Hankinson- Brobst- Thomson (HBT) ——>Alto —>Alto-Kiskinen

The development of two paths 3 and 4 was empirical, with goals for
immediate applications of industrial problems. For most calculations, the
empirical approach is as good as, often better than, theoretical approach of
path 2 as Lee- Kesler approach, but the accuracy of Lee- Kesler equation
which is designed for vapor phase only, and therefore path 2 is not to be taken
into account in this work. Cubic equation of state is represented by the path 1
only with Soave- Redlich- Kwong equation (SRK) and Peng- Robinson (PR)

which were used to calculate the molar volume of compressed liquid, but the
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results were not as good as in path 3 and 4. Path 3 represented by Tait
equation which gives good results for pure components. However this
equation does not work at T, > 0.95 and the deviation in the region are large,
and also the deviations increase where P, nearly close to 10 as shown in tables
3-7 and 3-8, So Alto and Keskinen model was used in path 4 for refrigerant

systems at reduced temperature up to T, = 1.

3.2 Pure Component
3.2.1 Experimental Data:

It is well known fact that the evaluation of any correlation or prediction
method is done by comparison of the results with the results of experimental
dependable data. The deviation between the experimental results and the
results of prediction or correlation method determines the accuracy of the
method. The experimental data of the molar volume of compressed liquids,
obtained from literature for the purpose of this investigation consists of 298
data points of eleven non polar pure components and there polar compounds
as shown in table 3-1. These experimental data at condition of temperature up

250 C and pressure up to 680 atm.

Table 3-1: The Pure Component Molar Volume Data

No. of Reference

No. Component Point Data

1 n- Pentane 25 [45]

2 n-Nonane 24 [47]

3 Propylene 19 [39]

4 n-Octane 23 [46]

5 Isobutane 27 [36]

6 n-Heptane 26 [38]

7 Ethylene 20 [43]

8 1-Butene 18 [47]
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9 n-Butane 21 [44]
10 n-Decane 19 [49]
11 Propane 13 [37]
12 Ammonia 20 [41]
13 Water 24 [52]
14 Acetone 19 [47]

2 298

3.2.2 Equations of States:

For pure component molar volume of compressed liquid using equation
of state like Soave, Peng- Robinson, Lee- Kesler, Tait, and Aalto- Kiskinen
equations, it is seen that when using Lee- Kesler equation the results were not
good and acceptable. For example of two liquids 1-Butene, and n- Nonane

which have Average Absolute Percent Deviation (AA%D) of 10.52, 9.643

respectively. As

shown in table 3-2.

Table 3-2: Results of Lee- Kesler Equation

No. of 0
No. Component Point AA%D
1 1- Butene 19 10.52
2 n- Nonane 24 9.643
Over all AA%D 42 10.01885

For Soave equation calculating molar volume of compressed liquids the
results showed rather high deviations from the experimental data. For
example calculating the molar volume of three components n-heptane,

isobutane, and propylene gave (AA%D) of 10.552, 4.132, and 6.717
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respectively, table 3-3 shows the results of 91 data point by using Soave

equation for three the component .

Table 3-3: The Results of using Soave Equation

No. of o
No. Component Point AA%D
1 n- Heptane 26 10.552
2 Isobutane 27 4.132
3 Propylene 19 6.717
Over all AA%D 91 5.643

When Peng- Robinson equation was used to calculate the molar volume
of compressed liquids for the three components n-heptane, isobutane, and
propylene, the results were not good so but the deviations were less than
using the two previous equations of Lee- Kesler, and Soave. Table 3-4 shows
the results of calculating the molar volume for three components using Peng-

Robinson equation.

Table 3-4: The Results of using Peng- Robinson

No. of 0
No. Component Point AA%D
1 n- Heptane 26 1.427
2 Isobutane 27 6.795
3 Propylene 19 5.180
Over all AA%D 91 3.559
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Another equation of state was Tait equation that was used to calculate
the molar volume of compressed liquids for 11 pure component of 241 data
point and gives good results and much less deviations from the experimental
data as shown in table 3-5. Table 3-5 shows that the maximum deviation from
the experimental data was 1.6118% for n- octane and the minimum deviation

was 0.2323% for propylene.

Table 3-5: Results of Tait Equation

No. of %Av.Dev.of
Component Data point Tait
1 n-Pentane 25 0.9195
2 n-Nonane 24 0.7076
3 Propylene 19 0.2323
4 n-Octane 23 1.6118
5 Isobutane 27 0.3778
6 n-Heptane 26 0.8365
7 Ethylene 20 0.3358
8 1-Butene 18 0.944
9 n-Butane 21 0.7240
10 n-Decane 19 1.2894
11 Propane 19 0.2266
Total % av.dev. 241 0.73378

A gain by using another equation which was Aalto and Kiskinen
method this equation was used to calculate the molar volume of compressed
liquids of 11 pure component of 241 data points and gives better results even
when compared with Tait equation as shown in table 3-6. Table 3-6 shows the
maximum deviation from experimental point is 1.3126 % for ethylene and the

minimum deviation is 0.1633 % for n- Decane.
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Table 3-6: Results of Alto and Kiskinen method

No. o
No. Component Dataf %Av.Dev.of
. (AK)

point
1 n-Pentane 25 0.5129
2 n-Nonane 24 1.2366
3 Propylene 19 0.2243
4 n-Octane 23 0.8511
5 Isobutane 27 0.2731
6 n-Heptane 26 0.4523
7 Ethylene 20 1.3126
8 1-Butene 18 0.8410
9 n-Butane 21 0.4879
10 n-Decane 19 0.1633
11 Propane 19 0.5807

Total % av.dev. 241 0.62876

At the end of this investigation it is clear appeared that Aalto and
Kiskinen equation gives more accurate results those obtained by using other

equations.

3.2.3 Comparison between Tait and Aalto -Kiskinen equations
A- For T,<0.95

When calculating the molar volume of compressed liquid region, there
are two variables that affect the value of liquid volume, namely the pressure
and temperature. High values of pressure and different values of temperature
were used in this work. No influence of temperature was noticed in the region
where T, was less than 0.95 on both Tait and AK equations, however the
pressure or the reduced pressure affects the deviation from experimental
value, but still the AK equation showed less deviation than Tait equation for
the same value of reduced pressure as shown in table 3-7.Table 3-7 shows the

results of calculating molar volumes of pure components by Tait and AK
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equations for 4 pure components at reduced temperature less than 0.95 and
different reduced pressures from 7 up to 27 where it appears that the
maximum deviation in Tait equation for n-nonane is 2.006 %, and in AK
method is 0.1414 % for P, = 30.1005, and minimum deviation in Tait
equation 1.059 %, and AK equation is 0.3435 % for P, =21.070 of n-nonane.

Table 3-7: The effect of Reduced Pressure on Tait & AK equations

At different temperatures

Component

Pr

Vexp.
(cm’/mol)

AK Equation

Tait Equation

Veal.
(cm’ /mol)

%
Dev.

Veal.
(cm’ /mol)

%
Dev.

1-Butene

7.7158

101.88092

100.6449

1.171

100.6449

1.213

8.5732

100.88209

99.52683

1.343

99.57532

1.295

10.2878

99.19656

97.7811

1.426

97.6999

1.508

12.0024

97.69831

96.21792

1.515

96.09279

1.643

13.7171

96.26249

94.86848

1.448

94.68674

1.636

15431

95.01395

93.68548

1.398

93.437

1.659

n-Butane

18.139

93.45327

93.4295

0.0254

92.44383

1.072

18.139

100.25782

100.1319

0.1256

98.96558

1.288

n-Nonane

21.070

196.02090

195.3475

0.3435

198.0979

1.059

24.0803

193.52381

193.381

0.0738

195.95316

1.255

27.0904

194.77235

196.1669

0.5286

200.38080

1.577

30.1005

194.77235

196.9903

0.1414

201.22793

2.006

n-Heptane

6.9181

140.71054

140.7845

0.0525

139.12302

1.128

7.547

140.46083

140.5657

0.0746

138.83024

1.1607

8.8049

150.44916

150.53

0.0537

148.73298

1.1407

10.0627

149.70003

149.8658

0.1107

147.93160

1.1813

11.3206

148.95091

149.2351

0.1908

147.17005

1.195

12.5785

148.45149

148.6338

0.1228

146.4446

1.351
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In order to show the effect of reduced pressure on molar volume of
compressed liquids, figures 3.1, 3.2, and 3.3 were plotted. The figures are
molar volume against reduced pressure for the experimental data and for
those calculated by Tait and AK equations for the pure components of
heptane, n-nonane, and 1-butene. The figures indicate that generally speaking
as reduced pressure P, increases the deviation of the curve calculated using
Tait equations from that of experimental data is increased. Thus it can be said
that in the region where T, < 0.95 and P, up to 30 AK equation gives better

results than Tait equation.

152.00 —

Tr<0.95
[ J Experimental
- [ ] Tait equation
<& AK equation

148.00 —

144.00 —

Molar Volume (cm3/mol)

140.00 —

136.00 , i , i , I ,

6.00 8.00 10.00 12.00 14.00
Rrduced Pressure Pr

Figure 3.1 The effect of Pr on Tait &AK
equations at T, less than 0.95 for n-Heptane

39



Molar volume (cm3/mol)

Molar Volume (cm3/mol)

202.00 —

Tr<0.95
] [ J Experimental
[ ] Tait equation
<& AK equation
200.00 —
198.00 —
196.00 —
194.00 —
192.00 , I , I ,
20.00 24.00 28.00 32.00

Reduced Pressure Pr

Figure 3.2 The effect of Pr on Tait &AK
equations at Tr less than 0.95 for n-Nonane

102.00

100.00 —

98.00 —

Tr<0.95

92.00 T | T I T I T I T

6.00 8.00 10.00 12.00 14.00 16.00
Redued Pressure Pr

Figure 3.3 The effect of Pr on Tait &AK
equations at Tr less than 0.95 for 1-Butene
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B-ForT,>0.95

In this region the effect of reduced temperature is clearly appeared in
the results for each of the calculating equation Tait and AK, as shown in table
3-7. Table 3-8shows a comparison between Tait and AK equations for five
components with different reduced temperatures from 0.95 up to 1, the
deviation of molar volume calculated by Tait equation at T, = 0.95 is very
high and when T, = 0.99 Tait equation did not give any results as shown in
ethylene at Tr = 0.9915 and propane at Tr = 0.9901, while the deviation of

molar volume of Aalto and Kiskinen equation is still satisfactory.

Table 3-8: Comparison between Tait & AK equations at Tr > 0.95

AK Equation Tait Equation
Vexp.

Component | T (K) Tr (cm3/mol) Veal. % Veal. %

(cm3/mol) | Dev. | (cm3/mol) | Dev.

51.08228 52.1923 2.178 49.74623 2.61

2701 0.95609 e 1008 | 52.3543 | 1.876 | 49.94479 | 2.812

50.986266 | 52.9585 | 3.872 | 37.9942 | 25478

Ethylene 276 1 09773 50504504 | 527640 | 4.066 | 37.65484 | 25.733
280 | 09915 50983706 | 54.889% | 8.327

51.554065 55.1383 6.957

126.52212 | 124.5788 1.535 124.2132 1.824

125.48621 123.748 1.384 123.1405 1.869

n-Pentane | 44426 | 09459 | 124.58542 | 122980 | 1.287 | 122.1327 | 1.968

123.14409 | 121.5995 1.254 120.2836 2.322

122.55850 120.974 1.292 | 119.43079 2.552

134.97315 | 136.4531 1.100 132.7790 1.621

n-Butane 410.92 | 0.9664 | 111.24984 | 110.6236 | 0.5585 | 108.4972 2.469

102.13509 | 102.8316 | 0.6863 | 101.0492 1.058

109.87136 | 107.0222 | 2.593 83.0519 24.403

I-Butene 41092 | 0.9793 108.24826 | 105.6009 | 2.445 81.1504 25.033

106.87487 | 104.3969 | 2.318 79.4658 25.645

104.68992 | 102.4522 | 2.137 76.59412 26.837

121.17063 | 122.0069 | 0.6901

111.17999 | 109.0138 1.948 | --memeeee- | e

Propane 366.15 | 0.99012 | 111.04003 | 108.6902 | 2.116

107.07622 | 104.1725 | 2.711

102.90310 | 97.60979 | 5.143
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In order to illustrate this fact, figures were drawn of molar volumes
against pressure for five components. Figure 3.4 for ethylene, figure 3.5 for n-
pentane, figure 3.6 for n-butane, figure 3.7 for 1-butene and figure 3.8 for
propane.These figures show that when the pressures increase the deviation
increases also especially for T, = 0.95 and higher, as in fig.3.6 and 3.7. The
results of AK equation are much better than those by Tait equation. Thus
Aalto and Kiskinen equation is used to calculate molar volume of compressed
liquids up to T, = 1, with very satisfactory deviations, Thus it can be

considered that AK equation is the best equation in this range of T..

56.00
52.00 —
)
£
en —
2 48.00
N
2]
E -
=
~
» 44.00 —
=
S
= i
-
40.00 — Tr>0.95
. Experimental
. A AK equation
L 2 Tait equation
36.00 —> T T T I T I T
900.00 950.00 1000.00 1050.00 1100.00

Pressure (atm)

Figure 3.4 Ethylene at reduced temperature
over 0.95
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Figure 3.6 n-Butane at reduced temperature
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Figure 3.8 Propane at reduced temperature
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3.3 Summary of the Investigation

1-

6-

The following steps of investigation were carried out:

Soave- Redlich- Kwong (SRK) equation was used for calculating molar
volume of compressed liquids for example n-heptane, isobutane and
propylene experimental data. It was found that Average Absolute
Percent Deviation (AA%D) is 5.643 for 91 data point.

Peng- Robinson (PR) equation was also used to calculate molar volume
of compressed liquids for example n-heptane, isobutane and propylene
experimental data. It was found that Average Absolute Percent
Deviation (AA%D) is 3.559 for 91 data point.

Lee- Kesler (LK) equation again was employed for the same purpose as
the authors claimed that their equation is suitable for prediction of
molar volume of compressed liquids [19], and the (AA%D) was
10.0188 for 42data point of 1-butene and n-nonane.

Tait equation was once more used to calculate molar of volume
compressed liquids for all experimental data. It was found that the
(AA%D) 1s 0.73378 for pure non polar molar volume of compressed
liquids and for all the 241 data point.

Aalto and Keskinen (AK) equation was once again used to calculate the
molar volume of compressed liquids for all experimental data. It was
found that the (AA%D) is 0.62876 for pure non polar molar volume of
compressed liquids for all the 241 data point.

Comparison of Tait and AK equations at T, < 0.95 and T, > 0.95.
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3.4 Sample of Calculation of Volume of Compressed liquid for Pure

Components by Aalto and Kiskinen equation

atm.

where

Calculation of molar volume for n-Decane at 344.261 K and 238.095

For n-Decane T.=617.7K P.=20.922 atm
osrx = 0.4916 V"=619.2 cm*/mol
T = T 344201 55733
T 6177

p _ P _ 238095

== =11.3801
P 20922

To calculate the vapor pressure using Wagner equation:

m(’;ﬁ j (=) [4()+ B(e) + (e + D()]

c

r=1-T
7=1-0.55733 =0.44267

The Constants of Wagner equation

A =-8.56523 B =1.97756
C=-5.81971 D =-0.29982
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(—8.56523)x(0.44267)+(1.97756)x (0.44267)""
+(=5.81971)x(0.44267)" +(—0.29982)x (0.44267)°

h{ 1;;” ] =(1- 0.44267){

c

PV
h{ . j =—6.66961

Rav

~

( kd j =1.26954x10""
P,

P, =1.26954x107 x20.922
P, =0.02654atm

~0.02654

= =1.2709x 10"
" 20.922

Using HT method to calculate saturated molar volume:

51 = VR(O) [1 — Oy VR(ﬁ)]

V" =14a(1-T)" +b1-T.)" +c(1-T,)+d(1-T.)""

v, =(e+ fT, +gT." + hTﬁ)/(Tr ~1.00001)

a=-1.52816 d =0.190454 0.0427258
b =1.43907 e=-0.296123 i B _0 0480645
¢ =-0.81446 J =0.386914 o

—1.52816)x(1-0.44267) ~ +(1.43907)x(1-0.44267
1/3 2/3

vy O —14
) +(—0.81446)x (1-0.44267)+(0.190454)x (1-0.44267)* "
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v =0.3749

2
Jio) _ (—0.296123)+(0.386914)x (0.44267) + (~ 0.0427258) x (0.44267) (0.44267-1)
+(—0.0480645)x (0.44267)

v, =0.230592

Ve _ 0.3749[1 — 0.4916(0.230592))]
619.2

= 205.768195¢m’ / mol

Aalto and Kiskinen equation

A+CcP W (p—p ¥

r S,

a+c(p-p,)

N
3 6
A=a,+alTl +a, 7 +aT +a,/T

b2 + a)SRK

C=c,(1-7,)* +[1=(=7.)* Jexple, +c,(p, - P, )]

A=(482.85416)+ (- 1154.2979)T. +790.09727(T, )" + (- 212.14413)T. )°
+93.4904/T,
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A4=137.6903
0.42711522
(0.5+0.4916)

B =(0.0264002)+

B =0.45713

C =9.2892236(1 - 044267 +[1- (1-0.44267)*""* |x

0.5939722 +
exp
0.0010895(11.3801—0.00127)

C=2.7975

E =0.80329503
D =1.00001

137.6791+(2.7975)""**7" (11.3801-0.00127)"***"
137.6971+(2.7975)x (11.3801-0.00127)"*****

V =198.7754cm’ | mol

V= 205.768195{

The experimental molar volume = 198.74654 cm’/mol

A%D — Experimental - VCalculated v 100
Experimental ‘

i |(198.74654) - (198.7754)
(198.74654) |

=0.01451%
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3.5 Improvement of Tait equation for Polar component of pure liquids
in this work

Soave- Redlich- Kowng, and Peng- Robinson equations were use to
calculate the molar volume of compressed liquids for polar components but
the results were not good, for example the (AA%D) for water calculated by
SRK, and PR are 11.872, 25.674 and for ammonia 20.281, 12.359

respectively, as shown in table 3-9.

Table 3-9: Results of SRK &PR equations of state

0, 0,
No. Component No. of . Data | (AA /;D).SRK (AA /;Q)PR
Point equation equation
1 Water 24 11.872 20.281
2 Ammonia 20 25.674 12.359
Over All % dev. 44 18.145 16.6801

Although AK method seemed to be better than Tait equation and other
equations which were used for predication of molar volume of compressed
liquids; we think there is still room for improving Tait equation for the polar
components because Tait equation used for nonpolar and slightly polar
component, while AK equation used for nonpolar component only.

For polar compounds the improvement was made by calculating the
molar volume of compressed liquids and comparing it with the actual value,
considering each parameters in Tait equation as constant except the pressure P
and vapor pressure P,, parameters. The new development was to replace the
pressure with reduced pressure P, and vapor pressure with reduced saturated

pressure P, and thus Tait equation can be written as:
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P
V:I/S(l—clnlgipj (2-57)

With modification of this work becomes:

+ P

rs

The equation (3-1) gives good results with Average Absolute Percent
Deviation (AA%D) of 2.1529 for 63 data points of three components. Table
3-4 summarizes the comparison of AA%D for molar volumes by using Tait
equation, AK equation and the modification of Tait equation for all 63 data

point.

Table 3-10: Comparison of the results of polar component

Equations AA%D of 63 data point
| Tait equation 4.1163
2 AK equation 10.3157
3 Modified of Tait 21529

in this work

Figures 3.9, 3.10 show the deviation from experimental data with the
five equations for each polar compound (Water, Ammonia, and Acetone),
Peng- Robinson show highest deviation from the experimental curve and
followed by Aalto and Kiskinen equation, then Soave- Redlich- Kowng
equation Tait equation, and modified Tait equation of this work which gives

the least deviation than all the others.
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3.6 Sample of calculation for Polar Compounds by
Modified Tait equation

Calculation of molar volume for Water at 433.15 K and 98.691 atm.
For Water
T.=647.37 K P.=218.307 atm
osrx = 0.3852 Zra = 0.2338

;T _433.15

== =0.6691
T. 64737

t=1-T
=1-0.6691=10.33083

P 98.691

=0.45207

TP 218307

C

ln( 1;;17 j _ (1 _ z—)*l [A(z') + B(Z')l‘5 + C(Z')3 + D(T)6]

c

The constants of Wagner equation
A =-7.76451 C=-2.77580
B =1.45838 D =-1.23303

P, L[ (+7.76451)%(0.33083) + (1.45838)x(0.33083)" +
In =(1-0.33083) 3 .
(—2.77580)x(0.33083)" +(—1.23303)x(0.33083)

c
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P,, = P, = 6.10565

P, 6.10565
P 218.307

c

=0.02796

R =82.057cm’ atm/ mol K

RT

c [1+(1-7;. )2/ 7]

VS=P

C

Zp4

_ (82.057)x(647.37) (02 338)[”(1_0'33083)2/7]
* 218.307 '

v 82.057(647.37) (

g 0.2338)1'72903
218.307

V, =19.71813cm> / mol

Modified Tait equation:

V:VSEI—cln('B+P” ﬂ
ﬂ+P}"S

:B/Pc =-1+ a(z.)m " b(r)2/3 " d(r)+ 6(7)4/3

€= exp(f + Wy + ha)SRK2 )

c=j+ kg,
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The constants a-k can be taken from chapter two

¢ = exp|4.7954 + 0.250047(0.3852) + 1.14188(0.3852)* |

e=157.8569

B/P, =-1+(=9.070217)x(1-0.3308)""* +(62.45326)x (1-0.3308)*"" +
(-135.1102)x(1-0.3308)+(157.8569)x (1-0.3308)*"”

B =3061.032atm
c=0.0861488 + (0.0344483)x (0.3852)

c=9.9918x107?

v - 19_71813(1 10,0999 1n(3061.032 " 0.45207))

3061.032 +0.02796

v =19.71813(137733x 105 )=19.71786¢m* / mol
The experimental molar volume =19.71453 cm’/mol

A% D — VExperimental - VCalculated ‘ % 1 00

Experimental

(19.71453) - (19.71786) 0 1 crn0,
(19.71453) |

A%D =
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3.7 Applications to Mixtures
3.7.1 Teja equation

Teja equation which was derived to calculate the compressibility factor
for mixture. It is tested primarily on hydrocarbons for both vapor and liquid
phases for calculating molar volume of mixture. Teja method needs to
evaluate the compressibility factor for two reference pure fluids which
combined binary systems, therefore the two compressibility factors Z%', and
Z® can be calculated from any equation of state for pure compressed liquids
like Tait equation or Aalto and Kiskinen equation but at the same reduced

temperature T, and reduced pressure P, of the mixture. The Teja equation:
W — w(Rl)
7 = 7R | (Z(Rz) _ Z(Rl)) (2-102)

3.7.2 Investigation to the Mixtures
Two methods where used to calculate molar volumes of compressed
liquid mixtures, there are Teja equation and Tait equation.
1. In this work we have two lines to calculate the molar volume of
compressed liquid mixtures by using Teja with Tait equation or Teja

equation with AK equation.

2. Tait equation which was developed to calculate the molar volume of
mixtures by using mixing rules of HBT and with any of the two
equations for evaluating saturated liquid mixtures are:

a. Hankinson- Thomson method

14 )
Vi - VR v [1 — Wgpx VR (b)] (2'72)
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b. Rackett equation

c

(2-20)

The experimental data used to evaluate the accuracy of prediction consisted of

192 experimental literature data on 7 binary mixtures, as shown in table 3-11.

Table 3-11: The Mixtures Molar volume Data

Mixture Systems com];)r(;s;{ons da]:::) ;J((;jipnt Re?ex(llz ce
1 Propane- Benzene 6 24 [47]
2 | Methane- n-Pentane 3 22 [50]
3 Acetone-1- Butene 5 25 [47]
4 Propane- Acetone 2 30 [47]
5 Propane-n- Decane 3 24 [49]
6 Propane- 1- Butene 4 42 [48]
7 Methane- Propane 3 24 [51]
) 26 192

The following steps were tried:

1- Using Teja equation as it is with Tait equation to determine the molar
volume of compressed liquid for pure component references land 2 at
the same T, & P, as of the mixture and then calculating the molar
volume of compressed liquid mixtures. The Average Absolute Percent
Deviation of 168 data point (AA%D) i1s 6.07305.

2- Using Teja equation as it is with Aalto and Keskinen equation to
determine the molar volume of compressed liquid for pure component
references 1 and 2 at the same T, & P, as of mixture and then

calculating the molar volume of the compressed liquid mixtures. The
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Average Absolute Percent Deviation of 192 data point was (AA%D)
5.8160.

3- Using Tait equation as it is with HBT mixing rule to determine molar
volume compressed of liquid mixtures. The (AA%D) of 192 is 5.5034.

4- Using Tait equation as it is with HBT mixing rule to determine the
molar volume of compressed liquid mixtures, except that the equation
which used to determine the mean saturated liquid molar volume was
replaced with Teja equation with two references 1&2 at the same T, &
P. as of the mixture, but this method failed to give good results.

5- Using the two equations of state which represented by Soave- Redlich-
Kwong and Peng- Robinson equations with mixing rules but this step

gave a large deviations from the experimental data.

3.8 Development Method for Mixture in this work:

As the five methods tried above did not lead to any successful results, a
new approach consists of using Tait equation for predicting the molar volume
of pure component to develop it for mixture by using mixing rules.

In this work using the HBT mixing rules as written in chapter two as
they are except the equation of estimating saturated liquid densities for
mixtures. Rackett equation was used with a new mixing rules different from
the mixing rule which written in chapter two and this difference was made by
replacing the parameters in Rackett equation which are the critical
temperature, critical pressure, and compressibility factor with pseudo critical
temperature, critical pressure, and pseudo critical compressibility factor using
HBT mixing rules, so equation (2-20) represent the Racket equation before

the modifications, while equation (3-2) represented the modified of this work:
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RT

V. =—>" z, o] (2-20)
RT,,  [+0-1,7"]
Vi = o z, (3-2)
Z =0.291-0.080,,, (3-2)
a)SRKm = zxi a)SRKi (2'85)
sziij*’f Tcy
T, =—" - (2-82)
% % % 1/2
v, 1T, =0Ty T, (2-83)

v, {[Zx%* +3(inVi*2/3j[inVi*‘/g)} (2-84)

P, == (2-86)

where T, = T/T¢p.
The modification of Rackett equation mixing rule which derived for
determining molar volume of compressed liquid for mixtures gives Average
Absolute Percent Deviation (AA%D) of 4.9386 which is lower than the other
methods.

Table 3-12 shows a comparison of over all Average Absolute Percent
Deviation for molar volumes of 7 mixtures of compressed liquids by various

methods.
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Table 3-12: Comparison of the results of mixtures

Equation used AA%D of 192 data point
Teja- Tait 6.07305
Teja- AK 5.8160
Tait mixing rule 5.5034
Tait modified mixing rule 4.9386
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3.9 Sample of Calculation for Mixture of Liquid

Calculation of the molar volume for mixture of 90 mol% Propane with
10 mol% Benzene at 310.927 K and 680.272 atm.

Data required:

Compound Propane Benzene
X 0.9 0.1
T. (K) 369.8 562.2
P. (atm) 41.944 48.26
(WSRK 0.1532 0.2137
V' (em’/mol) 200.1 256.4

Applying Hankinson- Brobst- Thomson (HBT) mixing rule:

2.2 xx V' T,
R,

*

T,
Vv

m

v'r, =ryT)”

cij i “ci

=1(0.9)x(200.1)(0.1)x (256.4)]
=103278.8584

2 . . . . . 1/2
Zijllej TC;']' :xlzK TCI +'x22V2 TC2 +2x1'x2 (K TC1V2 TCZ)

=(0.9)* x(200.1)x (369.8)
+(0.1)" x(256.4)x (562.2)
+2(0.9)x(0.1)x (103278.8584)
=79969.23

=gz Zar)|

> x V. =0.9x%(200.1)+0.1x(256.4)
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=205.73cm’

Sx VT =0.9%(200.1)" +0.1x(256.4)*"

i

=34.8257cm’

1/

" =0.9x(200.1)" +0.1x (256.4)"”

S,

i

=5.88893cm’

V " =1/4[205.73 + 3 x 34.8257 x 5.88893]
=205.5209¢m’

_79969.23

=072 2389 105K
205.5209

a)SRKm = Z“xi a)SRKi = xla)SRKl + x2 a)SRKz
=0.9%(0.1532)+0.1x(0.2317)

=0.15925

Z =0.291-0.080,,
=0.291—0.080 x (0.15925)

=0.27826

b (0.27826) (82.057)x (389.105) _ 432992 atm

o 205.5209
_ T 310927 079908

™ T 389.105

cm

By generalizing Riedel vapor pressure equation:

log P, =PRm(0)+a) p"

m SRK © Rm

P, " =5.8031817logT, +0.07608141c
P, " =4.866018

a=350-36.0/T, —96.736logT, +T. °
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=35.0-36.0/0.79908 — 96.73610g(0.79908) + (0.79908)°
=-0.368427

pP=logT +0.03721754c
=10g(0.79908) + 0.03721754(~ 0.368427)

= —0.1111205
P, " =4.86601x(-0.1111205)=—0.54071
P, ' =5.803181710g(0.79908) + 0.07608141x (— 0.368427)
= —0.593309

log P, =-0.593309 + 0.15925 x (— 0.54071)
=—0.679418

P, =0.209209

Rm

P P
P, =" =0.209209 ="
P 43.2292

cm

P =43.2292x0.209209
=9.043965atm

e= exp(f + g0, + ha)mz)

e = exp(4.79594 + 0.250047 x (0.15925) + 1.14188 x (0.15925)’ )
~129.6344

B/P =-1+a(r)” +b(z)"” +d(c)+e(r)

t=1-T,

B/P. = —1+(=9.070217)x (1-0.79908 /3 + (62.45326) x (1 — 0.79908 )* > +

(~135.1102)x (1—0.79908) + (157.8569) x (1 — 0.79908)* 3
L =139.2216atm

¢ =0.0861488 + (0.0344483) x (0.79908)
=9.1634 %10
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V:Vsm£1—cln( per JJ
ﬂ+Psm

Vsm — RT‘cm Zcm[H(l_TW)ZJ]
P

cm

_ 82.057 x(389.105) (
43.2292

=91.54432¢c¢m’ | mol

0.27826)[“(1_0‘79908)]

v =91.54432 x (1 916346 %102 ln(139.2216 + 680.272)]

139.2216 + 9.04396
=77.20242¢cm’ / mol

The experimental molar volume =77.47534 cm’/mol

VExperimental - VCalculated

A%D =

x100
VExperimental ‘

(19.71453)—(19.71786)

A%D = x100 = 0.16872%
(19.71453) |
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3.10 DISCUSSION

¢ The usual method available for predicting the molar volume of

3-

compressed liquids for pure components and mixtures is by using the

equation of state:

Lee- Kesler equation was used to calculate the molar volume of
compressed liquid. The results that are shown in chapter three indicate
that this equation worked only in the gas phase and not for liquids, and
especially for compressed liquid the reason for this is that the values of
the compressibility factors for compounds in liquid phase are usually
much smaller than those in the vapor phase, and any small error in the
compressibility factor causes a large error in molar volume. The

AA%D is 10.0185 for 42 data point of 1-butene, and n-nonane.

Soave- Redlich- kowng equation and Peng- Robinson equation were
used also to calculate the molar volume of compressed liquids. The
results shown that the error was high but less than that of Lee- Kesler
equation. This is also can be explained as it is due to the sensitivity of
small values of compressibility values Z. For 91 data point of three
components (n-heptane, isobutane, and propylene) AA%D are 5.643
and 3.559 for SRK and PR equations respectively.

By applying Tait equation to calculate the molar volume of compressed
liquid for pure compounds. It seems as shown in table 3-7 that
this equation works very nicely with very much less deviations
from experimental data than the equations mentioned above.

Mainly for pure components at T, up to 0.95 and dose not work
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Molar Volume cm3/mol

at T, higher than 0.95. This is because of the parameter which
exists in Tait equation and that is B, where B is a function of
temperature and when T, = 0.95 and higher, the sign of B is

negative. This negative sign will affect the value of this term

(m ﬂﬂ +£j where the value of Py is very small in comparison
_|_

s

with the value of the whole term which becomes negative and
when applying (In) to this term it becomes zero, and this dose not
give any result in this case. The effect of reduced pressure P, on
the deviation of Tait equation the deviation from experimental
data was not so large as compared with the effect of reduced
temperature above 0.95 as shown in tables 3-6, 3-7. Figures 3.12,

3.13 shown the effect of T, and P; on n-pentane and 1-butene.

128.00

126.00 —

124.00 —

Tr =09459
—— Experimental
—ll— Tait equation
118.00 T | T | T | T

500.00 550.00 600.00 650.00 700.00
Pressure (atm)

Figure 3.12 n- Pentane at reduced temperature 0.95
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100.00 —

90.00 —

Molar Volume cm3/mol

80.00 —

= Tr>0.95
—@— Experimental
+ Tait equation
A
70.00 T | | | | | | | |

240.00 280.00 320.00 360.00 400.00 440.00
Pressure (atm)

Figure 3.13 The effect of Pr on Tait equation at
Tr less than 0.95 for 1-Butene

For pure components AK equation proves to be the best equation for
calculating the compressed volume of pure liquid than all other
equations used in this work. It shows the least deviations from
experimental data. Thus very satisfactory results obtained at T, up to
one and P, > 30. Figures 3.14 and 3.15 show the effect of T, and P, on

molar volumes of n-pentane, and 1-butene using AK equation.
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Molar Volume cm3/mol

Molar Volume (cm3/mol)

128.00

126.00

124.00

122.00

120.00

110.00

108.00

106.00

104.00

102.00

| Tr=0.9459
—— Experimental
+ AK equation
' I ' I ' I ' |
500.00 550.00 600.00 650.00 700.00
Pressure (atm)
Figure 3.14 n- Pentane at reduced temperature
0.95 on AK equation
= Tr>0.95
[ ] Experimental
€  AKequation
-
T | T | T | T | T
240.00 280.00 320.00 360.00 400.00 440.00

Pressure (atm)

Figure 3.15 The effect of Pr on AK equation at

Tr less than 0.95 for 1-Butene
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Table 3-13 shows the summarized results obtained for the eleven pure
compressed liquid components calculated both by Tait and AK equations. As
seen from the table, the over all percent deviation of 241 data points of 11
pure compressed liquids using Aalto and Keskinen equation, is 0.62876 % for

molar volume, while when using Tait equation the AA%D is 0.73378.

Table 3-13: Summary of Results of Pure Components

No. Component No- of Tait AK
Point Equation | Equation
1 n- Pentane 75 0.9195 0.5129
2 n-Nonane 24 0.7076 1.2366
3 Propylene 19 0.2323 0.2243
4 n-Octane 3 1.6118 0.8511
5 Isobutane 27 0.3778 0.2731
6 n-Heptane 26 0.8365 0.4523
7 Ethylene 20 0.3358 1.3126
8 I-Butene 18 0.944 0.8410
9 n-Butane 71 0.7240 0.4879
10 n-Decane 19 1.2894 0.1633
11 Propane 19 0.8803 0.5807
Over All %Av.Dev. 241 0.73378 0.62876
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% For polar component of compressed liquids Tait equation shows better
results (more accuracy) than AK, SRK, and PR equations.

Table 3-14 shows the results obtained for the three polar components
for compressed liquids calculated by SRK, PR, AK, Tait equations and also
by the proposed modified Tait equation in this work. The table shows the over
all deviation of 63 data points for 3 polar components for compressed liquids
for the five equations. The AA%D in our proposed modified Tait equation is
2.1529 % for molar volume of compressed liquid. Comparing these results
with those in table 3-4 shows that our proposed method improves the
accuracy for molar volume of compressed liquids by 15.9921% as compared
with Soave- Redlich- Kowng equation for 44 data points and 14.527% as
compared with Peng- Robinson for the same number of data points, it is also
improves the accuracy for molar volume of compressed liquid by 8.1682%

and 1.9634% as compared with AK and Tait equations respectively.

Table 3-14: Results of Pure Polar Compounds

Component  No. of SRK PR AK Tait This work

Point AA%D  AA%D  AA%D  AA%D AA%D
Ammonia 2o 11.872 20281  3.067 1.1514 1.155

Water 724 25.674 12.359 18.0778 4.0900 2.125

Acetone 19 8.1414  6.0587 3.2387
Over All
% Av.Dev. 63 18145 16.6801 10.3157 4.1163 2.1529
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% There are four methods used to calculate the molar volumes of
compressed liquid mixtures.

Method 1: Using Tait equation with its own mixing rules except in this

work Rackett equation with HBT mixing rules are used to calculate the

saturated density in Tait equation.

Method 2: Using Tait equation with its own mixing rules except using

Hankinson- Thomson equation (HT) with HBT mixing rules to

calculate the saturated density in Tait equation.

Method 3: Using Teja equation to calculate the molar volume of

compressed liquid for mixtures with Tait equation to calculate the

compressibility factor of the reference fluids R, R..

Method 4: Using Teja equation to calculate the molar volume of

compressed liquid for mixtures with AK equation to calculate the

compressibility factor of the reference fluids R, R..

Comparing these results with those in table 3-11 shows that our
proposed method improves the accuracy for molar volume of compressed
liquid mixtures by 1.1344 % as compared with Teja- Tait method for the same
number of data points. It is also improve the accuracy of molar volume of
compressed liquid by 0.8774 % as compared with Teja- AK method. It further
improves the accuracy for molar volume V. by 0.6817 % as compared with
Tait equation mixing rules by using V; for HT method for the same data
points. Table 3-15 shows comparison of the percent deviation of molar
volumes of 7 binary mixtures of compressed liquids by Teja- Tait, Teja- AK,
Tait mixing rule methods and our proposed method. It is seen from table that
when using Teja-Tait method for methane- propane system does not gives any
results and that was because of the value of T, of propane which equal to 0.99
so that Tait equation proved that in this case did not work. The table indicates

that the accuracy was increased considerably by our proposed method
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especially for molar volume compressed liquid mixtures. The over all percent
accuracy has been increased by 4.9386 for molar volume of mixtures of 192
data points of mixtures of compressed liquids by our proposed method

compared to of these three other methods.

Table 3-15: Summary of Results of Mixtures

No. Tait Mix. AIZJ;,’D A%D A%D

No | Mixture Systems D(;fta AI;: Z, ? (This :)ork) Teja (Tiat) | Teja (AK)

Vs Rackett

1 | Propane-Benzene 24 1.1982 1.0945 0.695 24116
2 | Methane-n-Pentane | 22 2.024 1.4947 0.6453 0.8026
3 | Acetone-1-Butene 25 | 2.5304 6.8969 5.4692 6.9814
4 | Propane-Acetone 30 9.448 9.843 8.0932 7.7302
5 | Propane-n-Decane | 24 | 2.6055 1.9636 9.600 8.6134
6 | Propane-1-Butene | 42 8.2503 8.001 9.0350 8.3066
7 | Methane-Propane | 24 9.485 11.079 | -——-meee- 3.296
Over All AA%D 192 | 5.5034 4.9386 6.07305 5.8160

To show the comparison between the four methods for evaluating the
molar volumes of compressed liquid mixtures. Figure 3.16 shows the
‘deviation from the experimental data and it seems that the curve that
represents the modification of the Rackett equation when applied for mixtures

is the nearest curve to the experimental.

73



Molar Volume (cm3/mol)

180.00

160.00 —
140.00 —
120.00 —

[ ] Experimental

. +

A Tea-Tait

[ | Teja-AK

3 Tait mix.V(HT)

40.00 80.00 120.00 160.00 200.00
P (atm)

240.00

Figure 3.16 Comparison between four methods for

Propane-n-Decane System

74



CHAPTER FOUR

4.1 CONCLUSION
1. Using equations of state to calculate the molar volume of
compressed liquids it is found that equations (Lee- Kesler, SRK,
PR) are not suitable to use for calculation of compressed liquid
volume for pure components or mixtures since they produce large
deviation from experimental data, as shown in the results of using

these equation shown in table 4-1.

Table 4-1: The Results of using Equations of State

Equation No.. of AA%D
point
Lee- Kesler 42 10.0185
SRK 91 5.643
PR 91 3.559

2. Tait and AK equations can be used for calculating the molar

volume of compressed liquid which gave relatively low deviations.

3. Tait equation is good for calculating molar volume of compressed
liquids at T, up to 0.95 while AK equation is satisfactory at T, up to
one. Aalto and Kiskinen equation reduces the maximum deviation
of 26.837% to 2.137% as the effect of T, and reduces the maximum
deviation from 1.659% to 1.398% as the effect of P,, so as shown
in table 4-2 for 1-butene with different reduced pressures and

temperatures.
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Table 4-2: Comparison between Tait and AK for T, < 0.95 and P, <10 for

1-Butene.
Tait AK Tait AK
P, T,
AA%D | AA%D AA%D | AA%D
10.2878 1.508 1.426 24.403 2.593
12.0024 1.643 1.515 24.033 2.445
0.9793
13.7171 1.636 1.448 25.645 2.318
15.431 1.659 1.398 26.837 2.137

3. Anew correlation has been developed to predict molar volume of
pure polar liquids. This correlation is a modification of Tait equation for
compressed liquids. The modification was made by replacing the pressure
with reduced pressure and the term of vapor pressure with reduced

saturated pressure as follows:

p+P,
v zV{l—cln—J (3-1)

ﬁ—i_PI"S

The new correlation seems to be superior to Tait, SRK, PR, AK
equations. The over all AA%D for 63 points of three polar pure
compounds obtained from this correlation was 2.1529 % in comparison
with those obtained from SRK, PR, Tait, and AK where they are 18.1456
%, 16.6802 %, 4.1163%, and 10.3157% respectively.

4. Applying Rackett equation for saturated liquids of pure
components to the mixtures by using pseudo critical temperature,
pressure, and compressibility factor for mixture, so that Rackett

equation becomes:
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RPTC 2, 1P|

c

Vs:

(2-20)

T. R 3 2/7
Vs _ ;m Zcm [1+(1 Ty ) ]

cm

(3-2)

This new method was compared with HT equation for saturated
liquid volume mixtures, and the over all AA%D of 192 points of 7 binary
mixtures 1s 4.9386 % for Tait equation mixing rules by using the

modified Rackett equation of this work.

4.2 Recommendation
For those who would carry future studies on related subject, the
following recommendations may be considered:
1. Applying the polar correlation for other polar compounds.
2. . Applying those methods to study other thermodynamic properties
of compressed liquids such as enthalpy and entropy.
3. Studying the possibility of applying this method to ternary

compressed liquid mixtures.
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Table A-1-1: Properties of Pure Component

Appendix A: Some Properties of Pure Components

No. | Component | T. (K) Fe w WSRK Ij Zr4
(bar) (cm’/mol)
1 | n- Pentane | 469.7 | 33.7 | 0.251 | 0.2522 311.3 0.2684
2 | n-Nonane | 594.6 | 22.9 | 0.445 | 0.4478 552.9 0.2543
3 | Propylene 3649 | 46.0 | 0.144 | 0.1455 182.9 0.2779
4 | n-Octane | 5688 | 249 | 0.398 | 0.3998 490.4 0.2571
5 | Isobutane | 4082 | 36.5 | 0.183 | 0.1825 256.8 0.2754
6 | n-Heptane 540.3 | 27.4 | 0.349 | 0.3507 430.4 0.2604
7 Ethylene 282.4 | 504 | 0.089 | 0.0882 131.0 0.2815
8 I-Butene | 419.6 | 40.2 | 0.191 | 0.1921 237.7 0.2736
9 n-Butane | 4252 | 38.0 | 0.199 | 0.2008 254.4 0.2730
10 | n-Decane | ©17.7 | 21.2 | 0.489 | 0.4916 619.2 0.2507
11 | Propane 369.8 | 42.5 | 0.153 | 0.1532 200.1 0.2766
12 | Ammonia | 405.5 | 113.5 | 0.250 | 0.2620 70.1 0.2465
13 Water 647.3 | 221.2 | 0.344 | 0.3852 43.6 0.2338
14 | Acetone 508.1 | 47.0 | 0.304 | 0.3149 208.0 0.2477
15 | Benzene 562.2 | 489 | 0.212 | 0.2137 256.4 0.2698
16 | Methane 1904 | 46.0 | 0.011 | 0.0074 99.4 0.2892

(4-1)




Table A-2-1: Constants of Wagner Vapor Pressure Equation

No. | Component a b c d

1 | n- Pentane | -7-28936 1.53679 -3.08367 -1.02456
2 | n-Nonane | -8.24480 1.57885 -4.38155 -4.04412
3 | Propylene -6.64231 1.21857 -1.81005 -2.48212
4 n-Octane -7.91211 1.38007 -3.80435 -4.50132
5 | Isobutane | -6.95579 1.50090 -2.52717 -1.49776
6 | n-Heptane -7.67468 1.37068 -3.53620 -3.20243
7 Ethylene -6.32055 1.16819 -1.55935 -1.83552
8 I-Butene -6.88204 1.27051 -2.26284 -2.61632
9 n-Butane -6.88709 1.15157 -1.99873 -3.13003
10 | n-Decane | -8-56523 1.97756 -5.81971 -0.29982
11 | Propane -6.72219 1.33236 -2.13868 -1.38551
12 | Ammonia 45.327 4104.67 -5.146 615.

13 Water -7.76451 1.45838 -2.77580 -1.23303
14 |  Acetone -7.45514 1.20200 -2.43926 -3.35590
15 | Benzene -6.98273 1.33213 -2.62863 -3.33399
16 | Methane -6.00435 1.18850 -0.83408 -1.22833

(4-2)




Appendix B: Results for Pure Liquids

Table B-1-1: n-Pentene

P(atm) T(K) (0111/1 3626’1:(') ) I;zzllf/’ﬁig) % Deviation
1 54.421 310.927 | 117.33367 | 117.0006 0.2838
2 68.027 310.927 | 117.01835 | 116.6667 0.3004
3 85.034 310.927 | 116.61245 | 116.2747 0.2896
4 | 102.040 310.927 | 116.20766 | 115.9051 0.2603
5 | 119.047 310.927 | 115.847103 | 115.5541 0.2529
6 | 153.061 344.261 | 120.93365 120.4643 0.3881
7 | 204.081 344261 | 119.49533 | 119.1487 0.2901
8 | 238.095 344261 | 118.63992 | 118.3528 0.2419
9 | 272.108 344261 | 117.78412 | 117.6098 0.1479
10 | 306.122 344261 | 117.01841 116.9121 0.0908
11| 272.108 377.594 | 123.27904 | 122.4572 0.6666
12 | 340.136 377.594 | 121.43250 120.562 0.7168
13 | 374.149 377.594 | 120.66678 | 119.7116 0.7915
14 | 408.163 377.594 | 119.90105 | 118.9151 0.8223
15| 442.176 377.594 | 119.22546 | 118.1662 0.8884
16 | 408.163 410.927 | 124.72048 | 123.3370 1.108
17 | 442.176 | 410927 | 123.77465 | 122.3896 1.119
18 | 476.190 | 410.927 | 122.29456 | 121.5089 0.6423
19 | 544217 410.927 | 121.43250 | 119.9188 1.246
20 | 612.244 410.927 119.99117 118.516 1.229
21 | 510.204 444261 126.52212 126.048 0.3747
22 | 544.217 444261 | 125.48621 125.1959 0.2313
23 | 578.231 444261 | 124.58542 | 124.4074 0.1429
24 | 646.258 444261 | 123.14409 | 122.9899 0.1251
25 | 680.272 444261 | 122.55850 | 122.3486 0.1712

%average deviation = 0.5129 %

(B-1)




Table B-1-2: n-Pentene (Tait Equation)

P(atm) T(K) (cZ f;:;]:(') ) (cl;f/‘”i‘; ) % Deviation
1 54.421 310.927 | 117.33367 | 116.85523 0.4077
2 68.027 310.927 | 117.01835 | 116.46513 0.4727
3 85.034 310.927 | 116.61245 | 115.99580 0.5288
4 | 102.040 310.927 | 116.20766 | 115.54526 0.6344
5 | 119.047 310.927 | 115.847103 | 115.11208 0.5700
6 | 153.061 344.261 | 120.93365 | 120.18628 0.6179
7 | 204.081 344.261 | 119.49533 | 118.67654 0.6852
8 | 238.095 344.261 | 118.63992 | 117.76642 0.7362
9 | 272.108 344261 | 117.78412 | 116.92066 0.7330
10 | 306.122 344261 | 117.01841 | 116.13070 0.7585
11| 272.108 377.594 | 123.27904 | 122.63897 0.5191
12 | 340.136 377.594 | 121.43250 | 120.64974 0.6446
13 | 374.149 377.594 | 120.66678 | 119.75934 0.7520
14 | 408.163 377.594 | 119.90105 | 118.92631 0.8129
15| 442.176 377.594 | 119.22546 | 188.14385 0.9072
16 | 408.163 410.927 | 124.72048 | 124.13048 0.4730
17 | 442.176 | 410927 | 123.77465 | 123.13321 0.5182
18 | 476.190 | 410927 | 122.29456 | 122.20111 0.0763
19 | 544217 410.927 | 121.43250 | 120.50185 0.7663
20 | 612244 | 410927 | 11999117 | 118.98362 0.8396
21 | 510.204 444261 126.52212 | 124.21320 1.8249
22 | 544.217 444261 | 12548621 | 123.14051 1.8692
23 | 578.231 444261 | 124.58542 | 122.13275 1.968
24 | 646.258 444261 | 123.14409 | 120.28366 2.322
25 | 680.272 444261 | 122.55850 | 119.43079 2.552

%average deviation=0.9195 %

(B-2)




Table B-2-1: n-Nonane

No. | P(atm) T(K) (cil;;)g:.o ) ';cf::ff’zi? %Deviation
1 54.421 310927 | 180.72627 | 179.7472 0.5417
2 68.027 310927 | 180.41414 | 179.4146 0.5540
3 85.034 238.705 | 183.22335 | 166.6082 9.068
4 | 102.040 | 238.705 182.84879 | 166.3751 9.009
5 | 119.047 | 344.261 185.65801 184.697 0.5176
6 | 136.054 | 344.261 185.15859 | 184.2659 0.4821
7 | 136.054 | 360.927 | 180.52965 | 187.6145 3.924
8 | 153.061 360.927 | 187.90538 | 188.9739 0.5686
9 | 170.068 377.594 | 191.02673 190.045 0.5139
10 | 187.074 | 377.594 | 190.40246 | 189.5502 0.4476
11 | 204.081 394.261 192.89954 | 192.3898 0.2642
12 | 238.095 394.261 191.65100 | 191.3536 0.1551
13 | 272.108 | 410927 | 194.14808 193.493 0.3374
14 | 272.108 | 427.594 | 197.26944 196.62 0.3291
15 | 306.122 | 410927 | 192.89954 | 192.4563 0.2297
16 | 340.136 | 427.594 | 194.77235 | 194.3463 0.2187
17 | 408.163 444261 195.39663 | 194.9442 0.2315
18 | 476.19 460.927 | 196.02090 | 195.3475 0.3435
19 | 544217 | 460927 | 193.52381 193.381 0.0738
20 | 544217 | 477594 | 196.64517 | 195.6908 0.4853
21 | 612.244 | 477594 | 194.77235 | 193.7928 0.5029
22 | 612244 | 494.261 197.26944 | 196.1669 0.5286
23 | 680.272 | 494.261 194.77235 | 194.3617 0.2108
24 | 680.272 510927 | 197.26944 | 196.9903 0.1414

% average deviation = 1.2366%
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Table B-2-2: n-Nonane (Tait Equation)

No. | P(atm) T(K) (c;l;;fz.o ) Zf}?;;ﬁ? %Devation
1 54.421 | 310.927 | 180.72627 179.76983 0.5292
2 68.027 | 310.927 | 180.41414 179.42048 0.5507
3 85.034 | 238.705 | 183.22335 182.22614 0.5442
4 | 102.040 | 238.705 | 182.84879 181.76556 0.5924
5 | 119.047 | 344.261 | 185.65801 184.64032 0.5481
6 | 136.054 | 344.261 | 185.15859 184.15595 0.5415
7 | 136.054 | 360.927 | 180.52965 187.62046 0.4822
8 | 153.061 | 360.927 | 187.90538 187.09789 0.4297
9 | 170.068 | 377.594 | 191.02673 190.14395 0.4621
10 | 187.074 | 377.594 | 190.40246 189.59497 0.4241
11 | 204.081 | 394.261 | 192.89954 192.70246 0.1021
12 | 238.095 | 394.261 | 191.65100 191.55050 0.0443
13 | 272.108 | 410.927 | 194.14808 194.09845 0.0255
14 | 272.108 | 427.594 | 197.26944 197.89508 0.3171
15 | 306.122 | 410.927 | 192.89954 192.97177 0.0374
16 | 340.136 | 427.594 | 194.77235 19547116 0.3587
17 | 408.163 | 444.261 | 195.39663 196.81010 0.7233
18 | 476.19 | 460.927 | 196.02090 198.09797 1.0596
19 | 544217 | 460.927 | 193.52381 195.95316 1.255
20 | 544217 | 477.594 | 196.64517 199.30537 1.3527
21 | 612.244 | 477.594 | 194.77235 197.17380 1.232
22 | 612.244 | 494261 | 197.26944 200.38080 1.5772
23 | 680.272 | 494.261 | 194.77235 198.25797 1.789
24 | 680.272 | 510.927 | 197.26944 201.22793 2.006

% average deviation=0.7076%
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Table B-3-1: Propylene

No.| P(atm) T(K) (c:l; 3621; ) V(;Zlg‘;”(;j;)o %Deviation
1 68.027 310.927 83.69593 83.41688 0.3334
2 102.040 310.927 82.01664 81.90645 0.1343
3 47.408 299.816 82.50981 81.47308 1.256
4 108.843 294.261 78.28350 78.15034 0.1700
5 85.034 327.594 87.66004 87.53285 0.1450
6 60.952 293.15 79.39470 79.3905 0.0528
7 61.925 333.15 91.47433 91.54367 0.0758
8 62.891 323.15 87.66629 87.50151 0.1879
9 68.027 327.594 89.08338 88.743 0.3820
10 72.564 273.15 75.14342 75.21972 0.1015
11 82.244 303.15 80.92416 80.85968 0.0796
12 85.034 310.927 82.82819 82.6236 0.2470
13 89.013 283.15 76.51057 76.61043 0.1305
14 99.659 313.15 82.50981 82.54692 0.0449
15 | 102.040 294.261 78.28350 78.34142 0.0739
16 | 105.442 293.15 77.92142 78.03367 0.1440
17 | 106.428 333.15 87.66629 88.0149 0.3976
18 | 108.843 277.594 75.22458 75.2197 0.06490
19 | 132.557 273.15 73.82621 74.07887 0.224

% average deviation = 0.224%
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Table B-3-2: Propylene (Tait Equation)

P(atm) T(K) (crlt/z 3?;1;(') ) (025/"”11‘; ) %Deviation
1 68.027 | 310.927 | 83.69593 83.79525 0.1186
2 | 102.040 | 310.927 | 82.01664 82.13949 0.1497
3 | 47408 | 299.816 | 82.50981 82.78905 0.3384
4 | 108.843 | 294261 | 78.28350 78.33020 0.0594
5| 85.034 | 327.594 | 87.66004 87.60798 0.0594
6 | 60.952 293.15 79.39470 80.82834 0.4458
7 | 61.925 333.15 91.47433 79.74866 0.1624
8 | 62.891 323.15 87.66629 91.62291 0.16808
9 | 68.027 | 327.594 | 89.08338 87.81361 0.1706
10 | 72.564 273.15 75.14342 75.417730 0.3650
11| 82244 303.15 80.92416 81.17394 0.3086
12| 85.034 | 310927 | 82.82819 82.92439 0.1161
13| 89.013 283.15 76.51057 76.80036 0.3787
14| 99.659 313.15 82.50981 82.77806 0.3251
15| 102.040 | 294.261 | 78.28350 78.54576 0.3349
16 | 105442 | 293.15 77.92142 78.21976 0.3828
17 | 106.428 | 333.15 87.66629 87.79626 0.1482
18 | 108.843 | 277.594 | 75.22458 74.05195 0.3057
19| 132.557 | 273.15 73.82621 75.30236 0.1034

% average deviation= 0.2323 %
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Table B-4-1: n-Octane

P(atm) T(K) (c:; 3‘21:; ) I;;ijﬁ? %Deviation
1 50 734.15 206.5314 206.5526 0.0102
2 100 498.15 209.7299 209.086 0.3062
3 100 523.15 220.2392 219.5331 0.3206
4 150 498.15 204.0183 203.189%4 0.4062
5 150 523.15 212.8142 211.6745 0.5355
6 200 473.15 192.9378 192.4352 0.2604
7 200 548.15 215.0988 213.0351 0.9594
8 250 373.15 170.0914 170.876 0.4612
9 250 423.15 179.4584 179.8977 0.2447
10 300 398.15 173.1757 1739117 0.4249
11 300 448.15 182.3142 182.3743 0.0329
12 100 473.15 201.0483 200.5345 0.2555
13 150 473.15 196.5932 196.0417 0.2805
14 200 473.15 192.9378 192.4352 0.2604
15 200 498.15 199.5633 198.6624 0.4514
16 250 498.15 195.7936 195.0073 0.2487
17 300 498.15 192.5951 191.9586 0.3304
18 100 523.15 220.2392 219.5331 0.3206
19 150 523.15 212.8142 211.6745 0.5355
20 200 523.15 207.2168 205.9865 0.5937
21 200 548.15 215.0988 213.0351 0.9594
22 250 548.15 209.5014 186.432 11.011
23 300 548.15 205.0464 204.295 0.3660

% average deviation = 0.8511 %
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Table B-4-2: n-Octane (Tait Equation)

P(atm) T(K) (0111/1 f}:;i’) ) (crI; 3(7;:; ) %Deviation
1 50 734.15 206.5314 | 208.98134 1.186
2 100 498.15 209.7299 | 214.38693 2.221
3 100 523.15 220.2392 | 225.96090 2.600
4 150 498.15 204.0183 | 208.68110 2.286
5 150 523.15 212.8142 | 218.01394 2.445
6 200 473.15 192.9378 | 196.46101 1.826
7 200 548.15 215.0988 | 214.54306 0.2582
8 250 373.15 170.0914 | 170.38086 0.1717
9 250 423.15 179.4584 | 180.95725 0.8413
10 300 398.15 173.1757 | 173.86554 0.3967
11 300 448.15 182.3142 | 184.70537 1.312
12 100 473.15 201.0483 | 204.31470 1.624
13 150 473.15 196.5932 | 200.03327 1.749
14 200 473.15 192.9378 | 196.46151 1.826
15 200 498.15 199.5633 | 204.11119 2.278
16 250 498.15 195.7936 | 200.29758 2.300
17 300 498.15 192.5951 197.02560 2.300
18 100 523.15 220.2392 | 225.96271 2.598
19 150 523.15 212.8142 | 218.01862 2.445
20 200 523.15 207.2168 | 211.98611 2.301
21 200 548.15 215.0988 | 214.54306 0.258
22 250 548.15 209.5014 | 208.01925 0.7076
23 300 548.15 205.0464 | 202.70334 1.142

% average deviation = 1.6118 %
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Table B-5-1: Isobutane

P(atm) T(K) (cZ f}':;[:(') ) V(;’Zlg(;n(ig) %Deviation

1 54.421 310927 | 105.7569 106.156 0.3773
2 68.027 310.927 | 105.1447 105.6244 0.4562
3 85.034 310.927 104.445 105.6244 0.5409
4 102.040 | 310.927 | 103.8299 104.4398 0.5874
5 119.047 | 310927 | 103.2581 103.9055 0.6270
6 136.054 | 310927 | 102.8197 103.4016 0.5659
7 170.068 | 310927 | 101.8825 102.4691 0.5757
8 204.081 310.927 | 101.01494 101.6186 0.5976
9 238.095 | 310.927 | 100.1447 100.8348 0.6890
10 136.054 | 344.261 109.9375 110.1741 0.2152
11 170.068 | 344.261 108.3190 108.6272 0.2845
12 | 204.081 344.261 107.0029 107.2641 0.2441
13 | 238.095 | 344.261 105.8917 106.0453 0.1450
14 | 272108 | 344.261 104.8790 104.9435 0.0614
15 306.122 | 344.261 103.8856 103.9386 0.0509
16 | 340.136 | 344.261 103.0750 103.0156 0.0576
17 | 408.163 344.261 101.6153 101.3705 0.2409
18 476.19 344.261 100.3002 99.93922 0.3598
19 170.068 | 377.594 | 116.6914 116.9623 0.2321
20 | 204.081 377.594 | 114.6882 114.7497 0.0535
21 238.095 | 377.594 | 112.8840 112.8683 0.0139
22 | 272108 | 377.594 | 111.3060 111.2393 0.0598
23 306.122 | 377.594 | 109.8129 109.8080 0.0393
24 | 340.136 | 377.594 | 108.6429 108.5372 0.0973
25 | 408.163 377.594 | 106.2595 106.3645 0.0987
26 | 476.190 | 377.594 | 104.5395 104.5623 0.0217
27 | 544217 | 377.594 | 102.9107 103.0318 0.1176

% average deviation = 0.2731%

(B-9)




Table B-5-2: Isobutane (Tait Equation)

P(atm) T(K) (c;l; 3621;') ) (025/"”12 ) %Deviation

1 54.421 310.927 105.7569 106.26342 0.4788
2 68.027 310.927 105.1447 105.66219 0.49703
3 85.034 310.927 104.445 104.95789 0.4912
4 | 102.040 310.927 103.8299 104.29972 0.4524
5 119.047 310.927 103.2581 103.68194 0.01051
6 136.054 310.927 102.8197 103.09993 0.272
7 1 170.068 310.927 101.8825 102.02819 0.1429
8 | 204.081 310.927 101.01494 | 101.05969 0.0443
9 | 238.095 310.927 100.1447 100.17629 0.03156
10 | 136.054 344.261 109.9375 110.22885 0.2653
11 | 170.068 344.261 108.3190 | 108.60444 0.2635
12 | 204.081 344.261 107.0029 107.18809 0.17288
13 | 238.095 344.261 105.8917 105.93244 0.04121
14 | 272.108 344.261 104.8790 | 104.80469 0.07058
15| 306.122 344.261 103.8856 103.78114 0.1005
16 | 340.136 344.261 103.0750 | 102.84430 0.2238
17 | 408.163 344.261 101.6153 101.17918 0.4292
18 | 476.19 344.261 100.3002 | 99.731938 0.566
19 | 170.068 377.594 116.6914 | 116.37729 0.2691
20 | 204.081 377.594 114.6882 114.17586 0.4467
21 | 238.095 377.594 112.8840 | 112.29812 0.5187
22| 272.108 377.594 111.3060 | 110.66103 0.5794
23| 306.122 377.594 109.8129 109.20979 0-.5515
24 | 340.136 377.594 108.6429 107.90638 0.6768
25| 408.163 377.594 106.2595 105.64115 0.5820
26 | 476.190 377.594 104.5395 103.71709 0.7815
27 | 544217 377.594 102.9107 102.04448 0.84101

% average deviation= 0.3778%
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Table B-7-1: n-Heptane

P(atm) T (K) (cZgZ/)i:fo. ) V(:’Zlgi”(;jg) %Deviation

1 | 136.054 | 277.594 | 141.45966 141.4802 0.0145
2 | 153.061 277.594 | 141.20996 141.2407 0.0217
3 | 170.068 | 277.594| 142.64578 141.0093 1.147

4 | 187.074 | 277.594 | 140.71054 140.7845 0.0525
5 | 204.081 277.594 | 140.46083 140.5657 0.0746
6 54.421 310927 | 148.45149 142.7792 3.821

7 68.027 310.927 | 148.13936 142.5392 3.780

8 85.034 310.927 | 147.76479 147.8797 0.0777
9 | 102.040 | 310.927| 147.32781 147.5298 0.1371
10| 119.047 | 310.927| 147.01567 147.1961 0.1227
11| 238.095 | 344.261 | 150.44916 150.53 0.0537
12| 272.108 | 344.261 | 149.70003 149.8658 0.1107
13| 306.122 | 344.261 | 148.95091 149.2351 0.1908
14 | 340.136 | 344.261 | 148.45149 148.6338 0.1228
15| 408.163 | 377.594 | 151.82257 152.1999 0.2485
16 | 476.19 377.594 | 150.38673 150.8725 0.3229
17 | 544217 | 377.594| 149.13819 149.6521 0.3445
18| 6122249 | 377.594| 147.88965 148.5218 0.4274
19 | 272.108 | 410.927 | 160.87447 160.7695 0.0652
20 | 306.122 | 410.927 | 159.68836 159.6635 0.0155
21| 340.136 | 410.927 | 158.56467 158.6309 0.0417
22 | 408.163 | 410.927 | 156.62943 156.7501 0.0770
23 | 476.19 | 477.594 | 164.74495 164.4033 0.2074
24 | 544217 | 477.594| 162.56000 162.3163 0.1499
25| 612249 | 477.594| 160.68719 160.4867 0.1247
26 | 680272 | 477.594| 158.87681 158.8612 0.0098

%average deviation = 0.4523 %
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Table B-7-2: n-Heptane (Tait Equation)

P(atm) T (K) (czg’;f(; ) (025;1”11‘:0' ) %Deviation
1 136.054 | 277.594 | 141.45966 | 140.04007 1.0035
2 153.061 277.594 | 141.20996 | 139.72731 1.0496
3 170.068 277.594 | 142.64578 | 139.42205 1.0911
4 187.074 277.594 | 140.71054 | 139.12302 1.128
5 204.081 277.594 | 140.46083 | 138.83024 1.1607
6 54.421 310.927 | 148.45149 | 147.39804 | 0.7096
7 68.027 310.927 | 148.13936 | 147.04526 0.738
8 85.034 310.927 | 147.76479 | 146.61601 0.777
9 102.040 310.927 | 147.32781 | 146.19900 |  0.7662
10 119.047 310.927 | 147.01567 | 145.79347 0.8313
11 238.095 344.261 | 150.44916 | 148.73298 1.1407
12| 272.108 344.261 | 149.70003 | 147.93160 1.1813
13 306.122 344.261 | 148.95091 | 147.17005 1.195
14 340.136 344.261 | 148.45149 | 146.44446 1.351
15 408.163 377.594 | 151.82257 | 150.40040 0.936
16 476.19 377.594 | 150.38673 | 148.91351 0.979
17 544217 377.594 | 149.13819 | 147.55211 1.063
18 612.249 377.594 | 147.88965 | 146.29670 1.0771
19 | 272.108 | 410.927 | 160.87447 | 160.44866 | 0.2646
20 306.122 410.927 | 159.68836 | 159.27553 0.2585
21 340.136 410.927 | 158.56467 | 158.17750 | 0.2441
22 | 408.163 410.927 | 156.62943 | 156.17222 0.2919
23 476.19 477.594 | 164.74495 | 166.10061 0.8228
24 544217 | 477.594 | 162.56000 | 163.69599 0.6988
25 612.249 | 477.594 | 160.68719 | 161.54669 0.5349
26.| 680272 | 477.594 | 158.87681 | 159.60365 0.4574

%average deviation = 0.8365%
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Table B-7-1: Ethylene

P(atm) T(K) (023‘21; ) V(;Z{z‘;”(;zg) % Deviation

1 76.062 110 43.05155 43.36916 0.7377
2 91.438 110 42.99225 43.32817 0.9763
3 114.236 110 42.90922 43.27013 0.8411
4 192.144 120 43.51994 43.85579 0.7717
5 219.126 130 44.18005 44.58833 0.9241
6 287.767 140 44.77885 45.22513 0.9966
7 321.885 150 45.46561 45.97167 1.113
8 349.114 160 46.18514 46.75454 1.232
9 438.499 170 46.56432 47.30779 1.596
10 | 490.421 180 47.15738 47.96136 1.704
11| 550.525 190 47.75044 48.52591 1.624
12| 616.728 200 48.01201 48.97538 2.006
13| 672.904 210 48.50580 49.36992 1.781
14 | 709.937 220 49.08013 49.77998 1.425
15| 777.310 231 49.57955 50.01204 0.8723
16 | 810.530 240 50.02715 50.36666 0.6786
17 | 874.335 250 50.37986 50.70846 0.6522
18| 919.812 260 50.74693 51.37118 1.230
19 | 981.021 270 51.07967 52.19772 2.188
20| 919.812 270 51.07967 52.56007 2.898

%average deviation = 1.312 %
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Table B-7-2: Ethylene (Tait Equation)

Platm) T(K) (ch}’,‘if;,z) (cl;;z;lﬁ;l) % Deviation

1| 76.062 110 | 43.05155 | 4332131 0.626
2 | 91438 110 | 4299225 | 4326138 | 0.6258
3| 114236 110 | 42.90922 | 43.17391 0.6175
4| 192144 120 | 4351994 | 43.62435 0.239
5| 219.126 130 | 4418005 | 4428142 | 02294
6 | 287.767 140 | 44.77885 | 4477185 | 00156
7 | 321.885 150 | 4546561 | 4541698 | 0.1068
8 | 349.114 160 | 46.18514 | 46.10709 0.169
90 | 438.499 170 | 4656432 | 4648704 | 0.1659
10| 490421 180 | 47.15738 | 47.04626 | 02346
11| 550525 190 | 47.75044 | 47.55498 | 0.4092
12| 616728 200 | 4801201 | 48.01450 | 0.0095
13| 672.904 210 | 4850580 | 4851642 | 0.0218
14| 709.937 220 | 49.08013 | 49.11259 | 0.0653
15| 777310 231 | 4957955 | 49.58080 | 0.0036
16 | 810.530 240 | 5002715 | 5007772 | 0.1021
17| 874335 250 | 5037986 | 5042275 | 0.0851
18| 919812 260 | 50.74693 | 5020526 1.0673
19| 981.021 270 | 51.07967 | 49.74623 261
20| 919812 270 | 51.07967 | 5020526 1.067

%average deviation = 0.3358 %
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Table B-8-1: 1-Butene

P(atm) T (K) (ch 3711:(') ) V(;:;lzéin(:){)() %Deviation
1 54.421 310927 | 96.88656 96.507 0.3917
2 | 68.027 310927 | 96.44957 96.11293 0.3490
3 85.034 310927 | 95.95016 95.65463 0.3079
4 | 102.040 | 310927 | 95.45094 95.22659 0.2350
5| 119.047 | 310.927 | 95.01395 94.82325 0.2007
6 | 136.054 | 310.927 | 94.57696 94.44077 0.1439
7 | 153.061 | 344.261 | 100.75703 99.78911 1.158
8 | 170.068 344.261 | 100.13296 99.21818 0.9135
9 | 187.074 344.261 | 99.50869 98.67806 0.8347
10| 204.081 344.261 | 98.94685 98.16531 0.7898
11| 238.095 344.261 | 97.94802 97.21127 0.7521
12| 272.108 344.261 | 97.07404 96.33852 0.7576
13| 306.122 | 377.594 | 101.88092 100.6878 1.171
14| 340.136 377.594 | 100.88209 99.52683 1.343
15| 408.163 377.594 | 99.19656 97.7811 1.426
16 | 476.190 377594 | 97.69831 96.21792 1.515
17| 544.217 377594 | 96.26249 94.86848 1.448
18| 612.244 377594 | 95.01395 93.68548 1.398

% average deviation = 0.8410 %
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Table B-8-2: 1-Butene (Tait Equation)

P(atm) T (K) (czgej;f(; ) (025/"”1:'(; ) % Deviation
1 54.421 310.927 96.88656 96.52705 0.3710
2 68.027 310.927 96.44957 96.08028 0.3828
3 85.034 310.927 95.95016 95.55093 0.4160
4 | 102.040 310.927 95.45094 95.05063 0.4193
5| 119.047 310.927 95.01395 94.57578 0.4611
6 | 136.054 310.927 94.57696 04.12542 0.4774
7 | 153.061 344.261 100.75703 99.8046 0.9452
8 | 170.068 344.261 100.13296 | 99.19323 0.9384
9 | 187.074 344.261 99.50869 98.61725 0.8959
10 | 204.081 344.261 98.94685 98.07272 0.8834
11| 238.095 344.261 97.94802 97.06557 0.9009
12| 272.108 344.261 97.07404 96.15098 0.9508
13| 306.122 377.594 101.88092 | 100.6449 1.213
14| 340.136 377.594 100.88209 | 99.57532 1.295
15| 408.163 377.594 99.19656 97.6999 1.508
16 | 476.190 377.594 97.69831 96.09279 1.643
17| 544.217 377.594 96.26249 94.68674 1.636
18| 612.244 377.594 95.01395 93.437 1.659

% average deviation= 0.944 %
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Table B-9-1: n-Butane

No. | P(atm) T(K) (c"; 3‘}’,‘;1"(') ) V(cf':f% ‘gf) % Deviation
1 68.027 | 310.927 | 101.19909 | 101.7695 0.5636
2 | 102.040 | 310.927[100.18316| 100.8537 0.6692
3 | 136.054 | 310.927| 9927600 | 100.0405 0.7700
4 | 68.027 | 327.594 | 10537684 | 105.1634 0.2025
5 | 340.136 | 327.594| 9826015 | 98.2974 0.0379
6 | 680272 | 327.594| 93.45327 | 93.4295 0.0254
7 | 119.047 | 344261 |105.84360 | 106.7279 0.8354
8 | 153.061 | 344.261|104.50106| 105.4542 0.9120
9 | 187.074 | 344.261103.41251| 104.3207 0.8782
10 | 68.027 | 360.927 | 113.86691 | 113.5749 0.2564
11 | 340.136 | 360.927(103.12946 | 102.534 0.5773
12 | 680272 | 360.927(96.761909 | 96.11956 0.6638
13 | 136.054 | 377.594 | 113.53599 | 113.8942 0.3154
14 | 170068 | 377.594 | 111.57665| 111.9011 0.2907
15 | 204.081 | 377.594 | 110.16149 | 110.189 0.0250
16 | 68.027 | 394.261 | 126.16504 | 126.7058 0.4286
17 | 340.136 | 394.261 | 10837333 | 108.0393 0.3082
18 | 680272 | 394.261 | 100.25782| 100.1319 0.1256
19 | 68.027 | 410.927 | 134.96725 | 136.4725 1.115
20 | 340.136 | 410.927|111.24498 | 110.6266 0.5558
21 | 680272 | 410.927|102.13063 | 102.8358 0.6904

%average deviation = 0.4879 %
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Table B-9-2: n-Butane (Tait Equation)

P(atm) T(K) (crlr/z 3711:(') ) (cl;zf;lnico. ) % Deviation

1 68.027 310.927 |101.19909 | 101.68415 0.4792
2 | 102.040 310.927 |100.18316 | 100.61359 0.4296
3 | 136.054 310.927 | 99.27600 | 99.64965 0.3763
4 68.027 327.594 |105.37684 | 105.23138 0.1376
5 | 340.136 327.594 | 98.26015 | 97.57970 0.6908
6 | 680.272 327.594 | 93.45327 | 92.44383 1.0728
7 | 119.047 344.261 |105.84360 | 106.80086 0.9043
8 | 153.061 344.261 |104.50106 | 105.42322 0.882
9 | 187.074 344.261 |103.41251| 104.20514 0.7664
10 | 68.027 360.927 | 113.86691 | 113.98552 0.1082
11 | 340.136 360.927 |103.12946 | 102.52954 0.0581
12 | 680.272 360.927 |96.761909 | 95.977825 0.8100
13 | 136.054 377.594 | 113.53599 | 114.07205 0.4721
14 | 170.068 377.594 | 111.57665 | 112.03924 0.4146
15 | 204.081 377.594 |110.16149 | 110.30564 0.1308
16 | 68.027 394.261 |126.16504 | 126.59766 0.3428
17 | 340.136 394.261 |108.37333 | 107.61734 0.697
18 | 680.272 394.261 |100.25782 | 98.96558 1.288
19 | 68.027 410.927 | 134.96725 | 132.77906 1.621
20 | 340.136 410.927 | 111.24498 | 108.49726 2.469
21 | 680.272 410.927 |102.13063 | 101.049286 1.058

%average deviation = 0.7240%
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Table B-10-1: n-Decane

No. | P(atm) T(K) (CZ f}ﬁ’(’) ) ’;c"";’ff’:ﬁ)? %Deviation
1 54.421 310.927 | 196.21372 196.4356 0.1130
2 68.027 310.927 | 195.85842 195.0865 0.1164
3 85.034 310.927 | 195.41445 195.6745 0.0680
4 102.040 310.927 | 194.97033 195.2841 0.1609
5 119.047 310.927 | 194.61503 1949114 0.1522
6 136.054 310.927 | 194.25973 194.5537 0.1513
7 153.061 310.927 | 193.99325 194.2091 0.1112
8 170.068 310.927 | 193.63795 193.8759 0.1228
9 187.074 310.927 | 193.28266 193.5531 0.1399
10 | 204.081 310927 | 193.01618 193.2396 0.1157
11 | 238.095 344.261 198.70096 198.7654 0.0324
12 | 272.108 344.261 198.25684 198.0624 0.0980
13 | 306.122 344.261 197.54624 197.3925 0.0778
14 | 340.136 344.261 196.21386 196.7517 0.2741
15 | 408.163 344.261 194.97033 195.5456 0.2950
16 | 476.190 344.261 193.90443 194.4249 0.2683
17 | 544.217 344.261 192.83853 193.3759 0.2786
18 | 612.244 344.261 191.86146 192.3886 0.2747
19 | 680.272 344.261 190.97321 191.4549 0.2522

%average deviation = 0.16333 %

(B-19)




Table B-10-2: n-Decane (Tait Equation)

P(atm) T(K) (cZ f;’:;[:(') ) (czg;lnlzc(; ) % Deviation
1 54.421 310.927 | 196.21372 194.2058 1.032
2 68.027 310.927 | 195.85842 193.8583 1.0211
3 85.034 310.927 | 195.41445 193.4323 1.014
4 | 102.040 310.927 | 194.97033 193.0151 1.002
5 | 119.047 310.927 | 194.61503 192.6063 1.032
6 | 136.054 310.927 | 194.25973 192.2056 1.057
7 | 153.061 310.927 | 193.99325 191.8128 1.123
8 | 170.068 310.927 | 193.63795 191.4274 1.140
9 | 187.074 310.927 | 193.28266 191.0493 1.155
10 | 204.081 310.927 | 193.01618 190.6781 1.211
11| 238.095 344.261 198.70096 196.1139 1.301
12 | 272.108 344.261 198.25684 195.2962 1.493
13| 306.122 344.261 197.54624 194.5093 1.537
14 | 340.136 344.261 196.21386 193.7508 1.255
15| 408.163 344.261 194.97033 192.3118 1.363
16 | 476.190 344.261 193.90443 190.9654 1.515
17 | 544217 344.261 192.83853 189.7004 1.627
18 | 612.244 344.261 191.86146 188.5076 1.748
19 | 680.272 344.261 190.97321 187.3791 1.882

%average deviation = 1.2894 %
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Table B-11-1: Propane

No. | P(atm) T(K) (cZ 3?;1:(') ) I;;:g;ﬁig) %Deviation
1 90.040 303.15 | 86.79920 86.78708 0.0139
2 125.95 303.15 | 85.33769 85.53922 0.2361
3 119.89 303.15 85.2037 85.73827 0.3721
4 54.827 318.15 | 93.00569 92.56688 04718
5 74.343 318.15 | 91.29192 91.33786 0.0503
6 92.452 318.15 | 90.63514 90.36086 0.3026
7 132.508 318.15 | 88.25859 88.52055 0.2968
8 68.324 348.15 | 102.5441 104.0387 1.457
9 76.142 348.15 101.8807 102.9529 1.052
10 89.271 348.15 100.2591 101.3317 1.069
11 108.869 348.15 | 98.13929 99.26773 1.149
12 127.113 348.15 | 97.35921 97.63053 0.2786
13 144.199 348.15 | 95.52426 96.28581 0.7972

%average deviation = 0.5807 %
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Table B-11-2: Propane (Tait Equation)

No. | P(atm) T(K) (cZ 36;:;1:(') D I;c‘;‘:gj’:;ig) %Deviation
1 90.040 303.15 86.79920 86.81322 0.0211
2 125.95 303.15 85.33769 85.44394 0.1245
3 119.84 303.15 85.42037 85.16964 0.2935
4 54.827 318.15 93.00569 92.75503 0.2695
5 74.343 318.15 91.29192 91.44618 0.1743
6 92.452 318.15 90.63514 90.38448 0.2765
7 132.508 318.15 88.25859 88.41116 0.1791
8 68.0324 348.15 102.5441 | 103.09251 0.5347
9 76.142 348.15 101.8807 | 101.91819 0.0367
10 89.271 348.15 100.2591 | 100.20426 0.0548
11 | 108.869 348.15 98.13929 08.08311 0.0468
12 | 127.113 348.15 97.35921 96.43298 0.9470
13 | 144.199 348.15 95.52426 95.09573 0.4437

%average deviation = 0.2266 %
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Table B-12-1: Ammonia

Tait Equation MOdiﬁe‘{ Tait
No. | P(atm) | T®) | 'SP veale: |

(cm’/mol) Vcal§ (Tait) | % | Moa Tc;i 9 % .

(cm’/mol) | Devi. (cm’/mo 0 Devi.
1 | 283.1 |253.15| 25.1275 | 25.39666 | 1.071 | 24.95037 | 0.7094
2 | 469.5 | 253.15| 24.74604 | 25.3937 | 2.617 | 24.68965 |0.2324
3 | 6549 |253.15| 244752 | 2539076 | 3.740 | 24.45552 |0.0849
4 | 8414 |253.15|24.19594 | 253878 | 4.925 | 24.24087 | 0.1812
5 [ 10279 | 253.15 | 24.00178 | 25.38485 | 5.762 | 24.043700 | 0.1701
6 | 469.5 | 273.15| 25.5168 | 2647378 | 3.567 | 25.58979 |0.1051
7 | 6549 |273.15| 25.2263 | 26.46995 | 4.929 | 25.30523 |0.3091
8 [ 10279 | 273.15 | 24.6574 | 2546225 | 3.264 | 24.81481 | 0.6337
9 114005 |273.15 | 24.16528 | 25.45458 | 5.335 | 24.40484 | 0.9867
10 | 1587.2 | 273.15 | 23.95239 | 24.15075 | 0.8281 | 24.22204 |1.1213
11 | 8414 |298.15| 25.8258 | 26.06965 |0.9442 | 24.222043 | 1.3113
12 | 10279 | 298.15 | 25.5073 | 26.16313 | 2.571 | 25.873030 | 1.429
13 | 1214.1 | 298.15 | 25.1667 25.5746 | 1.620 | 25.610001 | 1.756
14 | 1587.2 | 298.15 | 24.64556 | 24.74614 | 0.4081 | 25.149962 | 2.041
15 | 1773.6 | 298.15 | 24.4139 25.0405 | 2.566 | 2494673 | 2.178
16 | 6549 |313.15| 2694474 | 27.2242 1.037 | 27.28579 1.261
17 | 8414 |313.15| 26.47979 | 27.21664 | 2.782 | 26.901829 | 1.589
18 | 1214.1 | 313.15 | 25.7185 26.2016 | 1.878 | 26.264003 | 2.116
19 | 1400.5 | 313.15 | 25.3949 | 26.19411 | 3.147 | 25.99258 | 2.348
20 | 1742.1 | 313.15 | 249401 | 25.18044 |0.9636| 25.55491 2.461
%average deviation 2.6978% 1.1514%
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Table B-13-1: Water

Tait Equation MOdiﬁe‘{ Tait
No. | Patm) | (k) | V&P chlzuatwn
(cm’/mol) Vcal§ (Tait)| % | (Moa Tc;i 9 % .

(cm’/mol) | Devi. (cm’/mo ) Devi.

1 | 49.345 |333.15| 18.26739 | 16.38581 | 16.433 | 17.44439 |4.5053
2 | 49.345 |353.15| 18.48158 | 16.82708 | 5.695 | 17.8325 | 3.512
3 | 49.345 | 373.15| 18.73717 | 17.30834 | 3.925 | 18.24923 | 2.604
4 | 49.345 |393.15| 19.03593 | 18.37687 | 3.462 | 18.69881 | 1.770
5 | 49345 [413.15| 19.38153 | 19.16187 | 2.165 | 19.18648 | 1.006
6 | 98.691 |423.15| 19.71453 | 18.86067 | 4.331 | 19.71869 |0.0210
7 | 98.691 |453.15| 20.15731 | 19.53788 | 3.072 | 20.30414 | 0.7284
8 | 98.691 [473.15] 20.66303 | 21.17847 | 2.494 | 20.95384 | 1.407
9 | 98.691 [493.15| 21.24804 | 21.59794 | 2.117 | 21.68279 | 2.046
10 | 98.691 |513.15| 21.93563 | 22.51854 | 2.657 | 22.51201 | 2.627
11 | 148.038 | 533.15 | 22.58901 | 23.47176 | 3.907 | 23.17176 | 2.579
12 | 148.038 | 553.15 | 23.55016 | 24.4962 | 4.017 | 24.61037 | 3.228
13 | 148.038 [ 333.15| 18.15034 | 17.39825 | 4.143 | 17.44424 | 3.890
14 | 148.038 | 353.15| 18.35739 | 17.78055 | 3.142 | 17.83233 | 2.860
15 | 148.038 | 373.15| 18.59314 | 18.19039 | 2.166 | 18.24904 | 1.850
16 | 148.038 | 393.15 | 18.89192 | 18.63177 | 1.377 | 18.6986 | 1.023
17 | 148.038 [ 413.15| 19.21955 | 19.1096 |0.5718 | 19.18623 | 0.1733
18 [296.076 | 433.15| 19.47692 | 19.74191 | 1.360 | 19.71811 | 1.238
19 |296.076 | 453.15| 19.88372 | 20.19732 | 2.080 | 20.30345 | 2.111
20 [296.076 | 473.15| 20.34270 | 20.90942 | 2.785 | 20.95299 | 3.000
Ta | 296.076 | 493.15| 20.86108 | 21.39058 | 3.496 | 21.68174 | 3.933
22 1296.076 | 513.15| 21.45506 | 22.15786 | 4.207 | 22.51066 | 4.920
23 [ 493.461 | 533.15| 21.66025 | 23.46859 | 8.348 | 22.74009 | 4.985
24 | 493.461 | 553.15| 22.44514 | 24.6058 | 9.626 | 23.6739 | 5.474
%average deviation 4.0900% 2.125%
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Table B-14-1: Acetone

Tait Equation MOdiﬁe‘{ Tait
No.| P(atm) | T(K) | M&P Vel T
(cm’/mol) Vca3l. (Tait) %. (Mod. T;l 0 %.
(cm’/mol) | Devi. (cm’/mo ) Devi.
1 |102.040|310.92 | 82.02912 | 75.72733 | 7.682 | 76.7372 | 6.451
2 1119.047 | 31092 | 81.2800 | 75.56738 | 7.028 | 76.73321 | 5.593
3 |136.054 | 310.92| 80.59330 | 75.41078 | 6.430 | 76.72922 | 4.794
4 |153.061 | 310.92| 80.03146 | 75.25742 | 5.965 | 76.72523 | 4.131
5 1170.068 | 310.92 | 79.46961 | 75.10774 | 5.488 | 76.72124 | 3.458
6 |187.074| 310.92| 7897020 | 74.95986 | 5.078 | 76.71725 | 2.852
7 |204.081 | 310.92 | 7853321 | 74.81543 | 4.734 | 76.71327 | 2.317
8 [204.081 | 344.26 | 85.33776 | 78.47088 | 8.046 | 81.02448 | 5.053
9 |238.095| 344.26 | 83.90193 | 78.10507 | 6.909 | 81.01328 | 3.442
10 |272.108 | 344.26 | 82.59097 | 77.7555 | 5.854 | 81.00211 | 1.923
11 [306.122 | 344.26 | 81.52971 | 77.42086 | 5.039 | 80.99094 | 0.6608
12 |340.136 | 344.26 | 80.59330 | 77.09985 | 4.334 | 80.9798 |0.4795
13 | 408.163 | 344.26 | 78.97020 | 76.49465 | 3.134 | 80.95755 | 2.516
14 | 476.19 | 344.26 | 77.59680 | 75.93271 | 2.144 | 80.93536 | 4.302
15 238.095|377.59 | 91.39318 | 82.22971 |10.026 | 86.29465 | 5.578
16 [ 272.108 | 377.59 | 89.45794 | 81.76422 |8.6003 | 86.27773 | 3.554
17 [306.122 | 377.59 | 87.77241 | 81.32321 | 7.347 | 86.26083 | 1.722
18 |340.136 | 377.59 | 86.27416 | 80.90426 | 6.224 | 86.24397 | 0.0350
19 | 408.163 | 377.59 | 83.96436 | 80.12404 | 4.573 | 86.21034 | 2.674
%average deviation 6.0587 % 3.2387 %
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Appendix C: Results for Mixtures of Liquids

Table C-1-1: Propane- Benzene System

Tait Mixing. rule Tait Mixing rule
No. | Patm) | TK) | Xpropane Vcachf HT) . Vc’;sl(ik"c"e”ﬁ/o

(cm3/mol) Devi. (cm3/mol) Devi.

1 | 54412 |510.927 0.2 138.5936 | 3.786 | 138.5875 | 2.250
2 | 68.027 |510.927 0.2 131.0534 | 0.4889 | 131.0507 | 0.4868
3 | 85.034 |510.927 0.2 125.1112 | 1.955 | 125.1057 | 1.959
4 1102.040 | 510.927 0.2 120.9062 | 3.600 | 120.9009 | 3.604
5 [204.081 | 444.261 0.5 106.1055 | 1.243 | 106.0321 | 1.311
6 |238.095 |444.261 0.5 104.108 1.383 | 104.0359 | 1.451
7 1272.108 | 444.261 0.5 102.3904 | 1.436 | 102.3196 | 1.505
8 [306.122 | 444.261 0.5 100.8839 | 1.586 | 100.814 1.654
9 1340.136 |410.927 0.6 905.75082 | 0.6003 | 95.76463 | 0.5860
10 | 408.163 | 410.927 0.6 93.8539 | 0.7033 | 93.86744 | 0.6889
11 [ 476.190 | 410.927 0.6 92.23795 | 0.9076 | 92.25125 | 0.8933
12 | 544.217 | 410.927 0.6 90.83035 | 0.9584 | 90.84344 | 0.9441
13 | 136.054 | 377.594 0.7 08.17892 | 0.7178 | 98.23621 | 0.6598
14 | 153.061 | 377.594 0.7 97.32323 | 0.7055 | 97.38002 | 0.6475
15 | 187.074 | 377.594 0.7 05.80588 | 0.7361 | 95.86178 | 0.6782
16 |204.081 | 377.594 0.7 05.12619 | 0.7341 | 95.18169 | 0.6761
17 | 272.108 | 344.261 0.8 87.64199 | 0.9979 | 87.72417 | 0.9050
18 | 306.122 | 344.261 0.8 86.83108 | 1.076 | 86.9125 | 0.9840
19 | 340.136 | 344.261 0.8 86.08667 | 1.0095 | 86.1674 | 0.9167
20 | 408.163 | 344.261 0.8 84.7592 1.044 | 84.83868 | 0.9514
21 [ 476.190 | 310.927 0.9 79.29034 | 0.7755 | 79.40058 | 0.6376
22 | 544.217 | 310.927 0.9 78.41338 | 0.7878 | 78.52239 | 0.6499
23 1 612.244 |1 310.927 0.9 77.61974 | 0.7730 | 77.72766 | 0.6191
24 |1 680.272 |1 310.927 0.9 76.89497 | 0.7491 | 77.00188 | 0.6111

% Average Deviation 1.198% 1.0945%

(C-1)




Table C-2-1: Methane- n- Pentane System

Tait Mixing. rule | Tait Mixing rule
Now | Plam) | T | St | g || Veade | %
(cm3/mol) Devi. (cm3/mol) Devi.
1 310.927 | 04635 | 96.89481 | 2.874 | 92.36395 | 7.416
2 102.040 | 0.4635 | 95.87576 | 3.260 | 91.39246 | 0.6603
3 136.054 | 119.047 | (0 4635 | 94.95507 | 3.294 | 90.51497 | 1.535
4 | 153.061 |310927| 04635 | 94.11549 | 3.254 | 89.7145 | 1.573
5 187.074 310927 | 0.4635 | 92.63006 | 3.227 | 88.29852 | 1.599
6 | 204.081 [310.927| 04635 | 91.96593 | 3.150 | 87.66546 | 1.673
7 | 221.088 (310927 | 04635 | 91.34505 | 3.120 | 87.07362 | 1.702
8 | 187.074 |344.261 | 0.2933 | 106.3686 | 2.314 | 102.7085 | 1.205
9 | 204.081 |344.261| 02933 | 105.654 | 2.208 | 102.0186 | 1.308
10 | 221.088 |344.261 | 02933 | 104.983 | 2.178 | 101.3707 | 1.337
11 | 238.095 |344.261 | 02933 | 104.3507 | 2.184 | 100.7601 | 1.331
12 | 255.102 |344.261 | 02933 | 103.7527 | 2.086 | 100.1827 | 1.426
13 | 272.108 |344.261 | 02933 | 103.1856 | 2.056 | 99.63507 | 1.455
14 | 289.115 |344.061 | 02933 | 102.6462 | 2.013 | 99.11429 | 1.496
15 | 221.088 [377.594| 0.1262 | 118.8417 | 0.8130 | 116.7111 | 0.9942
16 | 238.095 377504 | 0.1262 | 118.1396 | 0.8429 | 116.0216 | 0.9649
17 | 255.102 | 377594 | 0.1262 | 117.4745 | 0.8697 | 115.3685 | 0.9385
18 | 272.108 377594 | 0.1262 | 116.843 | 0.8508 | 114.7482 | 0.9572
19 | 289.115 377594 | 0.1262 | 116.2415 | 0.8977 | 114.1575 | 0.9111
20 | 306.122 (377594 | 0.1262 | 115.6674 | 0.9332 | 113.5938 | 0.8762
21 | 323.129 (377594 | 0.1262 | 115.1184 | 1.027 | 113.0546 | 0.7840
22 | 340.136 (377594 | 0.1262 | 114.5924 | 1.069 | 112.5379 | 0.7419
% Average Deviation 1.4947 2.024
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Table C-3-1: Acetone-1- Butene System

Tait Mixing. rule | Tait Mixing rule
No. | P(atm) | T(K) | Xacetone Vs HT) Vs (Racketo
Vealc. % Veale. %

(cm3/mol) Devi. (cm3/mol) Devi,

1 | 54.421 [310.927| 0.1 94.14078 | 1.113 | 93.76574 | 1.507
2 | 68.027 |310.927| ¢ 93.7531 | 1.067 | 93.37961 | 1.4611
3 | 85.034 |310.927| o1 93.29107 | 1.032 | 92.91942 | 1.427
4 1102.040 310927 | ¢ 92.85181 | 0.9743 | 92.48191 | 1.368
5 |119.047 |310.927 | o1 92.43314 | 0.9592 | 92.0649 | 1.353
6 |136.054(310.927| 0.3 87.75936 | 2.780 | 87.27512 | 3.317
7 | 153.061 | 344.261| 3 92.6436 | 3.320 | 92.20723 | 3.775
8 |170.068 | 344.261 | (3 92.22105 | 3.130 | 91.78667 | 3.586
9 |187.074 | 344.261 | (3 91.81716 | 2.982 | 91.38468 | 3.439
10 [204.081 | 344.261 | (3 91.43031 | 2.813 | 90.99965 | 3.271
11 |238.095|344.261| 0.5 86.54399 | 4.127 | 86.01237 | 4.716
12 |272.108 | 344.261 | o5 85.99931 | 3.664 | 85.47103 | 4.256
13 1306.122 |377.594| o5 89.99633 | 3.955 | 89.54727 | 4.434
14 1340.136 | 377.594| o5 89.34027 | 3.498 | 88.89449 | 3.980
15 [ 408.163 | 377.594| o5 88.15114 | 2.616 | 87.71129 | 3.102
16 | 476.19 [377.594| 0.7 83.42191 | 3.306 | 82.89547 | 3.916
17 |544.217 |377.594| 7 82.62334 | 2.539 | 82.10194 | 3.154
18 [612.2441377.594| (7 81.89043 | 1.665 | 81.3739 | 2.285

% Average Deviation 6.8969
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Table C-4-1: Propane- Acetone

No.

P(atm)

T(K)

x(acetone)

Tait Mixing. rule
Vs (HT)

Tait Mixing rule
Vs (Rackett)

Vealc.
( cm3/mol)

%
Devi.

Vealc.
(cm3/mol)

%
Devi.

[E—

54421

310.927

0.2411

77.19515

13.707

76.63651

14.332

68.027

310.927

0.2411

77.02897

13.105

76.47153

13.734

85.034

310.927

0.2411

76.82633

11.693

76.27036

13.104

102.040

344.261

0.2411

81.00441

16.122

80.47042

16.675

119.047

344.261

0.2411

80.73021

15.200

80.1904

15.759

136.054

344.261

0.2411

80.46519

14.355

79.93476

14.920

153.061

377.594

0.2411

85.1701

17.564

84.7058

18.013

170.068

377.594

0.2411

84.80445

16.402

84.34214

16.858

O| 0| Qf ] | K W] N

187.074

377.594

0.2411

84.45385

15.394

83.99345

15.855

[E—
)

204.081

410.927

0.2411

89.70026

17.751

89.35144

18.071

[—
[—

238.095

410.927

0.2411

88.74446

15.533

88.39935

15.861

p—
(\o)

272.108

410.927

0.2411

87.7718

13.956

87.53545

14.290

—_
W

306.122

444.261

0.2411

92.09634

14.527

91.88847

14.719

[E—
AN

340.136

444.261

0.2411

91.00163

13.230

90.79624

13.426

—
()}

408.163

444.261

0.2411

89.09711

11.352

88.896

11.552

p—
(o)}

119.047

310.927

0.6289

81.06502

3.524

80.74188

3.909

—_
~

136.054

310.927

0.6289

80.72697

3.135

80.40517

3.526

[E—
o0

153.061

310.927

0.6289

80.40289

2.869

80.08239

3.256

—
O

170.068

344.261

0.6289

85.41502

4.385

85.15656

4.675

[\
S

187.074

344.261

0.6289

84.96273

4.020

84.70564

4.310

[\
[E—

204.081

344.261

0.6289

84.53315

3.621

84.27736

3.913

N
[\

238.095

360.927

0.6289

86.44992

3.832

86.23264

4.073
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23 [272.108 [ 360.927 | 0.6289 | 85.56039 | 3.071 | 85.34535 | 3.315
24 306.122 [ 360.927 | 0.6289 | 84.75066 | 2.401 | 84.53764 | 2.646
25 |340.136 | 377.594 | 0.6289 | 86.43063 | 2.362 | 86.2459 | 2.570
26 |408.163 | 377.594 | 0.6289 | 84.85537 | 1.359 | 84.67401 | 1.569
27 | 476.19 [377.594 | 0.6289 | 83.50124 | 0.6254 | 83.32277 | 0.8378
% Average Deviation
Table C-5-1: Propane- n-Decane System
Tait Mixing. rule | Tait Mixing rule
V, (HT) Vs (Rackett)

No. | Platm) | T(K) | Xpropane Vealc. % Vealc. %

(cm’/mol) | Devi. | (cm’/mol) | Devi.
1 | 54.421 |277.594| 0.3 160.7673 | 2.723 | 153.5688 | 1.875
2 | 68.027 [277.594| 3 160. 4608 | 2.732 | 153.276 | 1.867
3 | 85.034 |277.594| (3 160.0856 | 2.697 | 152.9176 | 1.9006
4 1102.040|277.594| 03 159.719 | 2.626 | 152.5674 | 1.968
5 1119.047 | 277.594| 03 159.3605 | 2.602 | 152.225 | 1.991
6 |136.054|277.594| (3 159.0098 | 2.541 151.89 | 2.049
7 | 153.061 |277.594| (3 158.6666 | 2.485 | 151.5621 | 2.103
8 |170.068 |277.594| 3 158.3305 | 2.433 | 151.2411 | 2.153
9 ]102.040(310.927| 0.6 133.8852 | 3.908 | 126.1547 | 2.091
10 [ 119.047|310.927| ¢ 133.41 | 3.891 | 125.707 | 2.106
11 | 136.054 |310.927| g6 132.9514 | 3.837 | 125.2749 | 2.157
12 [ 153.061 | 310.927 | 6 132.5082 | 3.795 | 124.8572 | 2.198
13 [170.068|310.927 | ¢ 132.0794 | 3.763 | 124.4548 | 2.226
14 |187.074|310.927| ¢ 131.6642 | 3.947 | 124.062 | 2.295
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15 1204.081 310927 | o6 131.2616 | 3.629 | 123.6826 | 2.354
16 |238.095[310.927| o6 130.4916 | 3.531 | 122.9571 | 2.446
17 |272.108 | 344.261 0.9 100.4467 | 1.644 | 97.38593 | 1.453
18 [306.122 | 344.261 0.9 99.42879 | 1.576 | 96.39906 | 1.518
19 |340.136 | 344.261 0.9 98.49932 | 1.533 | 95.49792 | 1.560
20 |408.163 | 344.261 0.9 96.85226 | 1.468 | 93.90104 | 1.623
21 | 476.19 | 344.261 0.9 95.42511 | 1.297 | 92.51737 | 1.788
22 | 544.217 | 344.261 0.9 94.16601 | 1.236 | 91.29664 | 1.848
23 | 612.244 | 344.261 0.9 93.03943 | 1.179 | 90.20439 | 1.903
24 | 680.272 | 344.261 0.9 92.02032 | 1.448 | 89.21633 | 1.642

% Average Deviation 2.6055 1.9636

Table C-6-1: Propane- I-Butene System

Tait Mixing rule
Vs (Rackett)
No. | P(atm) T(K) X (propane) Vealc. o
(cm3/mol) Devi.
1 54.421 | 310.927 | 0.1705 91.14168 1.9350
2 68.027 | 310.927 | 0.1705 90.45409 1.921
3 85.034 | 310.927| 0.1705 89.66541 1.892
4 102.040 | 310.927 | 0.3315 89.93923 1.514
5 119.047 | 310.927 | 0.3315 89.32596 1.544
6 136.054 | 310.927| 0.3315 88.7532 1.516
7 153.061 | 310.927 | 0.6905 90.95559 9.763
8 170.068 | 310.927 | 0.6905 90.50934 9.701
9 187.074 | 310.927 | 0.6905 90.08445 9.665
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10 |204.081 | 310.927 | 0.8174 | 90.75063 12.281
11 |238.095| 310.927 | 0.1874 | 90.01443 12.161
12 1272.108 | 310.927 | 0.8174 89.3341 12.068
13 | 170.068 | 344.261 | 0.1705 93.47635 2.7007
14 | 187.074 | 344.261 | 0.1705 92.64415 2.685
15 |204.081 | 344.261 | 0.1705 91.8766 2.693
16 |238.095 | 344.261 | 0.3315 91.65034 1.149
17 1272.108 | 344.261 | 0.3315 90.52154 1.075
18 1306.122 | 344.261 | 0.3315 89.5093 1.097
19 |340.136 | 344.261 | 0.6905 91.63121 9.429
20 |408.163 | 344.261 | 0.6905 90.15931 9.516
21 |476.190 | 344.261 | 0.6905 88.8795 9.559
22 | 544.217 | 344.261 | 0.8174 88.94516 12.044
23 1612.244 | 344.261 | 0.8174 87.94789 12.102
24 1680.272 | 344.261 | 0.8174 87.04225 11.975
25 1102.040 | 377.594 | 0.3315 98.42941 10.148
26 | 119.047 | 377.594 | 0.3315 95.71278 10.645
27 | 136.054 | 377.594 | 0.3315 93.48198 11.058
28 | 153.061 | 377.594 | 0.6905 105.3403 9.409
29 1170.068 | 377.594 | 0.6905 104.1724 9.389
30 | 187.074 | 377.594 | 0.6905 103.1126 9.379
31 |204.081 | 377.594| 0.8174 103.1308 12.331
32 | 238.095| 377.594 | 0.8174 101.5135 12.258
33 | 272.108 | 377.594 | 0.8174 100.0988 12.183
34 | 340.136 | 377.594 | 0.6905 88.45822 2.759
35 | 408.163 | 377.594 | 0.6905 85.84253 3.469
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36 |476.190|394.261 | 0.6905 | 83.65979 4.045

37 | 544.217|394.261 | 0.8174 | 91.69257 8.375

38 |612.2441394.261 | 0.8174 | 90.15498 8.131

39 394.261 | 0.8174 | 88.78365 7.963

% Average Deviation 8.001

Table C-7-1: Methane- Propane System
Tait Mixing. rule | Tait Mixing rule
V, (HT) Vs (Rackett)
No. | Patm) | X)) Xipropane Vealc. % Vealc. %

(cm3/mol) Devi. (cm3/mol) Devi.
1 | 54421 |277.594| 0.5 81.69807 | 49.216 | 83.82961 |47.891
2 | 68.027 |277.594| 0.5 77.7422 | 28.429 | 79.77055 |26.562
3 | 85.034 |277.594| 0.5 74.5263 | 7.384 | 76.47072 | 4.966
4 1102.040|277.594| 0.5 72.21651 | 6.254 | 74.10066 | 3.809
5 |119.047|277.594| 0.5 70.41273 | 6.241 | 72.24982 | 3.794
6 |136.054|277.594| 0.5 68.93268 | 6.817 | 70.73116 | 4.386
7 |153.061|277.594| 0.5 67.67765 | 7.102 | 69.44339 | 4.679
8 |170.068 | 277.594| 0.5 66.58817 | 7.247 | 687.32548 | 4.827
9 |204.081(310.927| 0.3 74.70554 | 6.435 | 76.18725 | 4.580
10 |238.095]310.927| 0.3 73.03078 | 6.784 | 74.47927 | 4.935
11 |272.108 | 310.927| 0.3 71.60926 | 7.043 | 73.02955 | 5.199
12 [306.122 1310927 0.3 70.37428 | 7.3702 | 71.77007 | 5.533
13 |340.136 |310.927| 0.3 69.28255 | 7.668 | 70.65669 | 5.837
14 |408.163 1310.927| 0.3 68.618 | 6.453 | 68.75523 | 6.266
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15 | 476.19 [310.927| 0.3 65.86225 | 8.258 | 67.16855 | 6.438
16 |544.217 {310.927| 0.3 64.52724 | 8.446 | 65.80708 | 6.630
17 |1272.108 | 344.261 | 0.1 78.37868 | 9.739 | 79.19823 | 8.795
18 306.122 | 344.261 | 0.1 76.94735 | 10.095 | 77.75193 | 9.155
19 |340.136 | 344.261 | 0.1 75.68273 | 10.396 | 76.47409 | 9.459
20 | 408.163 |344.261 | 0.1 73.52429 | 10.977 | 74.29308 | 10.046
21 |476.190 | 344.261 | 0.1 71.72423 | 11.348 | 72.4742 |10.421
22 |544.217|344.261 | 0.1 70.18031 | 11.688 | 70.91413 | 10.765
23 |1 612.244 | 344.261 | 0.1 68.82863 | 12.077 | 69.54832 | 11.158
24 1680.272 |344.261 | 0.1 67.62656 | 12.426 | 68.33369 | 11.510

% Average Deviation 11.0793 9.485
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