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ABSTRACT

The prediction of accurate values of saturated enthalpgudr is very
important in process design calculations and other industpplications.
Experimental measurements of saturated enthalpy of vapona easy to
perform. So in order to obtain accurate saturated enthalpgpafr, attention
has been turned to calculate them using equations @& $atme of these
equations applied for both gas and liquid phases, and some ofafhdi®ed
for gas phase only, noting that those equations of state developed
primarily for calculating vapor-liquid equilibrium. To overcemthese
problems efforts were directed to modify or improve the equatbrsate.
The accuracy of these equations are different depend wekbeted type of
systems. Five equations of state were used to caldbhlateesidual enthalpy
for pure compounds (polar and non polar). The AAD% for 25 pure
compounds (polar and non polar) and 701 experimental data points are
2.5780, 6.7138, 1.8757, 2.2696, 3.4648, and 2%9%hen using Redlich-
Kwong, Soave Redlich-Kwong, Peng-Robinson, Lee-KeslenalVeaquation

truncated to second and to third terms respectively.

It is considered from the results obtained above that Peb@son
equation is the best equation that can be used to caldhateesidual
enthalpy of the saturated vapor compared with the otherieqsiatf state
mentioned. Efforts were therefore directed toward possiiitymodifying
Peng-Robinson equation of state to increase its accunagyedicting the

residual enthalpy of saturated vapor.

For pure compounds, a new modified correlation was proposed to predict
the enthalpy of saturated vapor. The modification was madedsfining the

parameten as a function of reduced temperature, pressure and iadantor



by using statistical program. The correlation is givenima the following
equations:
n=a, +b, xo+c, xw®

a, =0.941018

b, =-85.729% T, +105.6393 T.” + 4.303806 P. -50.075% T, x P + 22.9876& P

c, =433.376 T, —530.876¢T,> —35.305% P. + 252.0676& T, x P, —108.396& P.?

For binary mixtures, the calculation of the saturagathalpy of vapor
was done by using two methods to calculate the residuslpytof saturated
vapor, the first method was done by using Peng- Robinsoni@guweth its
mixing rules and the second method was done by using TGegtien with

Peng-Robinson equation for pure compounds.

Again Peng-Robinson mixing rules were modified to ineeeats
accuracy for mixtures. It can be considered that the raddifeng-Robinson
equation with its mixing rules (this work) is relatiyebetter equation for
predicting the enthalpy of saturated vapor for binary mxtidihe correlation
IS given as the following equations:

n=a,+bw+cw’
a, = 03704

b, =0.01267-0.20093<T, + 0.1xP.

c, =—-09048+0.94514%T, —0.1716% P

These correlations can be further developed to be used yif@cthe
design purpose of distillation operations, and other processésntiolve

vaporization and condensation phenomena.
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Nomenclatures

Symbol M eaning Unit
a, b = Constant used in the cubic equation of state -
a, b,G = Coefficient of (Eq. 2-67) -
an, ba, Ca = Coefficient of (Eq. 3-2, 3-6) -
A B, D = Parameters used in the equations of state -
B’ = Second Virial coefficient -
C’' = Third Virial coefficient -
Cv = Heat Capacity at constant volu(gs.2-17) (J/mole. K)
Cp = Heat Capacity at constant presqiig.2-3J) (J/mole. K)
E = Parameters of Lee-Kesler (Eq. 2-92) -
= Enthalpy (J/mole)
Kij = Cross coefficient for mixture -
n = Constant used in the cubic equation of state -
n’ = Constant used in (Eq.2-28) -
P = Pressure (kpa)
Pupr = Reduced vapor pressure -
R = Universal gas constant (J/mole. K)
R11 = Trichlorofluoromethane (C£H) -
R12 = Dichlorodifluoromethane (CLCI,) -
R13 = Chlorotrifluoromethane (CGJF -
R21 = Dichloromonofluromethane (CHE) -
R22 = Monochlorodifluoromethane (Ch{E) -
R32 = Difluoromethane (Cjf,) -
R114 = 1, 1-Dichlorotetrafluoroethan€,Cl,F,) -

Vi



R123 = 2, 2-Dichloro-1, 1, 1-Trifluoroethane

R134a =1, 1, 1, 2-tetrafluoroethal@@H,F,)
T = Temperature

U = Internal energy

Vv = Molar volume

X = Mole fraction

Z = Compressibility factor

VIl

(K)
()
(cnYmole)



Greek Symbols

a = Constant used in the cubic equation of state
@ = Acentric factor
A = Difference
y = Parameter used in (Eq. 2-92)
S = Parameter used in (Eq. 2-92)
0 = Derivative
Super scripts
ig = Ideal gas
R = Residual
(R1)) =Componentlin Teja equation

(R2) = Component 2 in Teja equation

Sat. = Saturated

o] = Simple fluid (Eq. 2-91)

r = Reference fluid (Eg. 2-91)
Subscripts

b = normal boiling point

br = Reduced normal boiling point

c = Critical point

i = Component i

Ij = Components i and j

m = Mixture

VIl



o] = Reference point

r = Redused

vap. = Vaporization

% = Vapor

vb = Vapor at normal boiling point

Abbreviations

AAD% =Average Absolute Deviation Percent
AD% = Absolute Deviation Percent

BWR = Benedict-Webb-Rubin

CSP = Corresponding State Principle
EOS = Equation of State

M.wt = Molecular weight

RK = Redlich -Kwong

RKS = Redlich -Kwong Soave
VLE = Vapor Liquid Equilibrium
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CHAPTER ONE

INTRODUCTION

The saturated vapor enthalpy of the substance repsesgint on the
saturated vapor curve and therefore depicts the limitalgevof a gaseous
isotherm just before condensation is initiated. Thus;sttarated vapor state
becomes the point of intersection between a superchgateisotherm and the

corresponding vaporizing liquid isotherm.

Enthalpy is one of the most important thermodynamic pt@seof
fluids which can be explicitly defined for any system bg thathematical
expression:

H=U+PV (1-1)

Where U= internal energyP= absolute pressur®= volume. The units of all
terms of this equation must be the same. Though entisaliyen required to
a unit mass or to a mole, like volume and internal enef@pturated enthalpy
of vapor is useful as a thermodynamic property becausdJ#f/ group
appears frequently, particularly in problems involvinga@vflprocess such as
extraction, heat exchangers, evaporators, distillationunaed, pumps,
compressors, turbines, humidification, adsorption, petroleurfinerg

processes, refrigeration cycles, and power plants, etc..

Enthalpy departure (or residual enthalpy) is defined asffarahce
between enthalpy and what it would be in the ideal gas stthe same

temperature and pressure, i.e.:



HY=H-H" (1-2)

The ideal gas is an imaginary gas at wh#shO andV= «. For this gas
all thermodynamic data are calculated accurately accotdimdeal gas law.
Thus to know the enthalpy of the compound we need to khewalue of the
ideal gas enthalpy and the value of the enthalpy degatd be substituted
into equation (1-2). The ideal gas enthalpy is availabtethere is no accurate

method for the enthalpy departure of vapor.

For vapor or liquid and for gas phase, there are two seuime
enthalpy data. First, the large quantity of experitale@nthalpy data available
in literature, and second from the accurate recommendé#tbdse based on
equation of state that predict enthalpy. But for sd&d vapor, there is a
shortage in experimental data, and there is no aca@edenmended method

for calculating enthalpy or enthalpy departure.

Redlich-Kwong, Soave, Peng-Robinson, Lee-Kesler andalV
equations of state are applicable for both liquid and vabasgs, and can be
used for calculating the saturated enthalpy by calculat@gémpressibility

factor and residual enthalpy.

The aim of this work is to evaluate each of the abovetemsacan be
applied in predicting the saturated vapor enthalpy for parepounds. The
work also involves evaluation of mixing rules for the begtiation obtained
that is the one with the lowest deviation from experigemalues for

predicting saturated vapor enthalpy for mixtures.



In addition to these aims mentioned efforts will be dgae@a@lso toward
the possibility of modifications of the equation with leasvialgon from
experimental data for predicting saturated vapor enthalpgum compounds

and mixtures using statistical methods.



CHAPTER TWO

THEORIES AND LITERATURE REVIEW

2.1 P-V-T Surface

Figure 2-1 can be regarded as representative d?#teT behavior for
most pure substances. The coordinates of a point orP#he-T surface
represents the values that pressure, specific volang temperature would

assume when the substance is at equilibrium.

There are regions on tlre-V-Tsurface of Fig. 2-1 labeled solid, liquid,
and vapor. In these single-phase regions, the state & bixeany two of the
properties: pressure, specific volume, and temperaturee alhof these are

independent when there is a single phase present.

Located between the single-phase regions are two-phgisasevhere
two phases exist in equilibrium: liquid—vapor, solid-liquidd aolid—vapor.
Two phases can coexist during changes in phase such as &tpoyiz
melting, and sublimation. Within the two-phase regiopsessure and
temperature are not independent; one cannot be changed whhaogirg the
other. In these regions the state cannot be fixed by teraperatd pressure
alone; however, the state can be fixed by specific veland either pressure
or temperature. Three phases can exist in equilibriumgatioe line labeled

triple line.

A state at which a phase change begins or ends is @akaduration
state. The dome shaped region composed of the two-pbasge-trapor states
is called the vapor dome. The lines bordering the vapor dammecalled

saturated liquid and saturated vapor lines. At the topefdbme, where the



saturated liquid and saturated vapor lines meet, is tiieat point. The
critical temperaturélc of a pure substance is the maximum temperature at
which liquid and vapor phases can coexist in equilibriune pitessure at the
critical point is called the critical pressui@;. The specific volume at this

state is the critical specific volume.

If the P—V-Tsurface is projected onto the pressure—temperature, plane
a property diagram known as a phase diagram results. Asdralied by
Fig. 2-1b, when the surface is projected in this way,tWeephase regions
reduce to lines. A point on any of these lines repitssafi two-phase

mixtures at that particular temperature and pressure.

The term saturation temperature designates the tempeattwhich a
phase change takes place at a given pressure, and tlsarprescalled the
saturation pressure for the given temperature. It israppdrom the phase
diagrams that for each saturation pressure there imique saturation

temperature, and conversely.

The triple line of the three-dimension@-V—-T surface projects onto a

point on the phase diagram. This is called the tripletyd3].



l 1
|2 \\ '.
211\
|
|
|
|
gl
il
£
ar
Al T>T.
Triple line— T
I/ Selid-vapar I=T.
Temperature Speeific volume
(E) (<)
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2.2 Enthalpy-Temperature H-T) Diagram

Figure 2-2 is thEl-T diagram for pure water. The region between the
saturated liquid line and the saturated vapor ripeesents the area of
two phases existing at the same time. The vertisthkie between the two
saturation lines represents the latent heat of vagoiz If pure water
existed at (point A) on the saturated liquid line am amount of heat
was added equal to the latent heat of vaporizatieen the water would
change phase from a saturated liquid to a saturadpor (point B),
while maintaining a constant temperature. As shown in FB. &eration
outside the saturation lines results in a sub cooled ligusdiperheated steam
[24].

Superheated Steam

Saturgted Yaopor

B

Critical Point

I
Latent Heat
af Vaporation

Subcouoled Liguid

Figure 2-2 H-T diagram for water



2.3 Critical Properties
The critical temperature]c, of a material is the temperature above

which distinct liquid and gas phases do not exist. As thieartemperature is
approached, the properties of the gas and liquid phases bdhensame
resulting in only one phase: the supercritical fluid. Abdbe critical
temperature a liquid cannot be formed by an increase in pressurevith
enough pressure a solid may be formed for materials otharwiater. The
critical pressure is the vapor pressure at the critieadperature. On the
Fig. 2-3 showing the thermodynamic properties for a gisebstance, the
point at critical temperature and critical pressureaibed the critical point of
the substance. The critical molar volume is the volumheone mole of

material at the critical temperature and pressure.

Critical properties vary from material to material,tjas is the case for
the melting point and boiling point. Critical properties forany pure
substances are readily available in the literatutdai@ing critical properties

for mixtures is somewhat more problematic.

FProasuro

.
NI LT T T 5 { crical el

v 1 M
il
s e
I

Temperature

Figure 2-3 Pressure —temperature diagram



For pure substances, there is an inflection point ircthieal isotherm

on aP-Vdiagram Fig. 2-1c. This means that at the critical point

EIREOE =

T

This relation can be used to evaluate two paramete@nf@éguation of state

in terms of the critical properties.

Sometimes a set of reduced properties are defined in tefrtiseo

critical properties [25], i.e.:

T.=T/Tc (2-2)
BP/Pc (2-3)
Ve =V / Ve (2-4)

2.4 Equation of State
An equation of state is an analytic expresdion the functional
relationship,
f(PV,T)=0 (2-5)

The simplest such relation is the ideal gas law,
PV = RT @}p-

The purpose of such equations is to provide-¥-T relation which is
suitable in through the values assigned to constanided! in the equation
[31]. In functional mathematical form, the EOS cannri#ten asv= f P, T).
This form indicates that the volume is expressed as@idm of pressure and
temperature. However, The EOS can be equally well bigewrasP (V,T) or
even T (P,\).Since pressure and temperature are usually speciiiean i

experiment or in a process, the for(P,T) is most commonly



employed [45]. In general, an equation of state is developstdfdr pure
substances, and then extended to mixtures through thef nsging rules for
combining the pure component parameters. A good EOS is pdifaest
methods to handling a large amounPe¥-T data [12].

2.5 The Principle of Corresponding State [20, 21]

It has been found that, if different substanare compared at equal
fractions of their critical temperatures and pressutest properties are quite
similar. The critical constants may be used to defisetaf reduced variables
P, V, andT,.

T -1 (2-7)

The properties of a gas may be state in ¢ériimese reduced variables
rather thanP,v,and T. According to the principle of corresponding states, all
gases would obey the same equation of sta®e W, and T, were used rather
thanP,VandT [39].

The assumption in applying corresponding statesitture is that the
P-V-T behavior of the mixture will be the same as that of mmeponent
whose critical temperature and pressure are equal tgpgkado critical

temperature and pressure of the mixture [40].

Both the van der Waals and Redlich-Kwong equaticgtate have been
written in the form
Z=f(T,.P,) (2-8)
This functional relationship was first recaga by van der Waals. Thus
the prediction of a unique relationship amafgT,, andP; is known as the

van derWaals two-parametdheorem of corresponding states. It states that

10



any pure gas at the same reduced temperature and preksul@ have the
same compressibility factor. Expressions such as equ&tihqre known as

generalized equations, because of their general appligabikll substances.

An approach is to group fluids into severalsdas where the critical
compressibility is the third parameter. This method, fipgbposed by
Lydersen, Greenkorn and Hougen [30] presents separaie P, chart or

tables for particular values @f.That is, the charts represent the relation
sz(Tr,R,ZC) (2'9)

This approach provided a significant improvement in accuU&ly

2.6 The Third Parameter Acentric Factor

Pitzer [37] proposed another third parameter knawn"acentric
factor". Among the third parameters proposed, Pitzer's @cdatctor has
gained widest acceptance in both academic and induse&d,doecause it is a
simple extension of two parameter corresponding state peascgohd gives

good accuracy for normal fluids including hydrocarbons [12].

Pitzer et al. attributed this difference in vapor-pressiriation to the degree

of the sphericity of the molecular force field of a substanThey defined a

third parametet, the acentric factor for a fluid, as the differenceneen the

value of logP; % for the fluid and that for simple fluid at fixed value of
sat._

T .1t was noted that lo§,""= -1 atT** = 0.7 for simple fluids. With the data

point as a convenient reference, the definitiom tecomes

o =-1-log P; **) 11=0.7 (2-10)

11



The evaluation oty only requiresTc, Pc, and the vapor pressure &t= 0.7.
This choice for a definition ob makew = 0 for a simple fluid and positive
for nearly all other fluids. In a general senaejncreases with polarity and

with hydrocarbons it increases with molecular weight.[53]

2.7 Enthalpy Departure or Residual Enthalpy

A residual thermodynamic property was definedthes difference
between the actual value of the property and that irpathgtical perfect gas
at both the same temperature and density or at the sanperature and
pressure [2]. For enthalpy calculations, it is more coiewve first to calculate
the enthalpy and entropy of a hypothetical ideal gas atat¢hen to calculate

the departure of these properties from that ideal gasneferstate [43].

Enthalpy departure or residual enthalpy is asmeaof deviation of

actual enthalpy from ideal gas enthalpy, i.e,
HR=H-H' (2-11)
WhereH"is the enthalpy of the ideal gas.

In order to obtain enthalpy departure by usingcuaten of state the

following derivation was used [46]:

H=U+PV or L_Y PV (2-12)
RT RT RT

. \Y
But %:1 for ideal gas, ana% = Z for real gas

H® UY

L ] 2-13
RT RT+ ( )
SAIN (2-14)
RT RT

12



Subtracting equation (2-13) from equation (2.14)

H-H® U-U"
RT RT

+Z-1

But

du= [a—uj dT+[a—Uj dv
ot ), N );

The first term is the heat capacity at constant voJuree

[G_Uj _c,
oT )y

And the second term is to be found from Maxwell relation as:
BRER
oV ), oT ),
Combining equations (2-16), (2-17) and (2-18) gives:
du =C,dT J{T[a—Pj —~ P}dv
oT ),
At constant temperature, equation (2-19) becomes:
dU:{P{QEJ-—éFV}
T ), ]
Integration of equation (2-20) between ideal gas and ag&isagjives:
i \
u-u® _1 {T(Ej —P}dv
RT RT:| (dT ),

Substituting equation (2-21) into equation (2-15) gives:

_Hi9 \%
AL S ﬂéﬁj_pdv
RT RTY| \dT),
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(2-15)

(2-16)

(2-17)

(2-18)

(2-19)

(2-20)

(2-21)

(2-22)



2.8 Enthalpy of Vaporization

The enthalpy of evaporatioAH,,) is a special form of latent heat of
vaporization. It is the difference between the enthalpthefsaturated vapor
and that of saturated liquid at the same temperature.ehti@lpy change
accompanying material transfer between phases is obtainetifferencing

the enthalpy of each state [43].

2.9AH, at the Normal Boiling Point
A pure component constant that is occasionadlgd uin property

correlation is the enthalpy of vaporization at the normadingopoint AH, ,

any one of the correlations can be used for this stateewlhel,, P=1.01
bar [43].

2.10 AH,;, from Vapor Pressure Relations [43]
1.Giacalone Method

Giacalone equation has been widely employedike mapid estimates

of AH, ; usually, in such casesAZ, is set equal to unity.

AH,, = R'I;AZV{TW '”(Pa / 1$ 1323} (2-23)
— Tpr

2.Riedel Method
Riedel [44] modified Giacalone equation slightly and propokad t

AH,, =1.093RT{T M} (2-24)

" 0.930-T,
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3.Chen Method
Chen [4] used Eg. (2-25) and a similar expression proposedtzsyr,Pi
et al. to correlate vapor pressures so that the acéamttmr is eliminated. He

obtained a relation betweetH , ,P,pr and T,. When applied to the normal

boiling point:
AL _ T (aS + woasl?) (2-25)
RT, R
A, —RTT. 3.978T, —3.958+1.555n P, (2-26)

107-T,,

4.Vetere Methods
Vetere [52] proposed a relation similar to the one suggdstedhen.

When applied to the normal boiling point:

0.4343n P, — 0.69431+ 0.89584,,

AHvb = R CTbr -2
0.37691-0.37306,, + 0.1507F*T,-

(2-27)

2.11 Variation ofAH, with Temperature [43]

A widely used correlation betwedi, andT, is the Watson relation [48]

AH, = AH\,lG:-_II-_rZJ (2-28)
rl

Where subscripts 1 and 2 refer to reduced temperaijtfeand T,.. A

common choice fon'is 0.375 or 0.38.

Viswanath and Kuloor [56] recommend thabe obtaind by

10
AH
n'= (0.00264R—TVb + 0.8794j (2-29)

b
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2.12 ldeal Gas State Thermal Properties

The thermodynamic property calculation methods wased for
calculating the isothermal departures of the properties ftheir ideal gas
state values for pure fluids or mixtures. Therefores itriperative to know the
ideal state properties of pure components for the calonlatof
thermodynamic properties of real fluids at given temperadume pressure.
The most fundamental ideal gas state thermal propertyeihéat capacity
[12]. Once this property is accurately known; all other idealsgate thermal
properties can be calculated from the thermodynamic sekttips. The data

compilation tabulatesCc?,(H9-H?), as function of temperature over

298.15-1500 K for many hydrocarbons and associated gasses tablavai

The molar or specific enthalpy of a substant@y be therefore
expressed as a function of two other state variables
H = f(T,P) (2-30)

T2
AH = [C,dT 2-31)
T1

The ideal gas is a hypothetical state oftadw@as a reference point for
calculating thermodynamic properties such as enthalpy. pitesents the
enthalpy of pure species [47]

H® -H2 = [CgdT (2-32)
Where
H" =ideal gas state enthalpyht

HY =ideal gas state enthalpy at absolute zero temperature

Since ideal gas state properties are monatomations of temperature,
many such equations have been proposed. The most notablerentde® a

polynomials with varying number of terms depending on the teatyrer
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range covered and the accuracy desired. For relatively skogperature
range, the first or second order polynomials are sufficibat, for wide

temperature range higher order of polynomials are needed [12].

2.13 Polar Compounds

Polar compounds expressed the effect of eldatic forces between
molecules. Polar compounds are alcohols, phenols, katenes, aldehydes,
ether, and alknitriles. The first three are hydrogendban compounds
(a bond forms between the hydrogen atom attached to oxygewe imolecule
with the oxygen atom of another molecule), this makes Hehavior in the
vapor different and more complex than that of non-hydrogending

compounds (ketones, ect) [13].

2.14 Mixing Rules

The concept of a one-fludixture is that, for fixed composition, the
mixture properties and their variations withand P are the same as some
pure component with appropriate parameter values. To desallibeure
components as well as mixtures, the mixture parameterst vary with
composition so that if the composition is actually for a promponent, the

model describes that substance [42].

The equation of state are generally developegure fluids first, and
then extended to mixture. The mixture extension requmesso-called mixing
rules, which are simply means of calculating mixtpaegameters equivalent to
those of pure substances. Except for those of virial ceefts; the mixing
rules are more or less arbitrary rules that are teaethe composition effect
on the system properties. Most of the simple equations t@&f st@lved from
the van der Waal's equation use van der Waal's miuleg with or without

modifications [12].

17



2.15 van der Waals Equation
van der Waals [50] derived the first equatibstate that was capable

of expressing the continuity from gaseous to liquid states:

[P " V—""Zj(v —b)=RT (2-33)
or
RT a
PEVop) Ve (34)

Although not accurate, this equation deserves specidianemecause of its
enormous contribution to the corresponding state principle arttet later
development of similar equation of state. The parameténs"assumed to
account for the attractive force between molecules, hadparameterB”

known as co-volume.

Determination of the parameters requires tmdy of the three critical
properties {c ,Pc, andVc). The critical Temperature and critical pressure are
generally used to define the parameters, because thproperties are more
readily available with reliable accuracy than the icalt volume.
Differentiating equation (2-34) at constahtwith respect tov and setting it

equal to zero at the critical point results in [12]:

oP RT, 2a
R = c _— = O 2'35
(& j Ve-bF V2 (295
o°P RT, 3a
= c _— = 0 2'36
(8\/ ’ jTC (VC - b)3 VC4 ( )

Solving equations (2-35) and (2-36) foanda gives
b=V./3 (2-37)
a=(9/8)RT.V, (2-38)
Appling equation (2-34) to the critical point and combiningwaguation
(2-37) and (2-38) gives

18



(3
8) k.
Then equation (2-37) and (2-38) become

AL
8P,

A 27\R°T¢
\64) P,

Residual molar enthalpy

H* b 2a
RT V-b RTV

2.16 Redlich —Kwong Equation

(2-39)

(2-40)

(2-41)

(2-42)

Although the van der Waals equation was Idped in 1873, no

major improvement in cubic equation of state occurred tin@ilpublication of
the Redlich —Kwong (RK) equation in 1949 [41]. It has proveddmne of

the more useful and widely accepted cubic equation of siatk is

considerably more accurate than the van der Waals equdtien Two-

parameter RK equation of state is given by [53]

_RT  a
"V -b TV(V +b)

p

The compressibility factor equation:

7°-72+(A-B2-BJZ- AB=0

Where

P

r.

P
B, =0.08664_"

ri
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(2-44)
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R2 (TC ) 25

8, = 042748~ %" (2-47)

h = 0.08664% (2-48)
Mixing rules

a=izzl:jz:xi X, (- K )\/aa, (2-49)

b=3xb (2-50)

Residual molar enthalpy

R
" z—1—@|n[1+5j (2-51)
RT B Z

This equation does not have strong theordimatground but proved
to give good results for many gaseous systems, it shouldsbementioned
that, when Redlich and Kwong proposed their celebrated equaftistate
they were interested in developing a good equation for gasg$32].

2.17 Soave - Redlich -Kwong Equation
The Soave modification of the Redlich-kwong equation involved
replacing the term a(T®?) by a more complicated function of the

temperatureaa(T), incorporating the acentric factor [2].

RT aa
__RT _ 252
P=V b VV +b) (2-52)

The compressibility factor equation:

Z°-(1-B)Z?+(A-B*-BJz- AB=0 (2-53)
Where

A = 042747, Ei (2-54)

2
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B - o.osee{f_vi (2-55)

r,

a= 042747R%)" (2-56)
3

h - 008664% (2-57)

a, =fiena- T )f (2-58)

n = 0.48508+ 155171, —0.15613» * 2-%9)

@ 7] @20

Mixing rules
A:an: %X -k )JAA (2-61)
B = zx B (2-62)
a =_§n:§n‘1xi X, -k, )/ @a)@a,) (2-63)
b=>xb (2-64)

D- i Y xxn, k) @a)aT, (2-65)

Residual molar enthalpy

H 2 —1—5[“ R}In(h EJ (2-66)
RT Bl aa Z

The RKS equation was developed to predict reasonable vapourpress
for pure fluids. Thus, there is no reason to suspectioie accurate than the
RK equation in predicting?-V-T behavior in the superheat region. One use of

the RKS equation or its modification has been the predictbnthe

thermodynamic properties of refrigerants [5].
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2.17.1 Faiqg Hussam Sirri

A modification on Soave- Redlich- Kowng [46] wasade by
introducing a new equation to calculate thevalue in Soave equation. The
new n equation becomes function of reduced temperature and presswel|

as acentric factor as follows:

n=a, +b, xa +c¢, x @’ (2-67)

Where: a, = 04775746 (2-68)
b, = 2.509442-0.888598« T —0.1387515 P (2-69)

Cc, = —3.278222+ 3245485« T, + 0.0930755 P (2-70)

To extend the application of the proposed modified Sequation to be
applicable for mixtures, it was found that “the enthalpgatture of a mixture
of compressed liquid is equal to the molar average of entlpgrture of
pure compounds at the same reduced temperature and pressure”,

mathematically as:

R = PF:m = Zx(PﬂJ 2 %R, (2-72)
(H=H" e = 2% (H —H") (2-73)

2.18 Peng-Robinson Equation

This equation of state was developed priméuoly vapor-liquid
equilibrium predictions and uses the same formuladoas appears in the
RKS equation [35]. The equation of Peng-Robinson is staitturather
similar to the RKS equation, like the RKS, required ohby ¢ritical constants

and the acentric factor for its application to the purd fi2)].
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RT

P=V b V(V 1b)1b(v _b)

The compressibility factor equation:

Z°—(1-B)Z? +(A-3B2-2B)z - (AB-B?-B*) =0

Where

P
A = 045724 3

P
B = 007780,

r,i

a =0. 45724(T)

Ci

b =0. 07780%

C

o =pena-yTo)

n = 0.37464+ 154226y, —0.26992, °

=In@a)yT 7a]
Mixing rules
A:Zn: xlx @-ki)JAA
B:Zn:xiBi

i=1

ao = iznlxi Xj (1_ kij) (aiai)(ajaj)

i=1 j=

D=3 xxn -k)@a)aT,,

i=1lj 1
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(2-74)

(2-75)

(2-76)

(2-77)

(2-78)

(2-79)

(2-80)

&2)

(2-82)

(2-83)

(2-84)

(2-85)

(2-86)

(2-87)



Residual molar enthalpy

H R
A [1+ R}r{wJ (2-88)
RT 2.828B aa Z-0414B

Soave equation together with that of Peng-Robiasertoday probably
the two most widely used equations of state. Because efdfien which the
attractive term have been tailored to achieve a fitajpov pressure data ,and
the incorporation of the acentric factor, these equatisnslly permit VLE

calculations to be made with acceptable accuracy [2].

2.19 Lee-Kesler Equation

Lee and Kesler developed a three-parameter correspondieg-sta
correlation for pure nonpolar, nonhydrogen - bonding fluids peaally,
hydrocarbons. Values are provided for acentric factorpwvapessure, molar

volume, residual enthalpy, residual entropy and fugaaefficient.

The correlation is based on the Benedict-Webb-Rubin (B@{Ration
of state. For the equation of state, the Lee - Kexlerelation expresses the

compressibility factoZ as a linear function of the acentric factor
Z=2°+awZ (2-89)

Wherez°is the compressibility factor for simple fluide, is Pitzer's
acentric factor, and correctsz for the effects of nonspherical intermolecular
forces (primarily dispersion and overlap). Linear expmssiare used for

residual properties [22]:

H :(H JM{H J (2-90)
RT, RT. RT.
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The compressibility factor of both simple did® and the reference
fluid Z' have been represented by the following reduced form mibdified

BWR equation of state.

z2-2°+2.(2'-2°=2° + a2’ (2-91)
@
o"is the acentric factor to n-octane = 0.3978
_(BVi ), B, C D G 7 exd =% )
Z _( T j_1+vr +Vr2 +Vr5 +Tr3\/r2 (,6’+Vr2jex;{ Vrzj (2-92)
Bop -2 Do (2-93)
Tr Tr Tr
C=c -2+ (2-94)
D-d,+% (2-95)
1 -I-r
Table 2-1Constant for equation (2-92) [3]
Simple | Reference Simple | Reference
Constants _ Constants _ _
fluids fluids fluids fluids
b, 0.1181193| 0.2026579 C, 0.0 0.016901
b, 0.265728 | 0.331511 C, 0.042724 | 0.041577
b, 0.15479 0.027655 d, x10* ]0.155488 | 0.48736
b, 0.030323 | 0.203488| d,x10" |0.623689 | 0.04336
C, 0.0236744| 0.0313385% B 0.65392 1.226
c, 0.0186984| 0.0503618 4 0.060167 | 0.03754

To calculat& for the fluid of interest, given &t andP, first calculation

of the appropriate value of,= (T / Tc) and P,= (P / Pc) using critical

properties of the fluid. From the simple fluid constantstable 2-1 and

equation (2-92), solving fov; (This is not the correct reduced volume for the
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fluid of interest, but rather, it is defined &V/RT. with V a simple fluid
volume). WhenV, is employed in thdirst equality of equation (2-92%° is
calculated for the simple fluid. The next step is idetio the first except
that the reference fluid constant of table 2-1 are usadyith the sam@&, and
pr values of the fluid of interest that were determinedhm first step. The
result of the second step Z5. Finally, with theZ® from the first step and’
from the second, compressibility fact@r for the fluid of the interest is
determined from (2-91) [3].

The enthalpy departure is derived from equation (2-92)

H-HE )y g () {3%} - _[3032“2} v % gel  (2:06)

RT. TV, 2TV, 5TV,

Where
E= ;:‘Sy{ﬂu—(ml—vyrzjex;{—%} q92)

Mixing rules
V- ZRT, IR, (2-98)
Z., =0.2905- 0.085, (2-99)
V. = %ng X [vc% V5 jg (2-100)
T 28\%22“[\/"% +ch-%]3(TCich )% 2-101)
o= xo (2-102)
P. = Zi/ RE _ (0.2905-0.0850) F\Q/TC (2-103)

C C
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2.20 Teja Method

One method to extend CSP to substances raomglex than normal
fluids is to use more terms in equation (2-104) with ndwaracteristic

parameters to add in the effects of polarity and assocmaidine properties.

z= z{l,ﬂj + a)Z{l,ij (2-104)
C PC TC PC

Most of these correlations are not very sssful though the approach
of Wilding [54, 55] showed reasonable accuracy. This lddlel@bility may
be due to the polar and associating forces affecting not balydlumetric
behavior as the model tries to treat, but also the crpiczderties. The result
is that to use them for dimensionless scaling is isistent with the molecular
theory basis for CSP.

Alternative expansions to equation (2-104)ehalso appeared. Rather
than use simple fluids as a single reference, multgdfierence fluids can be
used. For example, Lee and Kesler and Teja, et allajme CSP treatments
for normal fluids that give excellent accuracy. The emids to writeZ in two
terms with two reference substances having acentriorfacto ®* andw 2,

Z®(T, P, o ®Y)andz® (T, , R, © ®?) .The expression is

. L
Z(T P.o)=2"(T P,o®)+—o? [

w2 (T P,y -z (T ,I?,a)(m))} (2-105)

Typical reference fluids to provide properties simple fluids aRl
and a larger hydrocarbon such as n-octanerborlt is also possible to use
more reference fluids to extend CSP to more complex aubss. For
example, Golobic and Gaspersic [14] use three referfunds (simple fluids,

n-octane and water) with a modification of the second ternequation
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(2-105) and an additional term, both of which include anotharacteristic

parameter.

The Properties have been provided in tablédserahan analytic
equations. Golobic and Gaspersic [14] compared 20 differsdels for
saturated vapor and liquid volumes with their method. Tedmmparisons with
eight strongly polar alcohols and others were the most religibling errors
that were rarely more than any of the others and witkimnan errors less
than twice the average. Platzer and Maurer [38] alsdl asthree-reference
fluid approach but with an equation for the EOS. For then@mal and 18
polar and associating fluids for which they obtaifled P, ®, and a polar
factor, the correlation was as good as other methodsalalea A typical

formulation equivalent to equation (2-104) is
R [ [ 0 [ ’
H :(HQ—HJ:(HQ—HJ +0{H9—HJ (2-106)
RT. RT. RT. RT.

Where tables or graphs of the valugfidf— H/RT, ))’ and(H* — H/RT.))

are given for specified values ©f = T / Tc andP, = P / P.. The equivalent of

the two-reference approach of equation (2-105) is

H ¥ Ho )™ w- o'
SR e
RT. RT

HE _H (R2) H9 _H (R1)
[t
RT. RT.

All of the opportunities and limitations of C&P volumetric properties

apply to obtaining departure functions. Also, all of the mixing ribesCSP

apply to mixture departure functions [42].
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2.21 Virial Expansion Equation
The virial expansion, also called the virial equatiorstate, is the most
interesting and versatile of the equations of state gases. The virial

expansion is a power series in powers of the variallé and has the form,

PV n n®
pret A B(T)V+C(T)W+ ..... (2-108)

The coefficientB (T), is a function of temperature and is called the
“second virial coefficient’C (T) is called the third virial coefficient, and so
on. The expansion is, in principle, an infinite serigg] as such should be
valid for all isotropic substances. In practice, howgeterms above the third

virial coefficient are rarely used in chemical thermaaiyics.
The new virial coefficients;, Cc’. . . can be calculated from the

original virial coeffientsB, C. . . Equating the two virial expansions gives,

PV n n® : (T2 _
o= Z=ls B(T)V+C(T)V—2+....oo_1+B(T)p+C(T)p Fo (2-109)

Solving the original virial expansion fgy

p:%”(h B(T)3+C(T)\T—22+....J 120)

and substitute this expression fprinto the right-hand-side of equation
(2-109),

2 2 2 2 2
1+ B£+Cn—+...:1+ B’ﬂr 1+ B£+Cn—+... +C' E 1+ Bﬂ+Cn—2+... +...
Vv V32 Vv Vv V? Vv Vv V
(2-111a)

2 2

2
1+B+C 4 =14 BRT. + BRTB +..+C'(RT? . +... (2-111b)
YARRY Y v v
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Both sides of Equation (2-111b) are power sariagV. Since the two
power series must be equal, the coefficients of each pdwe¥ anust be the
same on both sides. The coefficient of)° on each side is 1, which gives
the reassuring but not very interesting result, 1 = 1. fiiggiehe coefficient of
(n/V)* on each side giveB = B'RT and equating the coefficients af/{)?
gives

C = B'RTB+C/(RT)’ (2-112)

These equations are easily solved to giveand C'in terms ofB, C,
andR[23].

B’:% (2-113)
, C-B?
C= (2-114)

2.21.1 Second Virial Correlation

Second Virial coefficient can be determined from experialedata
mostly complied by Dymond and Smith (1968) or calculated wighuitable
correlation. It is well known that accurate procedures rarpired for the
calculation of second Virial coefficient of gases .Onehef correlations used
to compute the second Virial coefficient is that based oni smpirical
equations, this semi empirical estimation has the mapbrantage when
theoretical approaches are tedious. Though it is possiblaite @errelations
from the original and modified Redlich-Kwong equations and oudbde
theory, such expressions are usually more complicatedtlloge cited, even
for simple substances, and so they have not been evalaatezkplanation
was given for one of the practical techniques for esiigatalues for most

types of pure substances (Tsonpoulos) [49].
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Correlation of second Virial coefficient of bgiblar and nonpolar

system is presented by [1]

z-1+2_1:Bp-1+EP (2-115)
\Y RT

Tsonpoulos correlation fd

RT.

B=—<(BY +wBY) (2-116)

C

80) _ 01445 033 _ 01385 00121 0.00607
T T2 T? T

(2-117)

0331 0.423 0.008
T2 - T3 - T8

r

BY = 0.0637+

(2-118)

2.21.2 Third Virial Correlation
It is possible to derive the third Virial coefficient cdatons from

molecular theory, but these are not very successful.

The principle theoretical problem is that the trio inteeualar
potential includes significant contributions that can betdetermined from
their pair potentials that describe second Virial coefiisieThus, CSP is also
used for calculatingC, though the range of substances considered has been
much more limited. This means that the users oftert wiusose to use a

complete equation of state [42].

For high pressure above 15 bar, equation (2-109) may be tedreter
three terms. There are many correlations for thirdaVeoefficient such that

Orbey Vera correlationC [34]

_ 2
Z:1+E+£:1+B’P+C’P2 _14+ 8P, ¢ 82 p? (2-119)
VARVE RT | (RT)
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C

C {RTC jz(c0 +aC') (2-120)

0.04232 0.00313

C° =0.01407+ 7% 05 (2-121)
, 0.0177 004 0.003 0.00228
C'=-002676+ —5—+ 5~~~ 7w (2-122)

r

By using the residual properties, the finapression of residual

enthalpy after derivation can be expressed as [42]

R 2
H—:i[B—Ta—Bj+[ij [C—BZ—I§+ BTa—Bj (2-123)
RT RT oT RT 20T oT
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CHAPTER THREE

INVESTIGATION AND DEVELOPMENT

3.1 Investigation of the Equations of State

The term equation of state is used to descnbengirically derived
function, which provides a relation between pressure, \@lu@mperature
and (for mixture) composition. Such relation provides meatheftalculation
at all the configurationally and residual thermodynamiopprties of the
system within some domain of applicability. Sometimes,ténen equation of
state is attached to a more fundamental relation, whey be use to obtain
both perfect-gas and residual properties. Many equations td stn
represent adequately the properties of the gas phasesasoayplied only to
the liquids, but the most important category of equation tafesmodels
contain those that may be applied in the same form to be#toga and liquid
phases, There are no equation of state applicable sinalslpeo solid |,

liquid and gas [2] .

Today the development of equations of state resven active field of
research, primarily in areas of:

1. Highly accurate equations often with many constants,irfgrortant
pure substances such as water, ammonia, carbon diotide, e

2. Accurate equation of state models for specific mixtuesh as those
encountered in the natural gas and petroleum industries.

3. Simple equations of state that combine satisfactprgdictive
capabilities with the computational efficiency reqdiréor detailed
simulations of chemical processing operations such alistage

separation processes for mixtures

33



4. Models for complex system such as electrolytes, polynce, liquids

and highly polar substances [2].

3.2 Experimental Data

It is a well known fact that the evaluation of acgrrelation or

prediction method is done by comparison of the results exerimental

dependable data. The deviation between the experimentalsresult the

results of prediction or correlation determines the acguodcthe method.

The experimental data of the enthalpy of saturated vapugined from

literature for the purpose of this investigation includiy compounds with

701 data points (17 non-polar compounds with 439 data point8 gadar

compounds with 262 data points) for pure compounds and 5 mixtitle85

data points as shown in tables 3-1 to 3-3.

Table 3-1 Saturated enthalpy data for pure non-polar compounds

Compounds Temperaztlg)re Range PressEJkre Range '\Igoég I?{aétfa
pa) Points '
1 Benzene 280-535 5.3-3488 4( [51]
2 Cyclopropane 297.22-380.55 706.43-4154.29 15 [29]
3 Isobutene 270 - 407.5 140.84-3611.22 29 [6]
4 Isopentane 310 - 460 136.89-3360.64 7 (]
5 Neopentane 347.22-433.33 644.04-3172{48 32 [LO]
6 Propane 216.48-310.93 50.815-1289.33 18 [37]
7 n-butane 280 - 424.5 133.44-3753.07 31 [8]
8 n-pentane 310 - 469.5 104.263-336Q.5 a7 [9]
9 Ethylene 104 - 233.15 0.122-1421.975 13 [36]
10 | Trichloroethylene 260.92-333.15 664.906-9846|82 14 [36]
11 N2 65-120 17.4279-2512.86 9 [53
12 SO 205.37-422.04 3.206-6805.16) 4( [36]
13 R13 173.15-293.15 33.1-3170.8 24 [11]
14 R21 233.15-322.04 9.363-384.38% 11 [36]
15 R114 213.15-413.15 3.7-2945.8 34 [11]
16 R123 233.15-453.15 1.8-3450.6 31 [58]
17 R134a 237.15-363.15 63.32-3243.5 36 1]
> 439
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Table 3-2 Saturated enthalpy data for pure polar compounds

Temperature No. of
Compounds Range AMESIBIREMEE Data pata
(K) (kpa) Points Ret
1 H,0 278.15-643.15  0.8721-21028 74 [26]
2 NH; 223.15-403.15  40.9-10892 36| [19]
3 R11 203.15-463.15 0.6-3932.4 27 [11]
4 R12 183.15-383.15 2.8-3978.5 36 [11]
5 R22 203.15-368.15  20.5-4883.5 34 [11]
6 R32 172.04-344.261 3.516-5003.3 15 | [36]
7 | Ethyl Chloride | 243.15-328.15 15.169-395.486 1y [36]
8 | Methyl Chloride| 238.7-349.817| 62.301957.433 | 23 | [36]
Y 262
Table 3-3 Saturated enthalpy data for mixture
No. of No of Data
Compounds o Data
Composition _ Ref.
Points

1 Benzene- n-Pentane 4 22 [27]
2 Benzene -Cyclohexane 4 17 [28]
3 Benzene -Hexadecane 3 14 [17]
4 n-Pentane -Cyclohexane 4 18 [18]

5 | n-Pentane - trans-Decalin 4 24 [19]

3 95
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3.3 Application EOSfor Pure Compounds

T

cpdt
- L) —H" 'IJ;
Saturated liquid Saturated actual ga‘s—) Ideal gas—)
To, Po (1) To, Po (2 To, Po ()

H=0 HR
Idealgas — > Ideal gas——— Actual gas
T, Po (4) T,P (5) T,P

First step Saturated enthalpy of vapor can be calculated by conyertin
saturated liquid at reference temperature and presswa&umted actual gas
at the same temperature and pressure by using thdpgntiasaporization at

the normal boiling poimH,, and the best equation (more accurate) was

Vetere equation and then using the correlation betwdenandT, (Watson’s

relation) to calculate\H, at reference temperature.

Second step converting saturated actual gas at reference terperat
and pressure to ideal gas at the same temperature asxlrprdy using a

suitable enthalpy departure of an equation of state.

Third step converting ideal gas at reference temperature andypeets
ideal gas at the system temperature and referencai@dssusing the molar

or specific enthalpy equation of a substance.

Fourth step converting ideal gas at system temperature and referenc
pressure to ideal gas at the system temperature ansuf@eshe enthalpy
change in this case is zero, because the pressurehaffuence on enthalpy

of ideal gas.
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Fifth step converting ideal gas at system temperature and pregsure
actual gas at the same temperature and pressure lgyausimtable enthalpy

departure of an equation of state.

All the above steps affected the calculatiorsaturated enthalpy of
vapor.

There are several equations of state that were wsegtermine the
residual enthalpy of vapor in steps 2 and 5, sudReadich—Kwong, Soave,
Peng-Robinson, Lee-Kesler and Virial equation truncatedetond and to
third terms. These equations are considered the mosttamp@nd accurate
equations that are used to determine the thermodynamopemies of the

fluids (liquid and vapor phases).

The Average_MAsolute_[@viation Percent AAD%, which is defined as
follows:

x100

z ‘(H experimenal H calculated)/ H experimengl
No.of experimenaldatapoints

AAD% = (3-1)

AAD% was considered as a factor for comparison betweendifferent
methods that were used for calculating actual enthalpatfrated enthalpy

of vapor of different compounds and experimental data.

Table 3-6 shows the AAD% results of saturated enthalpyledions

of vapor as compared with experimental data.

The followings are those equations that were employedeips 2 and 5
for pure compounds.
1. Soave - Redlich- Kwong equation was used for calculamtbalpy
departure. It was found that the AAD% for 25 pure compounds and
701 experimental data point was 6.7138% and it was found tkat thi

equation was not very accurate for this purpose. This ancusa
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further decreased when calculating saturated enthalpyhifgrer
temperature and pressure. It was found that the overathge
deviation of saturated enthalpy of vaporTabelow 0.87 was better
than the enthalpy of saturated vapofTatbove 0.87 as shown in
table 3-4 and 3-5.

Table 3-4 AAD% for pure compounds & below 0.87 when applying RKS
equation of state

Compounds NE OchI:_i)r(\& D] AAD%
1 Benzene 30 1.8489
2 Cyclopropane 9 0.4628
3 Isobutene 9 0.4369
4 Isopentane 10 1.2371
5 Neopentane 11 1.1090
6 Propane 18 5.5271
7 n-butane 9 0.5179
8 n-pentane 10 3.3587
9 Ethylene 13 1.3143
10 Ethyl Chloride 17 2.8963
11 Methyl Chloride 23 0.8095
12 | Trichloroethylene 14 3.5582
13 N, 7 1.0966
14 SQ 31 0.3015
15 HO 57 4.1293
16 NH; 25 0.7231
17 R11 21 0.8785
18 R12 27 2.3685
19 R13 17 0.7082
20 R21 11 0.7836
21 R22 24 0.6372
22 R32 11 1.8171
23 R114 26 0.5236
24 R123 30 0.4940
25 R134a 31 2.1109
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Table 3-5 AAD% for pure compounds & above 0.87 when applying RKS
equation of state

Compounds NE OchI:_i)r(\E)é D] AAD%
1 Benzene 40 4.8699
2 cyclopropane 15 7.8719
3 Isobutene 29 15.0793
4 Isopentane 27 11.4724
5 Neopentane 32 13.0437
6 Propane _— _—
7 n-butane 31 16.3618
8 n-pentane 27 15.4969
9 Ethylene _— _—
10 Ethyl Chloride  —
11 Methyl Chloride — e
12 | Trichloroethylene _—
13 \ 9 5.5779
14 SQ 40 3.8978
15 H,O 74 6.4828
16 NH; 36 6.2227
17 R11 27 3.7507
18 R12 36 4.9683
19 R13 24 7.7361
20 R21 — ——
21 R22 34 5.8136
22 R32 15 7.3900
23 R114 36 3.7195
24 R123 37 2.4144
25 R134a 36 4.314

2. Virial equation truncated to two terms was used for catouy
enthalpy of saturated vapor to be compared with experimeaitz.
It was found that the AAD% for 25 pure compounds and 701

experimental data point was 3.4648%.
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. Redlich-Kwong equation was also used for calculating enthalpy
departure to be compared with experimental data. It wagsl fthat
the AAD% was 2.5780%.

. Virial equation truncated to three terms was used focudating
enthalpy of saturated vapor to be compared with experimgata.
It was found that the AAD% was 2.4914 %.

. Lee-Kesler equation also was employed for the sam@opa. It was
found that the AAD% was 2.2696 %.

. Peng-Robinson equation was used for calculating enthziparture
of vapor for experimental data. It is found that the AADRYas
reduced td.8757 %.

. Using Peng- Robinson equation with modifiregarameter where it
was found that the AAD% was reduced to 1.2725 %. This

modification will be discussed soon.
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Table 3.6 Comparison of the calculated saturated enthalpy of vapor obtained using different EOS for polar and non
polar compound and experimental data

No. of . .

- Redlich- .. Lee- Peng- Thi
Compounds EXP. SRV YALTEl vac\llo?\g VIt S Kei‘laer Rogin%on Wofk

Data AAD% AAD% AAD%

Points AAD% AAD% AAD% | AAD%
Benzene 40 5.4833 1.8905 2.7291 2.0622 2.9383 2.9825 2.8269
Cyclopropane 15 7.8719 3.0300 1.1009 1.6200 0.6565 0.2729 0.2706
Isobutene 29 15.0793 8.0652 3.4952 6.0119 4.2776 1.4209 0.6369
Isopentane 27 11.4724 7.2177 3.7892 4.2134 3.4591 1.7483 0.6764
Neopentane 32 13.0437 4.2032 1.5020 2.4782 1.4753 0.4612 0.7015
Propane 18 5.5271 1.0177 1.3380 1.1218 1.2202 1.3368 1.3290
n-butane 31 15.9986 7.5796 3.4417 5.0582 3.1809 1.2848 0.3862
n-pentane 27 15.5069 3.7729 3.1863 3.1838 9.3157 4.6455 3.2392
Ethylene 13 1.3143 1.4188 1.2008 1.4759 1.5591 1.1969 1.1915
Ethyl Chloride 17 2.8963 2.9241 2.8339 2.8757 2.9956 2.8776 2.9387
Methyl Chloride 23 0.8095 0.9796 1.1771 0.7575 0.4605 0.9632 0.8778
Trichloroethylene 14 3.5582 3.5809 3.5537 3.6574 3.5763 3.5569 3.5694
N, 9 5.5779 2.7544 1.5497 1.1800 0.8552 1.4829 0.9030
SO, 40 3.8978 1.4603 1.1021 0.8637 0.9253 0.3700 1.2102
H,0 74 6.4828 6.0854 6.1938 5.1479 4.0998 5.1903 2.1884
NH; 36 6.2227 3.2046 2.4881 1.6377 1.4644 1.1886 0.5654
RI11 27 3.7507 1.8906 1.6037 1.0314 0.6218 1.0750 0.7453
RI2 36 4.9683 2.5000 1.6765 1.5659 1.1903 0.7828 0.3891
R13 24 7.7361 3.2038 2.0408 1.6049 0.5658 0.9587 0.4453
R21 11 0.7999 0.9842 0.7132 1.0548 1.0118 0.7757 0.9339
R22 34 5.8136 3.4482 2.3545 1.8007 1.1226 1.2173 0.6524
R32 15 7.3900 4.8936 4.0159 4.0173 2.1537 2.9959 2.0983
R114 36 3.7195 0.8314 0.4799 0.6533 1.3005 0.5958 1.6387
R123 37 2.4144 1.2416 0.8940 0.8686 1.0189 0.7134 0.5101
R134a 36 3.8742 2.8990 3.2030 2.1125 1.5244 2.3507 0.8693
Y 701 6.7138 3.4648 2.5780 2.4914 2.2696 1.8757 1.2725




3.4 Modified Peng-Robinson Equation of State for Pure Compounds
Peng-Robinson equation of state proved to be better tlealtticR-
Kwong, Soave, Lee and Kesler and Virial truncated to B aed|@tions for
perdiction of saturated enthalpy of vapor. There i sidm for improving it
for predicting actual enthalpy of saturated vapdrSoave-Redlich- Kwong
and Peng-Robinson equation of state were derived mainlgli¢calate vapor
liquid equilibrium; so all the attentions were concated for that purpose in

the derivation.

A new equation was improved for parameter of Peng-Robinson
equation to be used to calculate residual enthalpy ofegatlivapor for pure
compounds. Different equations forparameter had been tried to calculate
residual enthalpy of saturated vapor. It was found tlafdllowing equation
gave the least deviation for enthalpy calculation ampaved with the

experimental enthalpy data for saturated vapor.

n=a,+b,xw+c, xo’ (3-2)
a, = Constant (3-3)
b,=bT +b,T?+b,P +b,T P +bP? (3-4)
c,=cT +c,T?+c,P +¢c,T.P +c.P? (3-5)

The coefficients of tha equation were obtained by using the statistical

analysis as shown in table 3-7.
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Table 3-7 Coefficients of equations (3-4 and 3-5)

Coefficients Value Coefficients Value
A 0.941018 Gt 433.376
by -85.7291 C2 -530.876
b, 105.6393 Cs -35.3057
bs 4.303806 C4 252.0676
b, -50.0757 Cs -108.396
bs 22.98768

The overall average deviation of saturated enthalpyapbr using the
equations above gave higher accuracy where AAD% 1.2725. TaBle
summarizes the comparison of AAD% for saturated enthaipyapor using
different methods employed and the present work for 701 iexpetal data

points of 25 pure compounds.

Table 3-8 Comparison of the deviation results for pure compounds

Equation Used AAD%

Soave - Redlich-Kwong 6.7138
Virial Truncated to B 3.4648
Redlich - Kwong 2.5780
Virial Truncated to C 2.4914
Lee - Kesler 2.2696
Peng - Robinson 1.8757
This Work 1.2725

So the proposed Peng-Robinson modification can be recommended fo
the calculation of enthalpy of saturated vapor of pure patar non polar

compounds.
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3.5 Examplefor Calculation of Saturated Enthalpy of Vapor for

Pure n-Butane:

Calculation of the enthalpy of saturated vapor for n-Baitan350 K
and 947.8953 kpa on the basig = 0 at 272.67 K and 101.325 kpa for

saturated liquid [8] using modified Peng-Robinson equation.

Data required:

Tc(K) 425.2
Pc (kpa) 3800
® 0.199
T
dt
AHv _HR TJ; P
Saturated liquid > Saturated actual gas—> Ideal gas — >
272.67 K, 101.325 kpa (1) 272.67 K, 101.325 kpa (2) 272.67 K, 101.325 kpa  (3)

H=0 HR
ldealgas — > Ildealgas ———> Actual gas

350K, 101.325kpa (4) 350K, 947.8953kpa (D) 350 K, 947.8953 kpa

Step (1) Calculation of thenthalpy of evaporation using Vetere method:
TO

T =-° =0.64127
TC
P :Eo: 0.0266
" 0.4343n R, — 069431+ 089584, _ 5 4cc 59 3/mole

v e 0.37691- 0373080, + 0.1507%F; T, 2

Step (2) Calculation of the residual enthalpy at referenceperature and
pressure:

2
a- 0.45724@ = 1.50372

C

a, =0.941018
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b, =-85.729k T, +105.639% T.> + 4.303806< P, —50.075% T, x P, + 22.9876& P’
=-12.25877

c, =433.376<T, —530.876<T,” —35.305% P, + 252.0676< T, x P. —108.396¢ P,
=62.89149

n=a,+b,xw+c,xw’> =0.99208

a=[na-T)] =1.43432
A= o.45724gTP_; = 0.04252

r

B= 0077807 = 0.003235

Tr
D = |n(aa)\T, 7| = 1.43074

Z° - (1-B)Z? +(A-3B2-2B)z - (AB-B?-B*)=0

By Newton — Raphson Method find the value of Z startindp &= 1 for
vapor.

Z = 0.95935

HY o A D (Z+24148
RT 2.8288

1+—|In
aa Z-0414B

HY = -258.7248 J/mole

Step (3)
Cp.0= 9.487

Cp,1=0.3313
Cp,2=-1.10810"
Cp 3= -2.82%10°

AH'® = jcpdt =C,(T —TO)+%(T2 —T02)+%(T3 —T03)+%(T4 -1,%)

To

=7868.389 J/mole
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Step (4) H® =0 because pressure has no effect on enthalpy of ideal ga

Step (5) Calculation of the residual enthalpy at system tenaure and
pressure:

T ="' =082314
T

Cc

P 0.24944

C

R

2
a= 0.45724@ = 1.50372

c

a, =0.941018

b, =-85.729k T, +105.639% T, + 4.303806< P, —50.075% T, x P, + 22.9876& P’
=-6.76822

c, =433.376<T, —530.876< T,” —35.305% P, + 252.0676< T, x P. —108.396¢< P,
= 33.23351

n=a,+b,xw+c,xw’> =0.91025

a=[l+na-T)] =1.17593

A= o.45724qTP_r2 = 0.19795

r

B= 0.07780:—f = 0.02357

D= [n(aa)q/T: Ja|=1.34666

Z°—(1-B)Z?+(A-3B2-2B)z - (AB-B?-B®)=0

By Newton — Raphson Method find the valueZddtarting withZ, = 1 for
vapor.

Z=0.79541

RT ~ 2.828B

ax

R
H, _7.1 A 1 D n Z+24148B
Z-04148

Hf = -1834.958 J/mole
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H =AH, -H + AH" +H5

calculated

22466.29 +258.7248 +7868.389 -1834.958
=28758.4458 J/mole

The actual value of enthalpy is 28844.5 J/mole [8]

|H o —H

AD% =

actual calculated

x100%

actual

ADY, | 28844.5- 2875845
B 288445 |

=0.2983 %

x10%%

47



3.6 Applying EOSfor Mixture Components
Since Peng-Robinson equation of state proved to be a betiation
for predicting the saturated enthalpy of vapor for purepmmds, it was used

for predicting saturated enthalpy of vapor for mixture corepts

It is well known fact that the calculations of the rthedynamic
properties of the mixtures are not as easy as the aadémdg for pure
compounds. This is because of finding the critical consttrdt represents
the mixture from critical constants of pure compoundd #uis is done by
using what is called mixing rules. The mixing rules are nog @ecurate due
to difference in chemical structures of the componedtually adjustable
parameter or parameters are needed to calculate any theanadyproperty

of mixture very accurately.

To apply the corresponding state correlations to mixturés, t
appropriate scaling factors must be determined. These scatitwsfaare
called pseudo critical properties, which were derived froitical properties
of pure compounds. To calculate the critical temperaturgcal pressure and
acentric factor for the mixture for the purpose of calcotatof heat of

vaporization AH, at normal boiling point equation (2-27) several sets of

mixing rules have been studied.

The Lee-Kesler mixing rules have been found to give the ressits

which are given below [3]:

Vs = ZsRT; 1R (2'98)

Z, =0.2905- 0.085» (2-99)
1 3

V, = s D> xx [Vc}ié +Vq%] (2-100)
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1 ° 05
TC - av szixj (Vm% +ch%) (Tcich) . (2'101)
© =2 %0 (2-102)
P.= ZCVRTC = (0.2905- 0.08%w) I?/TC (2-103)

C

In this work the prediction of the residual enthalpysaturated vapors
for binary mixtures were done by using two methods: The rinsthod was
Peng-Robinson equation of state with its mixing rulessdend method was

Peng-Robinson with Teja equation. The results obtainenh fiieese two
methods were listed in table 3-11.
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3.7 M odified Peng-Robinson Equation of State for Mixture Components
Anew equation was derived farparameter of Peng-Robinson equation
to be used to calculate the residual enthalpy of saturapor for mixture
components. Different equations forparameter had been tried to calculate
the residual enthalpy of saturated vapor for mixture compisn It was found
that the following equation gave the least deviatiothefcalculated enthalpy
values as compared with those of experimental data iidura for saturated

vapor enthalpy.

n=a,+b,xw+c, x (3-6)
a, = Constant (3-7)
b,=b, +bT, +b,P (3-8)
C,=C,+CT, +c,P (3-9)

The coefficients of the equation were predicted usimg gtatistical

analysis as shown in table 3-10.

Table 3-10 Coefficients in equations (3-8 and 3-9)

Coefficients Value Coefficients Value
an 0.3704 Co -0.9048
D, 0.01267 C1 0.945147
by -0.20093 c 0.17167
by 0.1

The overall average deviation of saturad@thalpy of vapor for
mixture components using the equations above gave higheraagcwhere
AAD% 2.0362. Table 3-11 summarizes the comparison of AAD% for
saturated enthalpy of vapor using different methods eradl@and present

work for 96 data points of 5 binary mixture components.
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Table 3-11 Comparison of the deviation values for mixture components

'\llzo' of Rolzei?\gon Peng- _
corons | BB | T | | i
Points mixing rules AADY%
AAD%
0,
nggégmrﬁfle/i’yo Eﬂﬁgﬁf‘ 6 1.4508 1.3064 0.7433
0,
f;;g‘?f mg:g (;z nBF?anter:Z & 7 2.3979 23012 0.9212
0
;‘8;2;82 mg:: 02 n_BPe;rftzrr‘]‘Z & 5 1.9689 0.7855 0.7028
0,
189ci.900936r5n gwlile/o % I?]egzei?aeni 4 0.3895 0.1335 1.3094
0
15,8954 molo%h Cyamhonane | 4| 34de 58555 |  1.3312
0
e cpmene | 4 | 35768 | 3625 | 1789
0
T ek | 5 | sesos | 57374 | 14688
0,
2718..181854:15mn?§|e€2 Cl?yecrlz Egiagr:e 4 2.9777 3.0204 2.4392
0
o e e o e e | 2 | 69665 | 68697 | 64780
0
s e oo | 6 | 31726 | 31223 | 21318
0
981.69360954nrnnoo|<|aefyfHeBer:jZ:cna?ng 6 4.4782 4.3824 3.7530
0 -
ég:;rm?e éz”ciﬁ,gtﬁ;‘faﬁe 6 1.0389 1.0145 0.6104
0, -
S8 moe oo &Zﬁﬂf;aen‘i‘ 5 0.2880 0.2296 0.8120
0, -
25,5 mole % Cyclonoxane 4 | 05972 05046 | 0.4461
0,
posmoe ot gﬁ;ﬁgiie 4 0.3737 0.2519 0.9131
0, -
275 mole % hane Detalin 6 | 54802 54363 | 51688
0, -
759 mole % rane Docalin 4 | asere | 43111 | 39614
0, -
Z??, mg:g Q tnrasfgzgznﬁ 7 3.9199 3.8055 3.3901
0, -
226 molo %% hans. Docalin 7 | a2sser | 24413 | 20308
> 9% 2.8384 2.8096 2.0362
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3.8 Example for Calculation of Saturated Enthalpy of Vapor for
Benzene with n-Pentane Mixture:

Calculation of the enthalpy of saturated vapor for mixtofe60.01
mole % Benzene with 39.99 mole % n-Pentane at 509.5389 R4&ii4 kpa
on the basisH,=0 at - 200 F (144.2611 K), saturated liquid [27]using
modified Peng-Robinson equation.

Data required:

Compound Benzene n-Pentane
X 0.6001 0.3999
Ty (K) 353.2 309.2
Tc (K) 562.2 469.7
Pc (kpa) 4890 3370
® 0.212 0.251
M.wt (kg/mole) 78.114 72.151
Ve (cr/mole) 259 304
Zc 0.271 0.263
-
AHY R Icpdt
Saturated liquid —> Saturated actual gas——— Ideal gasTo—)
144.2611 Kokpa (1) 144.2611 Kokpa (2) 144.2611 Kokpa (3)

H=0 HR
Ideal gas — Idealgas —> Actual gas

509.5389 K Okpa (4) 509.5389,8447.4kpa (5) 509.5389 K3447.4 kpa

Step 1 Calculation of the enthalpy of evaporation using Y&etaethod:
Applying the Lee and Kesler mixing rules
=) %0 =0.2276

Z. =0.2905-0.085%0 = 0.2715
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V=133 xx (V3 Vgt ) = 2.76707x10% mff mole

Te = oo 3 3 (Ve + Vgt ) (1T, )= 522.4022 K

8\/(: i=1 j=1 I
p. = 2cRTe _ 95905-0.0850) " 1c - 4256.095 kpa
Ve Ve

T -1 =0.27615
T

r
C

T,=> T,,x=335.604 K

T -1 =0.64242
T,

C

0.4343n P. — 0.69431+ 0.89584,,

=28896.59 J/mole
0.37691-0.37304,, + 0.1507F; 1Tbj2

AH v = RTCTbr

10
N =(o.00264§17m+0.8794j = 0.3757

b

AH, =AHV{1‘“ j = 37662.96 J/mole
o
Step (2) HR =0
Step (3)
Compound Benzene n-Pentane

Cpo -33.92 -3.626
Cp. 0.4739 0.4873
Cp. -3.017%10% | -2.580<10"
Cps 7.130<10° | 5.305<10°

For Benzene
AHS = }cpdt =C,(T —TO)+%(T2 —T02)+%(T3 —T03)+%(T4 -7,%)
To

=32389.48 J/mole
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For n-Pentane

AHS = }cpdt =C,(T —TO)+%(T2 T 2)+%(T3 —T03)+%(T4 -7,%)
To

= 46633.03 J/mole

AH'" =" AH[x, = 38085.42 J/mole

Step (4) H® =0 because pressure has no effect on enthalpy of ideal gas.

Step (5) Calculation of the residual enthalpy at system temperasund
pressure:

For Benzene:

T, = =0.9063
T

Ci

P, == 0.70498

2
a 045724~ )= 2.0428

Ci

a,; =0.3704

b,, = 001267-0.20093«T,, + 01x P, = -0.09893
C,, =—-09048+ 0.945147xT,, — 017167« P,, = -0.16923

n =a,; +b, o +c, 0= 0.34182

a =[t+n a-T,)] =1.03307

A = 045724, i” = 0.4054

2
r,i

B - 0.07780Tpf—‘ =0.0605

r,

D, =|n (& )\T,, / |= 0.67568
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For n-Pentane

T :Tl: 1.0848

g

P.j==1.0229
R;

RT,)?
a = 0.45724709)" =5 069

g

a,; =0.3704

b, = 0.01267-0.20093<T, , + 0.1x P_ = -0.103008

Ca; =—0.9048+ 0.945147%T, , - 0.17167x P, = -0.0551057

n =a,, +b,0 +c, 0= 0.341074
o =llin -7 )] =0.97186

A = 045724, :” — 0.38627

r)

B, =007780_"1 = 0.07336

r.j

D, =|n,(a )T, Ta, |= 0.7246
Mixing rules
Kij: 0

A= xlx(l ki)JAA =0.3977

| 1 j=1

=}

B=) xB =0.06565

n

ao = z xx, 01—k, )|/ (& )(@;a;) =2.0703

i =1

>q n,A-k;) /(ax)aT = 0.6956

N
[N

U
M:

Il
[
._\
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Z° - (1-B)Z? +(A-3B2-2B)z - (AB-B?-B*)=0

By Newton — Raphson Method find the valueZoktarting withZ, = 1 for

vapor.

Z =0.53694

R

HY A [1 R}In[2+2.4143j
RT 28288 aa| \Z-0414B

HX=-5726.932 J/mole

Hcalculated :AHV _H? +AHig + H;
=37662.96 — 0 + 38085.42 - 5726.932
=70021.45 J/mole

The actual value of enthalpy is 69877.37 J/mole [27]

H

-H
AD% = ab° actual

H

calculated

x100%

actual ‘

AD% — abs 69877.37- 7002145 <100%

69877.37
= 0.2062
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CHAPTER FOUR

DISCUSSION OF RESULTS

4.1 Discussion

The saturated enthalpy of vapor for pure compoundsna@xulire are
function of both temperature and pressure. The usualochetkailable for
predicting the residual enthalpy of saturated vapor foe pompounds is by

using the equation of state.

In the present work the equations of statdluwvere: Redlich—-Kwong,
Soave-Redlich-Kwong, Peng-Robinson, Lee-Kesler and Viegquations
truncated to second and to third terms. Talblésand4-2 indicate the AAD%
of the calculated saturated enthalpy of vapor for p@ad non polar

compounds as compared with experimental values.

There are several equations used to calculage enthalpy of
vaporization, such as (Giacalone, Riedel, Chen artdr&esquation, ...etc),
and it was found that the best method (more accurat®) alculate the
enthalpy of vaporization at normal poiling point usingt&e equation and
then using Watson equation to calculate the enthallpyaporization at the

temperature of the system.

The AAD% for calculation of saturated enthalply vapor for 17
nonpolar compounds and 439 experimental data points are 2.1414, 7.6223,
1.5339, 2.3765, 3.324, and 2.3566 when using Redlich-Kwong, Soave
Redlich—-Kwong, Peng-Robinson, Lee - Kesler, Virial egumatruncated to
second and to third terms respectively. On the other han4Ab¥% for 8

compounds and 262 experimental data points for polar compounds are

57



3.3096, 5.1917, 2.4484, 2.0906, 3.7008, and 2.7172 when using Redlich—
Kwong, Soave Redlich—-Kwong, Peng-Robinson,-Kesler , Virial equation
truncated to second and to third terms respectivelyh@srsin tables 4-1 and

4-2.

The AAD% for 25 nonpolar and polar compounds andexpgrimental
data points are 2.57804, 6.7139, 1.8757, 2.2696, 3.4648, and 2.4914 when
using Redlich—-Kwong, Soave Redlich—-Kwong, Peng-Robinson, Kesler ,

Virial equation truncated to second and to third terms réispgc as shown
in table 3-6.

The AAD% for Methy Chloride, Nitrogen, NHand Isobutene
respectively as shown in tables 4-3 to 4-6, for other pormapounds see
appendix C.

Figures 4-1 to 421show the deviations from experimental data using
the equations: Redlich-Kwong, Soave Redlich-Kwong, Peoigifigon, Lee -
Kesler and Virial equations truncated to second and to tkimths, these
figures are clearly indicated that Peng-Robinson equatitimei best equation
for the moderate conditions studied in this researdRy #fiese comparison
one can conclude that the generalized Peng-Robinson @gustithe most
suitable equations to calculate the residual enthafmaturated vapor. Thus
efforts were directed to modify this equation to incretsadcuracy (decrease

the deviation obtained from experimental data).
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Table 4-1 Comparison of the calculated saturated enthalpy of vapor obtained from different equations of state for non polar

compounds as compared with experimental values

No. of . . Redlich- . . Peng

1 Benzene 40 5.4833 1.8905 2.7291 2.0622 2.9383 2.9825
2 Cyclopropane 15 7.8719 3.0300 1.1009 1.6200 0.6565 0.2729
3 Isobutene 29 15.0793 8.0652 3.4952 6.0119 4.2776 1.4209
4 Isopentane 27 11.4724 7.2177 3.7892 4.2134 3.4591 1.7483
5 Neopentane 32 13.0437 4.2032 1.5020 2.4782 1.4753 0.4612
6 Propane 18 5.5271 1.0177 1.3380 1.1218 1.2202 1.3368
7 n-butane 31 15.9986 7.57964 3.4417 5.0582 3.1809 1.2848
8 n-pentane 27 15.5069 3.7729 3.1863 3.18380 9.3157 4.6455
9 Ethylene 13 1.3143 1.4188 1.2008 1.4759 1.5591 1.19695
10 Trichloroethylene 14 3.5582 3.5809 3.5537 3.6574 3.5763 3.5569
1 N, 9 5.5779 2.7544 1.5497 1.1800 0.8552 1.4829
12 SO, 40 3.8978 1.4603 1.1021 0.8637 0.9253 0.3700
13 R13 24 7.7361 3.2038 2.0408 1.6049 0.5658 0.9587
14 R21 11 0.7999 0.9842 0.7132 1.0548 1.0118 0.7757
15 R114 36 3.7195 0.8314 0.4799 0.6533 1.3005 0.5958
16 R123 37 2.4144 1.2416 0.8940 0.8686 1.0189 0.7134
17 R134a 36 3.8742 2.8990 3.2030 2.1125 1.5244 2.3507
3 439 7.6223 3.324 2.1414 2.3566 2.3765 1.5339
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Table 4-2 Comparison of the calculated saturated enthalpy of vapor obtained from different equations of state for polar

compounds as compared with experimental values

Compounds Expz:.n(::ntal Soave Virial /B ngg:(i);l;_ Virial /C | Lee- Kesler Rol;?l:fon

Cepe | AAD% | AADY% AADOL AAD% AAD% |0

1 H.0 74 6.4828 6.0854 6.1938 5.1479 4.0998 | 5.1903
2 NH; 36 6.2227 3.2046 2.4881 1.6377 14644 | 1.1886
3 R11 27 3.7507 1.8906 1.6037 1.0314 0.6218 | 1.0750
4 R12 36 4.96835 2.5000 1.6765 1.5659 11903 | 0.7828
5 R22 34 5.8136 3.4482 2.3545 1.8007 11226 | 1.2173
° R32 15 7.39 4.8936 4.0159 4.0173 2.1537 | 2.9959
! Ethyl Chloride 17 2.8963 2.9241 2.8339 2.8757 2.9956 | 2.8776
8 | Methyl Chloride 23 0.8095 0.9796 1.1771 0.7575 0.4605 | 0.9632
> 262 5.1917 3.7008 3.3096 27172 2.0906 | 2.4484




19

Table 4-3 Comparison of the calculated saturated enthalpy of vapor obtained from different equations of state

for Methyl Chloride compound as compared with experimental values

T P Exp. Soave | Virial/B | R-kwong | Virial/C Lee- Peng- | This

(K) (kpa) | Data(kj) | AAD% | AAD% | AAD% | AAD% Kesler | Robinson |~ work
AADY% | AADY% | AAD%

238706 | 62301 | 225569 | 0.1349 | 01682 | 0.1282 0.3351 0.1676 | 0.13172 | 0.1268
244261 | 80738 | 227225 | 00744 | 01401 | 0.0592 0.3214 0.1425 | 0.06739 | 0.0580
249.817 | 103.146 | 22.8846 | 00053 | 0.1013 | 0.0205 0.3072 0.1111 | 0.00620 | 0.0194
255372 | 130.312 | 23.0443 | 00639 | 0.0599 | 0.1028 0.2816 0.0820 | 0.08081 | 0.0966
258.150 | 145825 | 23.1253 | 0.0892 | 00470 | 0.1357 0.2533 0.0774 | 0.10922 | 0.1259
260.928 | 162.717 | 23.2028 | 0.1268 | 00208 | 0.1817 0.2467 0.0609 | 0.15012 | 0.1671
266.483 | 201.052 | 23.3508 | 02215 | 00551 | 0.2958 0.2266 0.0095 | 0.25242 | 0.2686
272.039 | 246.007 | 234905 | 03352 | 01561 | 0.4327 0.1625 0.0600 | 0.37507 | 0.3880
277595 | 298.200 | 23.6244 | 04559 | 02717 | 05810 0.0724 0.1360 | 0.50619 | 0.5131
283.150 | 358.461 | 23.7548 | 05705 | 03904 | 0.7282 0.0334 0.2061 | 0.63316 | 0.6309
288.706 | 427.478 | 23.8781 | 06919 | 05269 | 0.8878 0.1436 0.2838 | 0.76908 | 0.7542
294261 | 506.147 | 23.9967 | 0.8068 | 0.6697 1.0475 0.2730 0.3565 | 0.90115 | 0.8701
299.817 | 594.745 | 24.1059 | 0.9346 | 0.8406 1.2273 0.4103 0.4449 | 1.04913 | 0.9980
303.150 | 652.938 | 24.1681 | 1.0114 | 0.9515 1.3301 0.5779 0.4998 | 1.13967 | 1.0747
305.372 | 693.617 | 242069 | 1.0694 | 1.0360 1.4220 0.6880 0.5444 | 1.20758 | 1.1326
310.928 | 804.623 | 24.3020 | 1.1930 | 1.2403 1.6152 0.7726 0.6366 | 1.35939 | 1.2571
316483 | 927.351 | 24.3913 | 1.3078 | 1.4587 1.8099 0.9784 0.7262 | 150747 | 1.3744
322.039 | 1063.178 | 244723 | 14169 | 16979 | 20113 1.2014 0.8171 | 1.65631 | 1.4896
327595 | 1212.795 | 245463 | 15116 | 19532 | 22125 1.4484 0.9023 | 1.79868 | 1.5959
333.150 | 1376.202 | 24.6120 | 1.5958 | 22326 | 2.4193 1.7150 0.9881 | 1.93996 | 1.6992
338.706 | 1554.088 | 24.6731 | 1.6498 | 25211 | 26146 2.0096 1.0573 | 2.06283 | 1.7825
344261 | 1747.832 | 247271 | 16738 | 2.8265 | 2.8030 23178 11128 | 2.17092 | 1.8503
349.817 | 1957.434 | 24.7706 | 1.6783 | 3.1659 | 2.9991 2.6473 11692 | 2.27854 | 1.9170
0.8095 | 0.9796 11771 0.7575 0.4605 | 0.96317 | 0.8778
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Table 4-4 Comparison of the calculated saturated enthalpy of vapor obtained from different equations of state for
Nitrogen compound as compared with experimental values

T P Exp. Soave | Virial/B | R-kwong | Virial/C | Lee- Kesler R(I))lfil:lgs:)n v{;‘r‘i
(K) (kpa) | Data(kj) | AAD% AAD% AAD% AAD% AAD% LTI LT
65 17.4279 6.1012 0.8551 0.8277 0.8517 0.7804 0.8306 0.8578 0.8567
70 38.5035 6.2329 0.9266 0.8330 0.9147 0.8203 0.8248 0.9401 0.9294

77.36 | 101.325 6.4066 1.0597 0.9063 1.0452 0.7958 0.8197 1.1028 1.0415

80 | 136.6874 | 6.4598 1.1424 0.9905 1.1338 0.7864 0.8514 1.2021 1.1045
90 | 359.8051 | 6.6279 1.2774 1.3535 1.3644 0.8263 0.8353 1.4523 1.0746
100 | 777.7707 | 6.7035 1.2816 2.3206 1.7306 0.9181 0.9127 1.7647 0.7865

103.95 | 1013.25 6.7007 1.1330 2.9705 1.8978 1.3679 0.9487 1.8753 0.5410
110 | 1467.186 | 6.6475 0.4372 4.4776 2.1827 1.7144 0.9872 2.0134 0.0652
120 | 2512.86 6.3337 42.0878 10.1094 2.8262 2.6107 0.6864 2.1375 2.6302

5.5779 2.7544 1.5497 1.1800 0.8552 1.4829 0.9030
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Table 4-5 Comparison of the calculated saturated enthalpy of vapor obtained from different equations of state for NH;

compound as compared with experimental values

T P Exp. Soave Virial/B | R-kwong | Virial/C KI‘; zfe_r R(l))lfillllgs-on This work

(K) (kpa) Data (kj) | AAD% AAD% AAD% AAD% T AADY, AAD%
223.15 40.9 23.3768 1.2098 1.2753 1.1940 1.2831 1.2615 1.2062 1.2875
228.15 54.5 23.5164 1.1344 1.1678 1.1257 1.1722 1.1616 1.1324 1.1760
238.15 93.2 23.9115 0.4746 0.4405 0.4853 0.5101 0.4439 0.4770 0.4275
243.15 119.5 24.0342 0.4515 0.3836 0.4751 0.4348 0.3876 0.4568 0.3523
248.15 151.6 24.1500 0.4454 0.3440 0.4846 0.3708 0.3453 0.4541 0.2883
253.15 190.2 24.2624 0.4406 0.3073 0.4984 0.3222 0.3018 0.4534 0.2208
258.15 236.3 24.3680 0.4493 0.2861 0.5291 0.2745 0.2691 0.4669 0.1618
263.15 290.9 24.4684 0.4622 0.2721 0.5679 0.2397 0.2383 0.4856 0.1026
268.15 354.9 24.5621 0.4847 0.2719 0.6208 0.2092 0.2152 0.5148 0.0493
273.15 429.6 24.6490 0.5141 0.2838 0.6854 0.1894 0.1969 0.5522 0.0006
278.15 515.9 24.7290 0.5489 0.3077 0.7609 0.1778 0.1828 0.5963 0.0473
283.15 615.2 24.8023 0.5860 0.3421 0.8451 0.1741 0.1699 0.6444 0.0934
288.15 728.6 24.8687 0.6234 0.3869 0.9367 0.1761 0.1570 0.6949 0.1399
293.15 857.5 24.9249 0.6720 0.4545 1.0474 0.1832 0.1551 0.7590 0.1752
298.15 1003.2 24.9726 0.7220 0.5378 1.1685 0.2074 0.1552 0.8273 0.2080
303.15 1167 25.0117 0.7706 0.6363 1.2984 0.2406 0.1551 0.8977 0.2402
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308.15 1350.4 25.0390 0.8277 0.7630 1.4485 0.2819 0.1655 0.9810 0.2608
313.15 1554.9 25.0560 0.8824 0.9107 1.6097 0.3437 0.1764 1.0671 0.2798
318.15 1782 25.0611 0.9372 1.0859 1.7865 0.4177 0.1914 1.1598 0.2935
323.15 2033.1 25.0526 0.9941 1.2957 1.9835 0.5098 0.2139 1.2628 0.2983
328.15 2310.1 25.0526 0.9567 1.4496 2.1069 0.6263 0.1500 1.2817 0.3878
333.15 2614.4 25.0305 0.9419 1.6720 2.2785 0.6764 0.1178 1.3366 0.4442
338.15 2947.8 24.9930 0.9124 1.9354 2.4666 0.7827 0.0837 1.3942 0.5010
343.15 3312 24.9402 0.8566 2.2400 2.6666 0.9170 0.0404 1.4486 0.5647
348.15 3709 24.8670 0.7790 2.6071 2.8938 1.0784 0.0013 1.5127 0.6240
353.15 4140.5 24.7733 0.6588 3.0381 3.1424 1.2866 0.0519 1.5783 0.6872
358.15 4608.6 24.6575 0.4716 3.5411 3.4111 1.5418 0.1196 1.6411 0.7594
363.15 5115.3 24,5144 0.1904 4.1399 3.7115 1.8507 0.2022 1.7086 0.8330
368.15 5662.9 24.3407 0.2544 4.8521 4.0447 2.2348 0.3118 1.7769 0.9114
373.15 6253.7 24.1312 1.0141 5.7044 4.4150 2.7094 0.4629 1.8433 0.9950
378.15 6890.4 23.8775 2.5858 6.7414 4.8339 3.2985 0.6742 1.9093 1.0785
383.15 7575.7 23.5658 47.5558 8.0361 5.3239 4.0423 0.9714 1.9831 1.1472
388.15 8313.3 23.1792 44.4161 9.6866 5.8984 5.0087 1.4301 2.0542 1.2019
393.15 9107.2 22.6802 40.9023 11.9095 6.6130 6.2873 2.1809 2.1358 1.2164
398.15 9963.5 21.9938 36.7574 15.1626 7.5465 8.0803 3.6667 2.2108 1.2009
403.15 10892 20.8970 31.1343 20.8986 8.6662 10.8163 35.7103 1.8862 1.6988

6.2227 3.2046 2.4881 1.6377 1.4644 1.1886 0.5654
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Table 4-6 Comparison of the calculated saturated enthalpy of vapor obtained from different equations of state for
Isobutane compound as compared with experimental values

Lee-

Peng

T P Exp. Soave Virial /B R-kwong Virial/C Kesler Robinson This work
(K) (kpa) Data (kj) AAD% AAD% AAD% AAD% AADY% AAD% AAD%
270 140.842 21.9827 0.6842 0.7144 0.6357 0.7592 0.7712 0.6689 0.7077
280 199.408 22.7735 0.6083 0.6425 0.4898 0.7512 0.7881 0.5708 0.6625
290 274.996 23.5308 0.3902 0.3885 0.1823 0.5776 0.6570 0.3237 0.4773
300 370.444 24.3049 0.2690 0.1796 0.0520 0.4677 0.6120 0.1640 0.3868
310 488.995 25.0956 0.2610 0.0180 0.2027 0.4262 0.6647 0.1042 0.4010
320 633.687 25.8822 0.3026 0.1788 0.3422 0.3729 0.7445 0.0746 0.4464
330 808.067 26.6353 0.3178 0.5135 0.5604 0.2085 0.7670 0.0114 0.4328
340 1015.277 27.3843 0.4622 0.8674 0.7215 0.0529 0.8716 0.0150 0.4937
350 1260.483 28.0788 0.6364 1.4093 0.9690 0.2559 0.9327 0.0718 0.4917
360 1545.206 28.7106 0.9197 2.1681 1.2995 0.7477 0.9650 0.1732 0.4354
370 1876.539 29.2043 1.3743 3.3837 1.8872 1.6488 0.8440 0.4746 0.1787
380 2257.521 29.5098 3.1963 5.2329 2.8030 3.1289 0.5711 1.0248 0.3029
385 2468.277 29.6060 36.0868 6.3466 3.2763 4.0353 0.5310 1.2748 0.4947
390 2694.232 29.4261 32.5339 8.4582 4.5363 5.9009 0.1258 2.2537 1.3764
395 2935.385 29.5809 29.7347 9.3434 4.3529 6.5531 0.8372 1.7648 0.7478
396 2985.034 29.5641 29.0635 9.6976 4.4473 6.8554 0.9435 1.7885 0.7338
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397 3035.697 29.5223 28.3322 10.1443 4.6070 7.2463 1.0159 1.8703 0.7725
398 3087.373 29.5014 27.6522 10.5124 4.6656 7.5592 1.2198 1.8475 0.7020
399 3139.049 29.4470 26.8870 11.0095 4.8289 7.9981 1.3459 1.9256 0.7278
400 3192.751 29.3926 26.1246 11.5032 4.9394 8.4301 1.6105 1.9376 0.6768
401 3245.440 29.3173 25.3019 12.0849 5.1209 8.9502 1.8225 2.0240 0.6987
402 3300.155 29.2252 244377 12.7289 5.2931 9.5272 2.2171 2.0826 0.6772
403 3354.871 29.1039 23.4906 13.4936 5.5320 10.2218 2.7746 2.2019 0.7082
404 3410.600 28.9575 22.4714 14.3624 5.7831 11.0156 20.2742 2.3167 0.7172
405 3467.342 28.7525 21.2851 15.4735 6.1358 12.0427 18.8516 2.5055 0.7713
406 3524.083 28.5098 19.9760 16.7571 6.4956 13.2371 17.1722 2.6908 0.8004
406.5 3553.468 28.3424 19.1858 17.5950 6.7090 14.0222 16.1592 2.7742 0.7475
407 3581.838 28.1332 18.2609 18.6233 7.0414 14.9940 14.8435 3.0123 0.8849
407.5 3611.223 27.8320 17.0527 20.0597 7.4512 16.3588 13.1171 3.2574 0.8167
15.0793 8.0652 3.4952 6.0119 4.2776 1.4209 0.6369
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4.2 The Modified Correation
After concluding that the best equation tletwates the residual enthalpy

of vapor for saturation conditions (temperatures andspres) was Peng-
Robinson equation, efforts were tried to modify the Peng+i8ol equation to
decrease the percent deviation as much as possible, thislona by using a
statistical program and statistical methods that give kst form of the

correlation.

Many attempts were made to modify this equatioorder to reduce the
percent deviation as much as possible, this modificatiaapalied for 25 pure
compounds (701 Expdata points) polar and nonpolar compounds and it is
reduced the AAD%rom 1.5339% to 1.2569% for non polar compounds and
from 2.4484 to 1.2986% for polar compounds as shown in tablend-4-8. For
examples, for Isobutane the AAD% by using Peng-Robinsarat®nqn was
1.4209%, while the AAD% by using the modified Peng-Robinspumagon is
0.6369%, for n-Butane the AAD% by using Peng-Robinson exuat 1.2848%
while the AAD% by using the modified equation is 0.3862% &r water the
AAD% by using Peng-Robinson equation is 5.1903% where tAB%. by
using the modified equation is 2.1884%. Thus this modificatesulted in an
equation which can be considered as more accurate aguatipredict the

saturated enthalpy of vapor for polar and nonpolar compounds.
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Table 4-7 Comparison between Peng-Robinson and modified Peng-Robinson
equations for calculating saturated enthalpy of vapor forpadar
compounds as compared with experimental values

No.
of Peng- Robinson M odified Peng-
Compounds EXp. AAD % Robinson
Data AAD %
Points
1 Benzene 40 2.9825 2.8269
2 cyclopropane 15 0.2729 0.2706
3 Isobutene 29 1.4209 0.6369
4 Isopentane 27 1.7483 0.6764
S Neopentane 32 0.4612 0.7015
6 Propane 18 1.3368 1.3290
7 n-butane 31 1.2848 0.3862
8 n-pentane 27 4.6455 3.2392
9 Ethylene 13 1.19695 1.19153
10 Trichloroethylend 14 3.5569 3.5694
11 N, 9 1.4829 0.9030
12 SO, 40 0.3700 1.2102
13 R13 24 0.9587 0.4453
14 R21 11 0.7757 0.9339
15 R114 36 0.5958 1.6387
16 R123 37 0.7134 0.5101
17 R134a 36 2.3507 0.8693
5 439 1.5339 1.2569

74



Table 4-8 Comparison between Peng-Robinson and modified Peng-Robinson
equations for calculating saturated enthalpy of vapor for polampounds as
compared with experimental values

No.
of Peng- Robinson M odified Peng-
Compounds EXp. AAD % Robinson
Data AAD %
Points
1 H,0 74 5.1903 2.1884
2 NH; 36 1.1886 0.5654
3 R11 27 1.0750 0.7453
4 R12 36 0.7828 0.3891
S R22 34 1.2173 0.6524
6 R32 15 2.9959 2.0983
7| Ethyl Chloride | 17 2.8776 2.9387
8 | Methyl Chloride| 23 0.96317 0.8778
Y 262 2.4484 1.2986
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4.3 The Enthalpy of Saturated Vapor for Binary Mixtures

It is well known fact that the calculation ¢he thermodynamic
properties of the mixtures is not as easy as the calauldbo pure
compounds. This is because of using the mixing rules to e#dctile pseudo
critical properties and acentric factor of mixture depegdon critical
properties and acentric factors of pure compounds. Manyeahtking rules

are not quite accurate and need one or more adjustabl@etars.

In this work the prediction of the saturatethalpy of vapor for binary
mixtures was performed by using two methods: The first ndetvess done by
using Peng- Robinson with its mixing rules which is given ey following

equations [4]:

1

A= ;;x X; (- kA A (2-83)
B= zx B (2-84)
ac =§l:;x x; (- k; )@@ a)(@a;) 2-85)
b= iZil:xib, (2-86)
D =i§i;j§i:>ngnj @-k)J@a)aT, (2-87)

The second method was accomplished by using PengsBolequation
to calculate the residual enthalpy of the mixture obthatethe same reduced
conditions ofT, andP; as the mixture. The reduced conditions of the mixture

were obtained by using properties and acentric factor ahtkeire.
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This method is similar to Teja method for catnf the residual
enthalpy of the mixture from the residual enthalpyinalividual compound

which is given by the following equations [42]:

(R1)

: (R)

HFR HY-H 0—o
T.P.w)= T,Po™)+—— 2
RTC(r ) RT, j (. ) o® — o™

[ Hig—H (R2) Hig—H (RY)
(a5
RT. RT,

C

(2-107)

Where the superscripts (R1) and (R2) refer to the tweptwarical reference
fluids (the two pure compounds).

Table 3-11 shows the results of deviation af@irated enthalpy of
vapor for binary mixtures from experimental data using tthe methods

mentioned above.

The AAD% for 5 mixtures and 95 experimental gadant is 2.8384%
when using Peng-Robinson method with its mixing rules. tRersames
mixtures and5 data point the AAD% is 2.8096 when using Peng- Robinson
equation with Teja method. On the other hand the AAD%tHer modified

Peng- Robinson mixing rule is 2.0362%.

The AAD% for the binary mixture Benzene- n-Reet as shown in

tables 4-9 to 4-12, for other binary mixture components seadpg®.

Figures 4-13 to 4-20 show the deviation of theutated enthalpy of
saturated vapor for Benzene - n-Pentane system and rigenf&yclohexane
system by using Peng - Robinson equation with its mixinigs, Teja
equation with Peng - Robinson for pure compounds and fieddPeng -

Robinson with its mixing rules.
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Table 4-9 Calculation of enthalpy deviations for mixture of 60.01 erfil
Benzene & 39.999 mole % n-Pentane

Peng- Peng-
T P B Robinson Robinson Thiswork
(K) (kpa) P- mixing rules with Tga AAD%
AAD% AAD%
452.206 1378.960| 65.6850 0.6998 1.5777 0.8684
479.872 2068.440| 68.6619 0.4313 1.6451 0.7107
495.761 2757.920| 69.6307 0.1174 1.6081 0.3647
509.539 3447.400| 69.8773 1.1038 1.3686 0.2062
515.872 3861.088| 68.9614 2.5947 0.9117 0.9617
517.483 3998.984| 68.0806 3.7578 0.7271 1.3482
1.4508 1.3064 0.7433

Table4-10 Calculation of enthalpy deviations for mixture of 81.429 exitl
Benzene & 18.571 mole % n- Pentane

Peng-
S Robinson
T P Exp. Data Robinson with Teia This wor k
(K) (kpa) P- mixing rules AAD‘? AAD%
AAD% 0
464.095 1378.960| 66.4167 2.2960 2.2718 1.5975
491.650 2068.440| 69.1034 2.1763 2.1394 1.2332
510.539 2757.920| 70.6976 2.3083 2.2541 1.0970
525.039 3447.400| 71.6111 2.6600 2.5784 1.1360
532.317 3861.088| 71.3245 2.3265 2.2163 0.5626
536.483 4136.880| 71.1633 2.6311 2.4863 0.6616
540.372 4412.672| 70.0349 2.3870 2.1623 0.1602
2.3979 2.3012 0.9212
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Table 4-11 Calculation of enthalpy deviations for mixture of 40.6706 ndole
Benzene & 59.3294 mole % n-Pentane

Peng- Peng-
T P Exp. Data Robinson Robinson Thiswork
(K) (kpa) P- mixingrules | with Tga AAD%
AAD% AAD%
440.650 1378.960 64.3899 0.6599 0.6016 0.1497
466.483 2068.440 67.2694 0.9979 0.9055 0.0971
483.150 2757.920 68.4836 1.1987 1.0473 0.2569
502.317 3861.088 66.6276 5.0193 0.5876 2.3074
1.9689 0.7855 0.7028

Table4-12 Calculation of enthalpy deviations for mixture of 19.903 exiti
Benzene & 80.0965 mole % n-Pentane

Peng- Peng-
T P Exp. Data Robinson Robinson Thiswork
(K) (kpa) P mixingrules | with Tga AAD%
AAD% AAD%
427.594 1378.960| 62.7748 0.0887 0.1912 0.9956
452.428 2068.440| 65.2995 0.0260 0.1996 1.2818
468.483 2757.920| 66.2206 0.1888 0.1423 1.5621
481.983 3447.400| 66.0159 1.2546 0.0011 1.3983
0.3895 0.1335 1.3094
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

1. Five equations of state were used to calculate the edsthihalpy of
saturated vapor for pure compounds (polar and non polar). The AAD%
for 17 nonpolar compounds and 439 experimental data points are
2.1414, 7.6223, 1.5339, 2.3765, 3.324, and 2.3b66hen using
Redlich—-Kwong, Soave Redlich—-Kwong, Peng-Robinson, Lee €Kesl
Virial equation truncated to second and to third terms ctispéy.

2. The AAD% for 8 compounds and 262 experimental data points for
polar compounds are 3.3096, 5.1917, 2.4484, 2.0906, 3.7008, and
2.7172% when using Redlich—-Kwong, Soave Redlich—-Kwong, Peng-
Robinson, Lee - Kesler, Virial equation truncated to secamd to
third terms respectively.

3. The AAD% for 25 nonpolar and polar compounds and 701
experimental data points are 2.57804, 6.7139, 1.8757, 2.2696, 3.4648,
and 2.491% when using Redlich-Kwong, Soave Redlich—-Kwong,
Peng-Robinson, Lee - Kesler, Virial equation truncatedetwond and
to third terms respectively.

4. Peng-Robinson equation is the most suitable equations taatalthe
residual enthalpy of saturated vapor. For pure compounds, a new
modified correlation was proposed to predict the enthalpy ofatatlr
vapor. The modification was made by redefining the paranmei@s
function of reduced temperature, pressure and acenttmr fag using

statistical program. The correlation is given as thieviohg equations:
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n=a,+b, xw+c, x o
a, =0.941018
b, =-85.729% T, +105.6393 T.” + 4.303806 P. -50.075% T, x P, + 22.9876& P

c, =433.376&T.—530.87& T.?-35.305% P + 252.067& T, x P —108.396¢ P?

This new modification was compared with Peng-Raavin
equation, the AAD% for 25 nonpolar and polar compounds and 701
experimental data points are 1.2725 while it is 1.8757 for Peng-
Robinson equation without modification.

. The effect on temperature appear clearly on Soave ReHinbng
equation, it was found that the AAD% of saturated enthafpyapor at
T, below 0.87 was better than the enthalpy of saturated vapdr at
above 0.87.

. For 95 experimental data points (5 mixtures) the AAD% ef Reng-
Robinson with mixing rules is 2.8384%. While the AAD% omge
Robinson equation with Teja method based on Peng-Robinson for pure
compounds is 2.8096%.

. For 95 experimental data points (5 mixtures) the AAD% foe t
modified Peng- Robinson with its mixing rules is 2.0362%.

. The modified Peng-Robinson equation with its mixing rutes (work)
is the best equation for predicting the enthalpy of sadratpor for

binary mixture. The correlation is given as the follogveguations:

n=a,+bw+c,0
a, = 03704
b, =0.01267-0.20093% T, + 01xP

r

c, =—-09048+0.94514%T, —0.1716% P
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5.2 Recommendations

For those who would carry future studies on related subjibet,

following recommendations may be considered:

1. Applying this method to saturated liquid enthalpy.

2. Appling these correlations to other thermodynamic properiies |
Gibbes free energy for saturated condition and entropy of @ode
mixture of saturated vapor and liquid.

3. Investigating the possibility of applying this method to teynapor
mixture and liquid mixture.

4. Investigating the possibility of applying this method to potatture.
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APPENDIX A
PHYSICAL PROPERTIES FOR PURE COMPOUNDS

Ty Te Pc 04 Ve

Compound M.wt ) &) | (ban) 24 Z; (cm®¥mole)
Benzene 78.114 | 353.2 | 562.2 | 48.9 |0.212 | 0.271 259.0
Cyclopropane 42.081 |240.3| 397.8 | 54.9 | 0.130 | 0.274 163.0
Isobutene 58.124 | 261.4 | 408.2 | 36.5 | 0.183 | 0.283 263.0

Isopentane 72.151 | 3010 | 460.4 | 33.9 | 0.227 | 0.271 306.0

Neopentane 72.151 | 282.6 | 433.8 | 32.0 | 0.197 | 0.269 303.0

Propane 44.094 | 231.1| 369.8 | 42,5 | 0.153 | 0.281 203.0
n-butane 58.124 | 272.7 | 425.2 | 38.0 | 0.199 | 0.274 255.0
n-pentane 72.151 | 309.2 | 469.7 | 33.7 | 0.251 | 0.263 304.0
Ethylene 28.054 | 169.3 | 282.4 | 50.4 | 0.089 | 0.280 130.4

Ethyl Chloride | 64.515 | 285.5| 460.4 | 52.7 | 0.191 | 0.272 199.0

Methyl Chloride | 50.488 | 249.1 | 416.3 | 67.0 | 0.153 | 0.269 138.9

Trichloroethylene | 131.389 | 360.4 | 572.0 | 50.5 | 0.213 | 0.265 256.0

N; 28.013 | 77.4 | 126.2 | 33.9 | 0.039 | 0.290 89.8
SO, 64.063 | 263.2 | 430.8 | 78.8 | 0.256 | 0.269 122.2
H,O 18.015 | 373.2 | 647.3 | 221.2 | 0.344 | 0.235 57.1
NH3 17.031 | 239.8 | 405.5 | 113.5| 0.250 | 0.244 72.5

trans-Decalin 138.254 | 460.5 | 687.1 | 31.4 | 0.303 | 0.272 480.0

Cyclohexane 84.162 | 353.8 | 553.5 | 40.7 | 0.212 | 0.273 308.0

R11 137.368 | 296.9 | 471.2 | 44.1 | 0.189 | 0.279 247.8
R12 120.914 | 245.2 | 385.0 | 41.4 | 0.204 | 0.280 216.7
R13 104.459 | 193.2 | 302.0 | 38.7 | 0.189 | 0.278 180.4
R21 102.923 | 282.1 | 4516 | 51.8 | 0.210 | 0.271 196.4
R22 86.469 | 232.4 | 396.3 | 49.7 | 0.221 | 0.268 165.6
R32 52.023 | 221.5| 351.6 | 58.3 | 0.271 | 0.241 120.8
R114 170.922 | 277.0 | 418.6 | 33.0 | 0.263 | 0.279 294.2
R123 152.931 | 301.0 | 456.94 | 3.674 | 0.282 | 0.243 278.1
R134a 102.031 | 247.0 | 374.21 | 4.056 | 0.326 | 0.251 198.1
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APPENDIX B
COMPUTER PROGRAM FOR CALCULATING THE
SATURATED ENTHALPY OF VAPOR FOR PURE
COMPOUNDS

Thisprogramin QBASIC Language:

CLS

REM 10 sfe sfe s sfe sl sfe sk sfe sk sfe sk sfe sk sfe sk s sk sk sk sk sieosie sieosie stk sk sk sk ok skokoskokokokokesiolkekolkeskok ok skokeskokeskoekn

REM "Computer Program for Calculation of the Saturated Enthalpy of Vapor
for R12 Using Equation of State"

REM 1 s sfe ke s sfe ke sk sfeosie sk sfe sl sk seoske sk seoskeosie sk skeoske sk skt skoskosk skoskokeskoskokoskoskoskokoskokokoskokokeskokok skoskok sk skek

REM 10 sfe sk ke s sfe ke sk sfeosie sk skeoske sk sfeoske sk seoskeosie sk skeoske sk sk sk skeoskosk skoskokeskoskokokoskokoskoskokokoskokokoskokok skokok skoskok sk sk

REM "Step (1): Calculation of the Enthalpy of Evaporation Using Vetere
M ethod"

RIEIV] " #3 sesksotssofsskstoksofbooksoksofosAsAAH1
READ R, Tc, Pc,w, Tb, Pb, T, P

DATA 8.314, 385.15, 4116800, 0.204, 243.35, 101325,233.15,64200
Tro=Tb/Tc:Prb=Pb/Tc

Tr=T/Tc:Pr=P/Pc

Hvb==R* Tc* Trb * (((0.4343 * LOG (Pc / 100000)) - 0.69431 + (0.89584 *
Trb)) / (0.37691 - (0.37306 * Trb) + (0.1507 * (Pc/ 100000) ~ -1 * Trb A -2)))
u=(0.00264 * (Hvb/ (R * Th)) + 0.8794) ~ 10

Hv=Hvb* ((1-Tr)/(1-Trb))*u



REM 10 sfe sk sk s sfe ke sk sk sie sk sfeoske sk s sk sk seoskeoske sk skeosie sk sk sk skoskosk skoskoskeskoskokekoskoskoskoskokokoskokoskoskokok skokok skoskok sk sk

REM "Step (2): Calculation of the Residua Enthalpy at Reference

Temperature and Pressure”

REM 1 sfe sk sk s sk ke sk sfeosie sk skeoske sk seoske sk s skeosie sk sk sk sk sk skoskosk skoskoskeskoskokekoskokoskoskokokoskokokoskokok skokok skoskok sk sk

af = 0.941018:b1 = -85.7291:h2 = 105.6393:b3 = 4.303806:b4 = -50.0757 :
b5 = 22.98768 :c1 = 433.376:c2 = -530.876:¢c3 = -35.3057:¢4 = 252.0676
c5 =-108.396

n=af+{m1*Tr*w)+(L2* Tr*2*w)+ (b3* Pr*w) + (b4* Tr* Pr
*W)+ (O5*PrA2*w)+(cl*Tr*w/r2)+(c2* Trr2*w™2) +(c3
*Prrw/r2)+(c4*Tr*Pr*w”2)+(c5*Prr2*wn2)
g=0.45724* (R* Tc)"2)/ Pc

m=Q+Mn*@-Tr*0.5)) "2

A =045724* m* (Pr/ Tr" 2)

B =0.0778* (Pr/Tr)

D=n*g*m* (Tr/m)~0.5

REM"********************************************************"

REM "Calculation of Compressibility Factor"

RIEIV koo ok ok ok koo ok koo ko 1

Z=1

5F1=Z73-(1-B)*Z"2+(A-3*B"2-2*B)*Z-(A*B-B"2- B3
dF1=3*2z72-2*(1-B)*Z+(A-3*B"2-2*B)

Z1=Z7-(F1/dFl)

IF ABS (Z1 - Z) >=0.000000001 THEN Z = Z1: GOTO 5

Z=271

HR=R*T*(Z1-1-((A/(2828*B))*(1+(D/(g* m)))* LOG ((Z1 +
(2.414* B))/ (Z1- (0.414 * B)))))



REM 10 sfe sk sk s sfe ke sk sfe s sk skeoske sk s sk sk seoskeosie sk skeosie sk sk sk skoskosk skoskokeskoskokekoskokokoskokokoskokokoskokokoskokok skoskoeok sk sk

REM "Step (3): Calculation of the Heat Capacity at Constant Pressure”

RN "k stttk sk o 1!

Cp () =((31.6* (T (I) - 233.15)) + ((0.1782/ 2) * (T (I) ~ 2 - 233.15 " 2))
+ ((-0.0001509/ 3) * (T (1)~ 3 - 233.15" 3)) + ((0.000000043/4) * (T ()" 4
- 233.15" 4)))

REM 1 sfe sk sk s sfe ke sk sfeosie sk sk sk st seoske sk seoskeosie sk skeosie sk skt skoskosk skoskoskeskoskokeskoskokoskoskokokoskokokoskokokeskokok skoskok sk sk

REM "Step (4): HR=0 Because Pressure Has No Effect on Enthalpy of Ideal

Gas

REM 10 sfe sk sk sfe sk ke sk sfeosie sk sfe sk sk seoske sk seoskeosie sk skeosie sk sk sk skoskosk skoskokeskoskokekoskokoskoskokokoskokokoskokok skokok skoskoksk sk

REM 1 sfe sk sk sfe sk ke sk sfe s sk sk sk sk sfeoske sk seoskeosie sk skeosie sk sk sk skoskosk skoskoskeskoskokekoskokoskoskokokoskokoskoskokok skokok skokoksk sk

REM "Step (5): Calculation of the Residual Enthalpy at System Temperature
and Pressure"

RIEIV] " #35 sesksotssofssstoksofooksokskofosAsooA1
READ R, Tc, Pc, w

DATA 8.314, 385.15, 4116800, 0.204

FORI=1TO1

READ T (1), P (1), H (1)

DATA 183.15,2800, 17709.06444

Tr(1)=T()/ Tc: Pr(l) = P(1) / Pc

g(1)=0.45724* (R* Tc)~2) / Pc

n()=af +(b1* Tr(l) * w) + (b2* Tr(1) *2* w) + (b3 * Pr(l) * w) + (b4
*Tr()* Pr() *w) + (b5* Pr() A 2* w) + (c1* Tr() *w "™ 2) + (c2* Tr
M r2*wr2)+(C3*Pr()*wr2)+(cA*Tr(D*Pr()*w”2)+(c5
*Prihyr2*wn2)

m@=@+mn)*@L-Tr)~0.5))"2

A)=045724*mD)* Pr )/ (Tr (D))" 2)
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B (1) = 0.0778* (Pr (1) / Tr(1))
DM =n®*@MO*m)*(Trd)/m())"0.5

REM"********************************************************"

REM "Calculation of Compressibility Factor"

RIEIV] ™ koo ok ok ok ok ko ok ko 1
Z=1

IOFH=zr3-@-B)*Zz*"2+AD-3*B()"2-2*B () * Z-
AM*BMH-BMO"2-B(1)"3)
DF()=3*z72-2*A-B()*Z+AD-3*B(H"2-2*B(I))
Z1=Z-(F(I)/DF ()

IF ABS (Z1 - Z) >= 0. 000000001 THEN Z = Z1: GOTO 10

Z1 (=2

HR() = R * T(l) * (Z1(1) - 1 - ((A(l) / (2.828 * B(1))) * (1 + (D(l) / (g()*
m(1)))) * LOG((Z1(l) + (2.414 * B(1))) / (Z1(1) - (0.414 * B(1))))))

REM"********************************************************"

REM "Calculation of Actual Enthalpy of Saturated V apor"

RIEIV koo ko 1
Hact(l) = (Hv - HR + Cp(l) + HR(I))

AD% (1) = ABS ((H (I) - Hact(l)) / H(l)) * 100

NEXT |

REM"*******************************************"

REM "Print of Computer Program Results’

REM NWkkkkkhkkhkkhhkhhkhhkhkhkhkhkkhkkhkkhhkhhkhkhkhkhkkhkkhkkkkkin
PRINT "T="; T, "P="; P,"AD% (I) ="; AD% (I)

End



APPENDIX C

RESULTSFOR SATURATED ENTHALPY OF
VAPOR FOR PURE COMPOUNDS

T = Temperature, Kelvin
P = Pressure, kpa

AAD% = Average Absolute Deviations Percent for Saturated Enthalpy of

Vapor
Exp.Data= Experimental Data, kj/mole

Table C-1: Benzene[5]]

Exp Soave | Virial R- Virial Lee Peng- This

T P Date.l AAD /B kwong IC Kesler | Robinson | Work
% AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

280 | 5.3 | 127.716 | 2.5391 | 2.2330 | 4.2856 | 0.8651 | 0.5493 | 3.0536 | 0.8942
290 | 8.8 | 135449 | 2.3944 | 2.1892 | 4.0337 | 0.9035 | 0.5658 | 2.8770 | 0.8673
300 | 13.9 | 143417 | 2.2312 | 2.1250 | 3.7688 | 0.9168 | 0.5609 | 2.6836 | 0.8194
310 | 21.5 | 151.697 | 2.1182 | 2.1133 | 3.5567 | 0.9806 | 0.6079 | 2.5413 | 0.8228
320 | 32.2 | 160.211 | 2.0097 | 2.1018 | 3.3514 | 1.0430 | 0.6583 | 2.4044 | 0.8310
330 | 46.7 | 168960 | 1.9145 | 2.0946 | 3.1603 | 1.1090 | 0.7194 | 2.2813 | 0.8527
340 | 66.2 | 178.021 | 1.8888 | 2.1488 | 3.0371 | 1.2382 | 0.8495 | 2.2276 | 0.9460
350 | 91.7 | 187.239 | 1.8511 | 2.1786 | 2.9001 | 1.3451 | 0.9642 | 2.1617 1.0278
360 | 124.3 | 196.612 | 1.8135 | 2.1924 | 2.7599 | 1.4393 | 1.0742 | 2.0953 1.1093
370 | 165.4 | 206.221 | 1.8260 | 2.2378 | 2.6644 | 1.5703 | 1.2294 | 2.0776 1.2406
380 | 216.4 | 215985 | 1.8583 | 2.2807 | 2.5819 | 1.7051 | 1.3977 | 2.0777 1.3895
390 | 278.6 | 225905 | 1.9178 | 2.3242 | 2.5184 | 1.8477 | 1.5847 | 2.1025 1.5616
400 | 353.6 | 235982 | 2.0140 | 2.3735 | 24812 | 2.0047 | 1.7985 | 2.1602 1.7644
405 | 396.3 | 241.059 | 2.0695 | 2.3926 | 2.4657 | 2.0809 | 1.9084 | 2.1948 1.8700
410 | 442.8 | 246.137 | 2.1221 | 2.3991 | 2.4437 | 2.1470 | 2.0122 | 2.2249 1.9702
415 | 493.2 | 250.902 | 2.0508 | 2.2718 | 2.2947 | 2.0815 | 1.9885 | 2.1297 1.9434
420 | 547.9 | 256.370 | 2.2546 | 2.4079 | 2.4158 | 2.2828 | 2.2368 | 2.3075 | 2.1890
425 | 606.9 | 261.525 | 2.3370 | 2.4109 | 24114 | 2.3535 | 2.3596 | 2.3618 | 2.3091
430 | 670.4 | 266.681 | 2.4218 | 2.4034 | 2.4045 | 2.4163 | 2.4803 | 2.4160 | 2.4273
435 | 738.8 | 271.836 | 2.5125 | 2.3877 | 2.3978 | 2.4742 | 2.6026 | 2.4730 | 2.5468
440 | 812.1 | 277.070 | 2.6368 | 2.3906 | 2.4186 | 2.5534 | 2.7532 | 2.5603 | 2.6942
445 | 890.6 | 282225 | 2.7421 | 2.3578 | 24135 | 2.6001 | 2.8794 | 2.6245 | 2.8165
450 | 974.6 | 287.381 | 2.8593 | 2.3186 | 2.4122 | 2.6439 | 3.0116 | 2.6957 2.9437
455 | 1064 | 292536 | 2.9883 | 2.2716 | 2.4143 | 2.6827 | 3.1484 | 2.7732 3.0745
460 | 1160 | 297.692 | 3.1395 | 2.2233 | 2.4269 | 2.7248 | 3.3009 | 2.8657 3.2189
465 | 1261 | 302.848 | 3.3012 | 2.1634 | 2.4405 | 2.7568 | 3.4539 | 2.9615 | 3.3625
470 | 1369 | 307.925 | 3.4668 | 2.0777 | 2.4426 | 2.7680 | 3.6016 | 3.0507 3.4981
475 | 1484 | 313.002 | 3.6639 | 1.9908 | 2.4590 | 2.7823 | 3.7694 | 3.1589 3.6507
480 | 1606 | 318.002 | 3.8720 | 1.8774 | 24660 | 2.7744 | 3.9340 | 3.2628 | 3.7968
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485 [ 1734 [ 323.079 | 4.1343 | 1.7805 | 2.5065 | 2.7846 | 4.1347 | 3.4035 | 3.9755
490 | 1870 | 328.000 | 4.4040 | 1.6377 | 25223 | 2.7544 | 43212 | 35262 | 4.1349
495 | 2014 | 332.843 | 4.7146 | 1.4728 | 2.5395 | 2.7070 | 45201 | 3.6569 | 4.3008
500 | 2166 | 337.686 | 51019 | 1.3084 | 2.5830 | 2.6645 | 47569 | 3.8206 | 4.4976
505 | 2327 | 342.373 | 55530 | 1.1027 | 2.6165 | 2.5867 | 5.0012 | 3.9833 | 4.6929
510 | 2496 | 346.904 | 6.0930 | 0.8520 | 2.6382 | 2.4682 | 5.2502 | 4.1424 | 4.8827
515 | 2674 | 351.35 | 6.8185 | 0.5829 | 2.6812 | 2.3365 | 55430 | 4.3328 | 5.1032
520 | 2862 | 355574 | 7.8551 | 0.2548 | 2.7153 | 2.1531 | 5.8597 | 4.5275 | 5.3294
525 | 3060 | 359.636 | 9.8799 | 0.1101 | 2.7715 | 1.9395 | 6.2380 | 4.7589 | 5.5937
530 | 3269 | 363464 | 48.182 | 0.5302 | 2.8485 | 1.6791 | 6.6939 | 5.0300 | 5.9020
535 | 3488 | 366.901 | 45.778 | 1.0519 | 2.9155 | 1.3245 | 7.2110 | 5.3121 | 6.2255
54833 | 1.8905 | 2.7291 | 2.0622 | 2.9383 | 2.9825 | 2.8269
Table C-2: Cyclopropane [29]

Virial R- [ Viria | Lee Peng- | This

T P o | %€ B | kwong | /C | Keder Robinson | Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

297.22 | 706.43 | 17.570| 0.5715 | 0.4475 | 0.4775 | 0.7384 | 0.6389 | 0.5281 | 0.5563
302.77 | 819.44 | 17.726 | 0.3894 | 0.1066 | 0.1864 | 0.5033 | 0.4887 | 0.2947 | 0.3559
308.33 | 944.99 | 17.893| 0.3007 | 0.1814 | 0.0289 | 0.3320 | 0.4199 | 0.1444 | 0.2429
313.88 | 1083.99 | 18.059 | 0.2578 | 0.4706 | 0.2190 | 0.1712 [ 0.3827 | 0.0274 | 0.1663
319.44 | 1237.26 | 18225 | 0.2695 | 0.7601 | 0.3794 | 0.0222 | 0.3823 | 0.0510 | 0.1305
325.00 | 1405.70 | 18.382 | 0.2939 | 1.1030 | 0.5581 | 0.1665 | 0.3724 | 0.1379 | 0.0873
330.55 | 1590.13 | 18548 | 0.4505 | 1.3908 | 0.6420 | 0.2871 | 0.4667 | 0.1196 | 0.1493
336.11 | 1791.67 | 18.715| 0.7050 | 1.6761 | 0.6768 | 0.3907 | 0.6223 | 0.0405 | 0.2718
341.66 | 2011.20 | 18.852 | 0.9272 | 2.1173 | 0.8110 | 0.6329 | 0.6956 | 0.0468 | 0.3094
352.77 | 2508.86 | 19.048 | 1.5124 | 3.4047 | 1.2654 | 1.4639 | 0.7284 | 0.1947 | 0.2593
358.33 | 2789.41 | 19.106 | 2.0443 | 4.2491 | 1.5488 | 2.0472 | 0.7410 | 0.2936 | 0.2241
363.88 | 3092.71 | 19.136 | 2.9826 | 5.2465 | 1.8544 | 2.7582 | 0.7836 | 0.3886 | 0.2163
369.44 | 3420.28 | 19.116 | 5.0413 | 6.5075 | 2.2483 | 3.7018 | 0.8151 | 0.5384 | 0.1953
375.00 | 3773.63 | 19.067 | 53.2566 | 7.9298 | 2.5703 | 4.7750 | 1.0298 | 0.5763 | 0.3557
380.55 | 4154.29 | 18.930 | 49.0752 | 9.8596 | 3.0473 | 6.3093 | 1.2802 | 0.7114 | 0.5380
7.8719 | 3.0300 | 1.1009 | 1.6200 | 0.6565 | 0.2729 | 0.2706




Table C-3: Isopentane [7]

Viria | R | Virial | Lee | Peng | This
T P | BP | €] B |kwong | C | Keder Robinwon | Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

310 | 136.89 | 25.8906 | 0.3639 | 0.3025 | 0.3076 | 2.4320 | 0.4484 | 0.3498 | 0.4556
320 | 187.25 | 26.9115 | 0.0658 | 0.0297 | 0.1978 | 2.0846 | 0.1067 | 0.0993 | 0.1282
330 | 250.68 | 27.9868 | 0.3000 | 0.2890 | 0.5231 | 1.6568 | 0.0452 | 0.3579 | 0.0082
340 | 320.00 | 28.9875 | 0.7910 | 0.8464 | 11255 | 1.4050 | 0.4628 | 0.881L | 0.4102
350 | 424.45 | 29.9825 | 1.2674 | 1.4373 | L7347 | 0.879% | 0.8751 | 13974 | 0.8083
360 | 538.95 | 30.9993 | 1.6215 | 1.9679 | 2.2502 | 0.3393 | 1.1810 | 18052 | 11040
370 | 674.93 | 31.9825 | 2.0153 | 2.6152 | 2.8420 | 0.1220 | 15486 | 2.2718 | 14643
380 | 834.72 | 33.0034 | 2.1056 | 3.1455 | 3.2665 | 0.6766 | 1.7307 | 25524 | 16470
390 | 1020.8 | 34.0536 | 2.1640 | 35004 | 3.5434 | 1.0943 | 1.7424 | 2.6641 | 1669
400 | 1236.1 | 35.2335 | 15853 | 3.6566 | 3.3642 | 1.4053 | 1.2725 | 2.208L | 1.2261
410 | 14838 | 36.2878 | L1162 | 4.1032 | 3.4633 | 1.3210 | 1.0258 | 2.1760 | 1.0302
420 | 1767.0 | 37.2878 | 0.3179 | 4.6990 | 35716 | 1.5854 | 0.7107 | 2.022L | 0.8089
430 | 2090.2 | 38.2041 | 1.668L | 55084 | 3.6849 | 1.9675 | 0.2671 | 18157 | 05407
440 | 2458.55 | 38.4175 | 28.5201 | 8.2306 | 5.3200 | 2.5265 | 1.0243 | 3.0100 | 16598
445 | 266171 | 39.0786 | 26.7149 | 8.0243 | 4.3889 | 4.9042 | 0.4763 | 18407 | 04763
450 | 2878.95 | 39.1873 | 23.9200 | 9.3408 | 4.6637 | 4.5568 | 1.1097 | 17895 | 0.3921
451 | 2924.14 | 39.2501 | 23.4465 | 9.4883 | 4.5585 | 5.6708 | 1.4474 | L1613L | 0.2103
452 | 2970.04 | 39.2627 | 22.8766 | 9.7749 | 45623 | 5.7799 | 1.7156 | 15373 | 0.1264
453 | 3016.34 | 39.2459 | 22.2496 | 10.1439 | 4.6197 | 6.0227 | 1.9674 | 15098 | 0.0906
454 | 3063.56 | 39.2202 | 21.6246 | 10.5121 | 4.6382 | 6.3448 | 2.3173 | L4361 | 0.0058
455 | 311149 | 39.1957 | 20.9671 | 10.9274 | 4.6569 | 6.6648 | 2.7471 | 13537 | 0.0901
456 | 3150.82 | 39.1079 | 20.1987 | 11.4988 | 4.7706 | 7.0208 | 3.1923 | 13562 | 0.1031
457 | 3208.96 | 38.9781 | 19.3429 | 12.1003 | 4.9165 | 7.5442 | 3.8276 | 13758 | 0.1047
458 | 3250.02 | 38.7941 | 18.3699 | 13.0476 | 5.0846 | 8.1755 | 10.0163 | 13946 | 0.1182
450 | 3300.38 | 38.3003 | 16.7200 | 14.8327 | 5.9086 | 8.9612 | 165411 | 2.0324 | 04774
450 | 3334.61 | 37.8045 | 15,5275 | 16.2289 | 6.6364 | 10.6425 | 14.6820 | 2.6622 | 10978
460 | 3360.65 | 37.2669 | 13.8014 | 18.3531 | 7.7072 | 11.9680 | 11.9144 | 3.601L | 2.0088
114724 | 7.2177 | 3.7892 | 4.2134 | 3.4501 | 17483 | 0.6764




Table C-4: Neopentane [10]

Viral | _R- | Virid | Les | Peng | This

T P | o | S0 B | kwong | /C | Keder Robinwon | Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

347.02 | 644.03 | 19.2677 | 1.2080 | 1.1641 | 1.0003 | 1.3658 | 1.4008 | 12585 | 1.2072
350.00 | 685.95 | 19.5480 | L173L | 0.8945 | 0.0731 | 1.2343 | 1.2809 | 10910 | L1672
352.77 | 729.87 | 19.8501 | 11706 | 0.7362 | 0.8634 | 1.0365 | 12701 | 10426 | L1547
355.55 | 778.14 | 20.1404 | 11535 | 0.5415 | 0.7260 | 0.9515 | 1.2624 | 09722 | L1219
358.33 | 823.85 | 20.4173 | 10215 | 0.2367 | 0.4822 | 0.8302 | 1.1171 | 0.7892 | 0.9688
361.11| 873.97 | 20.7177 | 1.0499 | 0.0698 | 0.3852 | 0.6041 | 1.1308 | 0.7584 | 0.9692
363.88 | 926.38 | 20.9963 | 0.9917 | 0.2000 | 0.1929 | 05151 | 1.0519 | 0.6348 | 0.8754
366.66 | 980.91 | 21.2984 | 1.0606 | 0.3599 | 0.1201 | 0.3249 | 1.0929 | 0.6320 | 0.9006
360.44 | 1037.79 | 21.5854 | 1.0789 | 0.5803 | 0.0138 | 0.2472 | 1.0755 | 05705 | 0.8655
37222 1097.00 | 21.8522 | 1.0290 | 0.9101 | 0.2289 | 0.1012 | 0.9809 | 04308 | 0.7511
375 | 1158.87 | 22.1560 | 1.1720 | 10587 | 0.0626 | 0.1335 | 1.0687 | 04738 | 0.8173
377.77 | 1223.19 | 22.4346 | 1.2307 | 1.3211 | 0.3980 | 0.1954 | 1.0509 | 04186 | 0.7842
38055 | 1200.00 | 22.7132 | 1.3210 | 15810 | 0.5202 | 0.3680 | 1.0678 | 03791 | 0.7653
383.33 | 1359.78 | 22.9867 | 14323 | 1.8606 | 0.6461 | 0.5374 | 1.0786 | 0.3398 | 0.7457
386.11 | 1432.04 | 23.2586 | L5774 | 2.1456 | 0.7650 | 0.7214 | 1.1007 | 03102 | 0.7347
388.88 | 1507.47 | 23.5221 | 1.7460 | 2.4619 | 0.8976 | 0.9104 | 1.1180 | 0.2715 | 0.7141
391.66 | 1585.3L | 23.7771 | 1.9392 | 2.8141 | 1.0502 | 1.1268 | 1.1209 | 0.2150 | 0.6758
394.44 | 1666.46 | 24.0280 | 2.2074 | 3.1743 | 1.1902 | 1.3778 | 1.1473 | 0.178L | 0.6554
397.22 | 1750.23 | 24.2722 | 2.5420 | 3.5686 | 1.3443 | 1.6332 | 1.1679 | 0.1300 | 0.6245
400.00 | 1837.38 | 24.5072 | 3.0015 | 3.9921 | 15010 | 1.9200 | 1.1993 | 0.0844 | 0.5071
402.77 | 1927.70 | 24.7220 | 3.6024 | 4.4958 | 1.7107 | 2.2340 | 1.1955 | 0.0050 | 0.5267
405.55 | 200140 | 24.9536 | 4.8128 | 40011 | 1.7926 | 2.6232 | 1.3333 | 0.0352 | 0.5801
408.33 | 2118.48 | 25.1667 | 48.1103 | 5.4208 | 1.9500 | 2.9127 | 1.4190 | 0.0092 | 0.5876
41111 | 2219.35 | 253480 | 45.9794 | 6.0448 | 2.1639 | 3.3114 | 14789 | 0.0632 | 0.5444
413.83 | 2323.80 | 25.5175 | 438435 | 6.7112 | 2.3681 | 3.8083 | 15809 | 0.1171 | 0.5249
416.66 | 2432.19 | 25.6702 | 41.6018 | 7.4307 | 2.5685 | 4.3432 | 1.7299 | 0.1561 | 0.5270
419.44 | 2544.71 | 25.7558 | 39.4050 | 8.4415 | 2.9489 | 4.9344 | 1.7639 | 0.3579 | 0.3763
422.02 | 2661.16 | 25.8682 | 37.2007 | 9.3246 | 3.1170 | 5.7875 | 2.0680 | 0.3406 | 0.4525
425.00 | 2782.10 | 25.9622 | 34.9747 | 10.2776 | 3.2143 | 6.5201 | 2.5355 | 0.2412 | 0.6210
427.77 | 2907.51 | 25.8699 | 32.2011 | 12.0241 | 3.8584 | 7.3150 | 2.6023 | 0.6654 | 0.2778
430.55 | 3038.03 | 25.7642 | 29.5695 | 13.8395 | 4.2489 | 8.8755 | 3.0373 | 0.8580 | 0.156
433.33 | 3172.48 | 25.6081 | 26.6078 | 150004 | 4.3509 | 10.4934 | 3.6614 | 0.9274 | 0.074
13.0437 | 4.2082 | 1.5020 | 2.4782 | 14753 | 04612 | 0.715




Table C-5: Propane [57]

Virid | _R._| Virid | Lee | Peng | This

T P | o | 202 B | kwong [ /C | Keser Robinson | Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

21648 | 50.815 | 13.774 | 6.7450 | 2.0071 | 2.4778 | 14335 | 12235 | 2.1347 | 1.9845
22203 | 67.017 | 14.030 | 6.4305 | 1.8304 | 2.2237 | 1.2883 | 10733 | 18969 | 1.7430
22759 | 86.874 | 14.338 | 6.4454 | 1.9835 | 2.3069 | 14836 | 1.2693 | 2.0000 | 1.8452
233.15 | 111.696 | 14.543 | 57962 | 1.4426 | 1.6879 | 0.9775 | 0.7654 | 14002 | 1.0476
238.70 | 139.964 | 14.851 | 57960 | 1.5550 | 1.7403 | 11358 | 0.9364 | 14805 | 1.3322
244.26 | 175.128 | 15.056 | 51675 | 1.0023 | 1.1260 | 0.6334 | 0.4483 | 0.8951 | 0.7552
249.81 | 216497 | 15.363 | 51960 | 1.1155 | 1.1865 | 0.8070 | 0.6447 | 0.9905 | 0.8652
25537 | 263.381 | 15.620 | 4.9060 | 0.8730 | 0.9058 | 0.6278 | 0.4966 | 0.748L | 0.6430
260.92 | 317.161 | 15.928 | 4.9390 | 0.9436 | 0.9502 | 0.7687 | 0.6773 | 0.8363 | 0.7576
266.48 | 382.661 | 16.184 | 4.7229 | 0.7285 | 0.7153 | 0.6309 | 0.5968 | 0.6532 | 0.6043
27208 | 457.125 | 16492 | 4.8345 | 0.8210 | 0.8061 | 0.8280 | 0.8462 | 0.8026 | 0.7888
57759 | 537.794 | 16.799 | 4.9385 | 0.8717 | 0.8779 | 0.9755 | 1.0676 | 0.9372 | 0.9649
283.15 | 632.943 | 17.107 | 5.1146 | 0.9516 | 0.9974 | 11714 | 1.3556 | 1.1302 | 1.2006
288.70 | 738.433 | 17.415 | 5.3216 | 1.0164 | 1.1279 | 1.3606 | 16561 | 13417 | 14575
204.26 | 854.955 | 17.671 | 52928 | 0.7809 | 0.9870 | 12598 | 1.6897 | 1.2906 | 1.4539
209.81 | 984.578 | 17.979 | 5.6034 | 0.8356 | 1.1681 | 1.4601 | 2.0514 | 15707 | 1.7806
305.37 | 1130.747 | 18.286 | 6.0118 | 0.9055 | 1.4051 | 16943 | 2.4861 | 19198 | 2.1722
310.97 | 1289.328 | 18.543 | 6.0261 | 0.6837 | 1.3937 | 1.6473 | 2.6794 | 2.0318 | 2.3264
55271 | 10177 | 1.3380 | 1.1218 | 1.2202 | 1.3368 | 13290

Table C-6: n-butane [8]

Viriad | _R- | Virid | Lee | Peng | This

T P | b | %€ B | kwong | /C | Keder Robinson | Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

280 | 133.445 | 22.015| 0.7268 | 0.69602 | 0.7679 | 0.3283 | 0.653L | 0.7386 | 0.6882
200 | 183.059 | 23.681 | 1.0439 | 0.99812 | 1.1526 | 0.6612 | 0.8780 | 1.0753 | 0.9503
300 | 258.581 | 24530 | 0.9979 | 0.97154 | 1.1915 | 0.9063 | 0.7443 | 1.0545 | 0.8481
310 | 347.545 | 25.468 | 0.5930 | 0.6302L | 0.8914 | 0.808L | 0.2611 | 0.6823 | 0.3903
320 | 457.786 | 26.438 | 0.0571 | 0.21280 | 0.4845 | 0.3796 | 0.3397 | 0.1892 | 0.1902
330 | 592549 | 27.329 | 0.2085 | 0.13598 | 0.3810 | 0.1424 | 0.6540 | 0.0182 | 0.4856
340 | 754.770 | 28.141| 0.2590 | 0.36537 | 0.5350 | 0.3454 | 0.7300 | 0.0124 | 0.5411
350 | 947.895 | 28.844 | 0.0513 | 0.97500 | 1.0105 | 0.0661 | 0.5149 | 0.3372 | 0.2983
360 | 1175370 | 20576 | 0.1246 | 1.46883 | 1.2870 | 0.1661 | 05275 | 0.4372 | 0.2707
370 | 1440.842 | 30.212 | 0.1316 | 2.27206 | 1.7674 | 0.4535 | 0.3861 | 0.7050 | 0.0670
380 | 1747.856 | 30.756 | 0.2482 | 3.35879 | 2.3856 | 10173 | 0.1789 | 1.0659 | 0.2367
300 | 2102494 | 31246 | 1.0331 | 4.58686 | 2.9316 | 1.8276 | 0.1619 | 1.2047 | 0.4077
400 | 2507.794 | 31614 | 36.1578 | 6.18387 | 35161 | 2.7367 | 0.3138 | 14778 | 05132
405 | 2730.700 | 31.756 | 33.4284 | 7.10957 | 3.7451 | 3.9663 | 05882 | 14627 | 0.4407
410 | 2969.836 | 31.836 | 30.5808 | 8.23280 | 3.9550 | 4.6888 | 10660 | 1.3805 | 0.2727
411 | 3018.472 | 31.840 | 29.9846 | 8.50005 | 4.0145 | 55886 | 1.1655 | 1.3771 | 0.2496
412 | 3069.134 | 31.827 | 29.3556 | 8.81933 | 4.0075 | 5.8104 | 10733 | 13891 | 0.2365
413 | 3119.797 | 31.823 | 28.7436 | 9.11230 | 4.1454 | 6.0796 | 14232 | 1.3663 | 0.1884
414 | 3171472 | 31.798 | 28.0859 | 9.47580 | 4.2394 | 6.3238 | 15554 | 1.3832 | 0.1760
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415 | 3223148 [ 31.785 | 27.4548 | 9.79880 | 4.2815 | 6.6354 | 1.7492 | 1.3492 | 0.1125
416 | 3275.837 | 31.731 | 26.7287 | 10.26576 | 4.4335 | 6.9080 | 1.8749 | 1.4160 | 0.1445
417 | 3329.540 | 31.681 | 26.0121 | 10.71837 | 45398 | 7.3194 | 2.0902 | 1.4314 | 0.1205
418 | 3384.255 | 31.610 | 25.2462 | 11.24464 | 4.6770 | 7.7153 | 2.3409 | 1.4680 | 0.1113
419 | 3438.970 | 31.509 | 24.4061 | 11.87934 | 4.8851 | 8.1814 | 2.5744 | 15719 | 0.1667
420 | 3494.699 | 31.392 | 23,5226 | 12.57680 | 5.0948 | 8.7534 | 2.9282 | 1.6669 | 0.2057
421 | 3550.428 | 31.246 | 22.5596 | 13.38785 | 5.3585 | 9.3847 | 3.3506 | 1.8142 | 0.2962
422 | 3607.170 | 31.053 | 21.4744 | 14.37449 | 5.6892 | 10.1268 | 4.1943 | 2.0163 | 0.4341
423 | 3664.925 | 30.819 | 20.2709 | 15.52884 | 6.0307 | 11.0375 | 18.6614 | 2.2208 | 0.5709
423 | 3694.310 | 30.685 | 19.6202 | 16.17502 | 6.1769 | 12.1091 | 17.6433 | 2.2964 | 0.6131
424 | 3723.694 | 30.522 | 18.8860 | 16.93957 | 6.3571 | 12.7108 | 16.3862 | 2.4196 | 0.7182
424, | 3753.078 | 30.292 | 17.9630 | 17.97303 | 6.6687 | 13.4272 | 145785| 2.7095 | 1.0262
15.9986 | 7.57964 | 3.4417 | 5.0582 | 3.1809 | 1.2848 | 0.3862
Table C-7: n-Pentane [9]

virid | R | Viria [ S5 | peng | This

T P E);{)a ASAoaD\gZ /B kwong /IC A Ag Robinso | Work
AAD% | AAD% | AAD% % n AAD% | AADY%

310 | 104.26 | 25.7107 | 0.8136 | 0.8095 | 0.8189 | 1.1753 | 0.8016 | 0.9123 | 0.8976
320 | 144.38 | 27.0914 | 0.0336 | 0.0675 | 0.0400 | 0.8059 | 0.1348 | 1.2384 | 1.0568
330 | 195.65 | 28.5014 | 0.8638 | 0.9015 | 0.7098 | 0.1168 | 1.0497 | 15052 | 1.1610
340 | 259.79 | 30.0244 | 1.9631 | 1.9730 | 1.7156 | 1.0064 | 2.2258 | 1.4264 | 0.9292
350 | 338.93 | 31.6269 | 3.1943 | 3.1392 | 2.8378 | 2.1435 | 35238 | 1.1462 | 0.5072
360 | 43519 | 33.1457 | 4.0759 | 3.9107 | 35896 | 3.3866 | 4.4615| 1.1781 | 0.4059
370 | 550.80 | 34.6644 | 4.9093 | 4.5792 | 4.2685 | 4.2486 | 5.3367 | 1.2218 | 0.3264
380 | 688.00 | 36.3464 | 6.1465 | 55861 | 5.3233 | 5.0220 | 6.5950 | 0.8053 | 0.2006
300 | 849.61 | 37.2502 | 5.4163 | 4.5233 | 4.3483 | 6.1467 | 5.8701 | 2.5022 | 1.3693
400 | 1048.1 | 38.6685 | 6.1906 | 4.8226 | 4.8024 | 5.2316 | 6.6150 | 2.6163 | 1.3341
410 | 1256.0 | 40.1413 | 7.0474 | 5.1100 | 5.3013 | 5.7073 | 7.3662 | 2.6512 | 1.3022
420 | 1506.8 | 41.6517 | 8.2808 | 5.4936 | 5.9955 | 6.1521 | 8.3936 | 2.4140 | 0.9608
430 | 17936 | 42.9613 | 95110 | 5.3972 | 6.3395 | 6.7303 | 9.1583 | 2.5074 | 0.9482
440 | 21204 | 43.8943 | 11.6126 | 4.4854 | 6.0710 | 6.8559 | 9.4699 | 3.2207 | 1.5584
450 | 2491.1 | 44.4634 | 355607 | 2.8177 | 5.3921 | 6.2047 | 9.6707 | 4.3278 | 2.5936
455 | 26945 | 44.3295 | 32.6471 | 1.0746 | 4.3899 | 4.8431 | 9.3633 | 5.5845 | 3.8299
460 | 29109 | 43.9822 | 29.3833 | 1.1658 | 3.1903 | 3.2874 | 9.2161 | 7.0318 | 5.2795
461 | 2955.8 | 43.8860 | 28.6830 | 1.6800 | 2.9400 | 1.2593 | 9.2526 | 7.3284 | 55799
462 | 3001.3 | 43.7981 | 27.9946 | 2.1767 | 2.7322 | 0.7909 | 9.3719 | 7.5756 | 5.8321
463 | 3047.3 | 43.6768 | 27.2487 | 2.7541 | 2.4774 | 0.3405 | 95015 | 7.8728 | 6.1346
464 | 3093.8 | 43.5513 | 26.4927 | 3.3447 | 2.2471 | 0.1881 | 9.7294 | 8.1408 | 6.4091
465 | 3141.0 | 43.4216 | 25.7270 | 3.9483 | 2.0561 | 0.7290 | 10.124 | 8.3613 | 6.6337
466 | 3188.7 | 43.3044 | 24.9798 | 45252 | 1.9551 | 1.2815 | 10.839 | 8.4793 | 6.7547
467 | 3237.1 | 43.1161 | 24.1053 | 5.2784 | 1.7872 | 1.8074 | 26.598 | 8.6672 | 6.9349
468 | 3286.0 | 42.8358 | 23.0600 | 6.2660 | 1.5679 | 2.5042 | 24.753 | 8.9075 | 7.1384
469 | 33355 | 42.4718 | 21.8488 | 7.4780 | 1.5179 | 3.4281 | 22.208 | 8.9676 | 6.9944
465 | 3360.5 | 42.1078 | 20.8961 | 8.5588 | 1.6144 | 4.5695 | 19.887 | 8.8381 | 4.3869
155069 | 3.7729 | 3.1863 | 3.1838 | 9.3157 | 4.6455 | 3.2392




Table C-8: Ethylene [36]
Viria | _R- | Viriad | Lee | Peng | This
T P | o | €1 B |kwong | /C | Keder Robinson | Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%
104.00| 0122 | 115172 | 47446 | 52004 | 47300 | 53142 | 51201 | 470406 | 4.55465
11092 0375 | 11752 | 3.8080 | 4.2465 | 3.7933 | 43491 | 41721 | 3.76848 | 3.62318
12203| 1.793 | 12.1175 | 25800 | 2.9574 | 2.5645 | 3.0560 | 2.0174 | 2.54240 | 2.40670
133.15| 6.140 | 12.4895 | 14767 | 1.7756 | 1.4598 | 1.8679 | 17718 | 144219 | 1.32301
14426 | 17.124 | 12.8614 | 0.5094 | 0.7146 | 0.4915 | 0.7946 | 0.7399 | 0.48021 | 0.38805
15537 | 40.73 | 13.2203 | 0.2757 | 0.1698 | 0.2014 | 0.1135 | 0.1346 | 0.29583 | 0.34994
166.48 | 84.80 | 13.5205 | 0.6049 | 0.5859 | 0.6101 | 05709 | 05737 | 0.61023 | 0.62130
17750 | 159.84 | 13.7358 | 0.3782 | 0.4154 | 0.3567 | 0.4682 | 0.4723 | 0.35063 | 0.33355
18870 | 277.33 | 13.9773 | 0.4694 | 0.5010 | 0.3942 | 0.6571 | 0.6908 | 0.41298 | 0.37260
199.81 | 452.07 | 14.1730 | 0.4353 | 0.3585 | 0.2631 | 0.6681 | 0.7723 | 0.31840 | 0.30186
210.92 | 696.07 | 14.3492 | 0.5280 | 0.1776 | 0.1926 | 0.7007 | 0.9410 | 0.31382 | 0.37239
22203 | 1023.28 | 144797 | 0.6637 | 0.2141 | 0.0603 | 0.5975 | 1.0787 | 0.28738 | 0.47508
233.15 | 1421.97 | 14.538 | 0.6117 | 1.1188 | 0.4025 | 0.0289 | 0.883L | 0.02478 | 0.36761
13143 | 1.4188 | 1.2008 | 14759 | 1.5591 | 1.19695 | 1.19153

Table C-9: Ethyl Chloride [36]
vVirid | _R. | Virid | Lee | Peng | This
T P | 5P| %€ ) B | kwong [ /C | Keder Robingon | Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%
243.15 | 15.16 | 22.5569 | 0.5208 | 0.3433 | 0.5603 | 0.3114 | 0.3649 | 0.5340 | 0.4820
248.15 | 19.65 | 22.7225 | 10011 | 0.853L | 10364 | 0.8244 | 0.8669 | 1.0128 | 0.9668
25315 | 25.23 | 22.8845 | 1.3954 | 10776 | 14257 | 12528 | 1.2849 | 14053 | 1.3663
258.15 | 32.06 | 23.0442 | 1.7088 | 16213 | 1.7333 | 16012 | 16237 | 17168 | 1.6857
263.15 | 40.33 | 23.1253 | 2.0635 | 2.0061 | 2.0810 | 1.9916 | 2.0055 | 2.0691 | 2.0471
268.15 | 50.19 | 23.2028 | 2.4002 | 2.3718 | 2.4006 | 2.3639 | 2.3706 | 2.4032 | 2.3915
278.15 | 75.91 | 233507 | 2.8632 | 2.8902 | 2.8522 | 2.6653 | 2.8955 | 2.8598 | 2.8729
283.15 | 92.18 | 234905 | 3.1071 | 3.1501 | 3.0834 | 2.8995 | 3.1721 | 3.0098 | 3.1276
288.15 | 111.07 | 23.6244 | 3.3423 | 3.4168 | 3.3039 | 3.1792 | 3.4400 | 3.3305 | 3.3746
293.15 | 133.00 | 23.7547 | 3.4648 | 35503 | 3.4007 | 3.4493 | 3.5984 | 3.4480 | 35102
298.15 | 158.16 | 23.8780 | 35850 | 3.6960 | 3.5106 | 3.6063 | 3.7540 | 3.5624 | 3.6445
303.15 | 186.84 | 23.9966 | 3.7558 | 3.8790 | 3.6597 | 3.7596 | 3.9605 | 3.7267 | 3.8304
308.15 | 219.39 | 24.1059 | 3.8232 | 3.9539 | 3.7024 | 3.9614 | 4.0639 | 3.7867 | 3.9140
313.15 | 256.28 | 24.1631 | 3.9957 | 4.1285 | 3.8471 | 4.0578 | 4.2723 | 3.9508 | 4.1034
318.15 | 297.58 | 24.2068 | 4.0195 | 4.1479 | 3.8395 | 4.0565 | 4.3316 | 3.9651 | 4.1448
323.15 | 343.91 | 24.3020 | 4.1005 | 42173 | 3.8853 | 4.3031 | 44474 | 4.0351 | 4.0438
328.15 | 395.48 | 243912 | 4.0906 | 4.1878 | 3.8358 | 44030 | 44715 | 40127 | 42521
28963 | 2.9241 | 2.8339 | 2.8757 | 2.9956 | 2.8776 | 2.9387




Table C-10: Trichloroethylene [36]

Virid | R- | Viriad | Lee | Peng. | This

T P | op | €1 B |kwong | /C | Keder Robinson | Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

260.92 | 664.90 | 34.804 | 6.5244 | 6.5195 | 6.5247 | 6.7986 | 6.5221 | 6.5245 | 6.5234
266.48 | 1336.28 | 35.450 | 6.0484 | 6.0376 | 6.0489 | 65194 | 6.0432 | 6.0486 | 6.0461
272,03 | 2013.56 | 36.037 | 55060 | 5.4841 | 55070 | 6.0375 | 54960 | 55064 | 55015
57750 | 2696.89 | 36.621 | 4.9982 | 4.9628 | 5.0000 | 54837 | 4.9822 | 4.9989 | 4.9910
283.15 | 3386.37 | 37.330 | 4.1640 | 4.1147 | 4.1667 | 4.9622 | 4.1410 | 4.1650 | 4.1534
288.70 | 408L91 | 38.027 | 34019 | 3.338L | 3.4057 | 4.1136 | 3.3712 | 3.4033 | 3.3874
204.26 | 4783.17 | 38.818 | 2.4230 | 2.3432 | 2.4283 | 3.3364 | 2.3831 | 2.4249 | 2.4038
200.81 | 5490.51 | 39.613 | 1.4824 | 1.3873 | 14894 | 2.3407 | 14329 | 14849 | 14579
305.37 | 6204.05 | 40.505 | 0.3428 | 0.2341 | 0.3518 | 1.3839 | 0.2838 | 0.3459 | 0.3128
310.92 | 6924.00 | 41382 | 0.7039 | 0.8238 | 0.6928 | 0.2296 | 0.7720 | 0.7002 | 0.7395
316.48 | 7647.55 | 42.041 | 1.6653 | 1.8042 | 16510 | 0.8294 | 1.7473 | 1.6606 | 1.7092
322,03 | 8376.47 | 43.207 | 2.8258 | 2.9824 | 2.8078 | 1.8118 | 2.9220 | 2.8201 | 2.8786
327.50 | 9100.18 | 44.283 | 4.1748 | 43515 | 4.1522 | 2.9924 | 42878 | 4.1678 | 4.2383
333.15 | 9846.82 | 45.404 | 55535 | 5.7490 | 55256 | 4.3648 | 5.6837 | 55450 | 5.6286
35582 | 35800 | 35537 | 3.6574 | 35763 | 3.5569 | 3.5694

Table C-11: SO, [36]

virid | _R- | Virid | Lee | Peng | This

T P o | S0 B kwong | /C | Keder Rebineonl |k
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

20537 | 3.206 | 28.5206 | 0.6008 | 0.6147 | 0.6000 | 0.6109 | 0.6065 | 0.6006 | 0.6082
210.92 | 4.895 | 28.7143 | 05880 | 0.6176 | 0.5861 | 0.6149 | 0.6009 | 0.5875 | 0.6053
216.48 | 7.281 | 28.9080 | 05734 | 0.6207 | 0.5699 | 0.6181 | 0.5952 | 05725 | 0.6033
22203 | 10.68 | 29.1017 | 05583 | 0.6265 | 0.5526 | 0.6216 | 05915 | 0.5568 | 0.6050
22750 | 1534 | 29.3103 | 05941 | 0.6854 | 0.5853 | 0.6282 | 0.6411 | 05919 | 0.6616
233.15| 2151 | 29.5040 | 0.5801 | 0.6962 | 0.5674 | 0.6882 | 0.6432 | 05770 | 0.6729
23870 | 20.85 | 29.6829 | 05198 | 0.6639 | 0.5018 | 0.7006 | 0.6024 | 05154 | 0.6441
244.26 | 4054 | 29.8617 | 0.4636 | 0.6366 | 0.4390 | 0.6706 | 0.5684 | 0.4578 | 0.6245
249.81| 5398 | 30.0554 | 0.4621 | 0.6641 | 0.4292 | 0.6465 | 0.5014 | 0.4545 | 0.6645
25537 | 70.74 | 302193 | 0.3685 | 0.5098 | 0.3254 | 0.6781 | 0.5250 | 0.3587 | 0.6178
260.92 | 91.70 | 30.3981 | 0.3337 | 0.5047 | 0.2780 | 0.6190 | 0.5204 | 0.3211 | 0.6360
266.48 | 11652 | 30.5918 | 0.3543 | 0.6418 | 0.2840 | 0.6208 | 0.5722 | 0.3387 | 0.7121
272,03 | 146.85 | 30.7557 | 0.2902 | 0.6037 | 0.2021 | 0.6761 | 0.5423 | 0.2707 | 0.7094
27759 | 183.40 | 30.9494 | 0.3363 | 0.6735 | 0.2270 | 0.6485 | 0.6248 | 0.3123 | 0.8214
283.15 | 226.83 | 31.0985 | 0.0534 | 0.6116 | 0.1189 | 0.7312 | 0.5808 | 0.2240 | 0.8089
288.70 | 277.86 | 31.2624 | 0.2351 | 0.6094 | 0.0713 | 0.6850 | 0.6026 | 0.1993 | 0.8635
204.26 | 338.53 | 31.4114 | 0.1920 | 05781 | 0.0068 | 0.7016 | 0.6025 | 0.1483 | 0.8982
200.81 | 408.86 | 31.5455 | 0.123L | 0.5138 | 0.1162 | 0.6935 | 0.5776 | 0.0702 | 0.9089
305.37 | 489.53 | 28.5206 | 0.0773 | 0.4634 | 0.2086 | 0.6567 | 0.5758 | 0.0134 | 0.9423
310.92 | 579.85 | 31.8137 | 0.0509 | 0.4209 | 0.2873 | 0.6381 | 0.5911 | 0.0256 | 0.9904
316.48 | 683.27 | 31.9627 | 0.1012 | 0.4429 | 0.2971 | 0.63L1 | 0.6828 | 0.0095 | 11143




322.03 | 801.86 | 32.0670 | 0.0478 | 0.3474 | 0.4211 | 0.6946 | 0.6717 | 0.0624 | 1.1361
327.59 | 936.31 | 32.1564 | 0.0138 | 0.2258 | 0.5645 | 0.6479 | 0.6514 | 0.1466 | 1.1484
333.15 | 1087.31 | 32.2458 | 0.0352 | 0.1230 | 0.6797 | 0.5830 | 0.6685 | 0.1952 | 1.1970
338.70 | 1254.85 | 32.3650 | 0.0760 | 0.1278 | 0.6749 | 0.5448 | 0.8126 | 0.1168 | 1.3697
344.26 | 1441.01 | 32.4246 | 0.0508 | 0.0332 | 0.8236 | 0.6210 | 0.8163 | 0.1824 | 1.4015
349.81 | 1640.96 | 32.4992 | 0.1045 | 0.1458 | 0.9066 | 0.5413 | 0.8873 | 0.1766 | 1.4929
355.37 | 1875.38 | 32.5439 | 0.1739 | 0.2957 | 1.0095 | 0.5142 | 0.9734 | 0.1720 | 1.6117
360.92 | 2116.70 | 32.5737 | 0.2118 | 0.5123 | 1.1569 | 0.4713 | 1.0072 | 0.2090 | 1.6613
366.48 | 2392.49 | 32.6184 | 0.4153 | 0.6367 | 1.1835 | 0.3601 | 1.1944 | 0.1064 | 1.8726
372.03 | 2688.97 | 32.6184 | 0.5614 | 0.8904 | 1.3086 | 0.3610 | 1.2996 | 0.0894 | 1.9948
377.59 | 3013.02 | 32.6035 | 0.7833 | 1.1683 | 1.4188 | 0.2424 | 1.4470 | 0.0400 | 2.1550
383.15 | 3357.76 | 32.5886 | 1.1190 | 1.4424 | 1.4833 | 0.1139 | 1.6565 | 0.0676 | 2.3600
388.70 | 3743.87 | 32.4693 | 1.3933 | 1.9978 | 1.7621 | 0.0032 | 1.7207 | 0.0034 | 2.4183
394.26 | 4164.45 | 32.3203 | 1.9045 | 2.6251 | 2.0324 | 0.3718 | 1.8549 | 0.0347 | 2.5236
399.81 | 4612.62 | 32.0968 | 2.7156 | 3.4880 | 2.4448 | 0.7914 | 1.9138 | 0.1766 | 2.5041
405.37 | 5095.25 | 31.7839 | 39.7331 | 4.6351 | 3.0089 | 1.4287 | 1.9287 | 0.4247 | 2.3662
410.92 | 5626.15 | 31.3816 | 36.8730 | 6.0618 | 3.6360 | 2.3240 | 2.0817 | 0.6605 | 2.2441
416.48 | 6191.53 | 30.3683 | 32.6131 | 9.6735 | 6.1041 | 3.4580 | 0.7625 | 2.6038 | 0.4007
422.03 | 6805.16 | 29.9064 | 29.4323 | 11.4028 | 6.2123 | 6.6958 | 2.2255 | 2.1248 | 0.8390
3.8978 | 14603 | 1.1021 | 0.8637 | 0.9253 | 0.3700 | 1.2102
Table C-12: water [26]
Virial R- Virial Lee Peng- This
T P E);{)a ASAoaD\gZ /B kwong IC Kesler | Robi ngson Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%
278 | 0.8721 | 45.2274 | 3.3597 | 3.3568 | 3.3598 | 3.3691 | 3.3589 | 3.3597 | 3.3567
283 | 1.2276 | 45.3931 | 3.3509 | 3.3445 | 3.3511 | 3.3568 | 3.3491 | 3.3509 | 3.3439
288 | 1.705 | 455583 | 3.3435 | 3.3331 | 3.3439 | 3.3445 | 3.3405 | 3.3436 | 3.3314
203 | 2.339 | 457232 | 3.3371 | 3.3221 | 3.3377 | 3.3331 | 3.3325 | 3.3372 | 3.3186
208 | 3.169 |45.8873 | 3.3323 | 3.3121 | 3.3333 | 3.3220 | 3.3260 | 3.3325 | 3.3059
303 | 4.246 | 46.0508 | 3.3288 | 3.3026 | 3.3302 | 3.3120 | 3.3202 | 3.3290 | 3.2926
308 | 5.628 | 46.2135| 3.3271 | 3.2943 | 3.3291 | 3.3025 | 3.3159 | 3.3275 | 3.2790
313 | 7.384 | 46.3753 | 3.3273 | 3.2870 | 3.3298 | 3.2941 | 3.3130 | 3.3278 | 3.2648
318 | 9593 | 46.5362 | 3.3291 | 3.2806 | 3.3324 | 3.2867 | 3.3112 | 3.3297 | 3.2495
323 | 12.35 | 46.6960 | 3.3328 | 3.2753 | 3.3371 | 3.2802 | 3.3106 | 3.3336 | 3.2330
328 | 15.758 | 46.8545 | 3.3387 | 3.2713 | 3.3442 | 3.2747 | 3.3116 | 3.3396 | 3.2153
333 | 19.941 | 47.0118 | 3.3465 | 3.2684 | 3.3534 | 3.2705 | 3.3139 | 3.3477 | 3.1958
338 | 25.03 | 47.1676 | 3.3565 | 3.2669 | 3.3651 | 3.2674 | 3.3177 | 3.3580 | 3.1745
343 | 31.19 | 47.3218 | 3.3689 | 3.2670 | 3.3796 | 3.2656 | 3.3230 | 3.3707 | 3.1511
348 | 38.58 | 47.4746 | 3.3831 | 3.2680 | 3.3961 | 3.2652 | 3.3292 | 3.3853 | 3.1249
353 | 47.39 | 47.6255| 3.3996 | 3.2705 | 3.4154 | 3.2657 | 3.3369 | 3.4022 | 3.0962
358 | 57.83 | 47.7745| 3.4185 | 3.2748 | 3.4377 | 3.2676 | 3.3461 | 3.4217 | 3.0649
363 | 70.14 | 47.9215| 3.4397 | 3.2805 | 3.4626 | 3.2710 | 3.3566 | 3.4434 | 3.0305
368 | 84.55 | 48.0664 | 3.4632 | 3.2880 | 3.4905 | 3.2758 | 3.3684 | 3.4676 | 2.9930
373 | 101.3 | 48.2090 | 3.4888 | 3.2970 | 3.5211 | 3.2819 | 3.3813 | 3.4940 | 2.9525
378 | 120.8 | 48.3492 | 3.5167 | 3.3078 | 3.5549 | 3.2895 | 3.3954 | 3.5228 | 2.9084
383 | 143.3 | 48.4868 | 3.5469 | 3.3202 | 3.5916 | 3.2984 | 3.4107 | 3.5540 | 2.8611
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388 | 169.1 | 48.6218 | 3.5793 | 3.3347 | 3.6314 | 3.3088 | 3.4273 | 3.5876 | 2.8109
393 | 198.5 | 48.7540 | 3.6138 | 3.3512 | 3.6743 | 3.3207 | 3.4448 | 3.6234 | 2.7581
398 | 232.1 | 48.8830 | 3.6508 | 3.3699 | 3.7207 | 3.3342 | 3.4637 | 3.6618 | 2.7022
403 | 270.1 | 49.0091 | 3.6895 | 3.3904 | 3.7699 | 3.3493 | 3.4833 | 3.7022 | 2.6438
408 | 313 |[49.1316| 3.7310 | 34138 | 3.8231 | 3.3657 | 3.5046 | 3.7455 | 2.5839
413 | 361.3 | 49.2507 | 3.7743 | 3.4394 | 3.8795 | 3.3844 | 3.5268 | 3.7909 | 2.5219
418 | 4154 | 49.3658 | 3.8205 | 3.4683 | 3.9402 | 3.4046 | 3.5507 | 3.8393 | 2.4593
423 | 475.9 | 49.4771| 3.8684 | 3.4998 | 4.0042 | 3.4273 | 3.5754 | 3.8898 | 2.39%4
428 | 543.1 | 49.5843 | 3.9188 | 3.5347 | 4.0722 | 3.4516 | 3.6017 | 3.9430 | 2.3321
433 | 617.8 | 49.6870 | 3.9716 | 3.5730 | 4.1445 | 3.4784 | 3.6295 | 3.9990 | 2.2690
438 | 700.5 | 49.7850 | 4.0269 | 3.6152 | 4.2212 | 3.5076 | 3.6588 | 4.0577 | 2.2069
443 | 791.7 | 49.8781 | 4.0846 | 3.6616 | 4.3024 | 3.5395 | 3.6899 | 4.1194 | 2.1467
448 | 892.8 | 49.9660 | 4.1440 | 3.7113 | 4.3878 | 3.5742 | 3.7215 | 4.1832 | 2.0858
453 | 1002.2 | 50.0486 | 4.2078 | 3.7683 | 4.4795 | 3.6108 | 3.7576 | 4.2518 | 2.0340
458 | 1122.7 | 50.1255 | 4.2732 | 3.8292 | 45755 | 3.6534 | 3.7943 | 4.3225 | 1.9825
463 | 1254.4 | 50.1965 | 4.3409 | 3.8955 | 4.6767 | 3.6982 | 3.8329 | 4.3963 | 1.9345
468 | 1397.8 | 50.2611 | 4.4115 | 3.9681 | 4.7838 | 3.7465 | 3.8739 | 4.4737 | 1.8912
473 | 1553.8 | 50.3191 | 4.4850 | 4.0473 | 4.8968 | 3.7993 | 3.9173 | 4.5546 | 1.8524
478 | 1723 | 50.3705| 4.5606 | 4.1331 | 5.0156 | 3.8567 | 3.9628 | 4.6387 | 1.8182
483 | 1906.3 | 50.4146 | 4.6388 | 4.2264 | 5.1407 | 3.9184 | 4.0107 | 4.7263 | 1.7886
488 | 2104.2 | 50.4512 | 4.7199 | 4.3281 | 5.2727 | 3.9853 | 4.0616 | 4.8179 | 1.7647
493 | 2317.8 | 50.4802 | 4.8028 | 4.4377 | 5.4109 | 4.0581 | 4.1143 | 4.9126 | 1.7445
498 | 2547.7 | 50.5009 | 4.8883 | 4.5569 | 5.5565 | 4.1361 | 4.1700 | 5.0115 | 1.7293
503 | 2794.9 | 50.5132 | 4.9758 | 4.6858 | 5.7093 | 4.2209 | 4.2280 | 5.1140 | 1.7176
508 | 3060.1 | 50.5164 | 5.0656 | 4.8255 | 5.8700 | 4.3122 | 4.2890 | 5.2208 | 1.7099
513 | 3344.2 | 50.5106 | 5.1565 | 4.9760 | 6.0381 | 4.4112 | 4.3521 | 5.3309 | 1.7043
518 | 3648.2 | 50.4951 | 5.2487 | 5.1387 | 6.2145 | 45176 | 4.4176 | 5.4451 | 1.7003
523 | 3973 | 50.4694 | 5.3422 | 5.3147 | 6.3997 | 4.6324 | 4.4857 | 5.5635 | 1.6971
528 | 4319.5| 50.4332 | 5.4357 | 55043 | 6.5935 | 4.7567 | 4.5558 | 5.6856 | 1.6929
533 | 4688.6 | 50.3860 | 5.5289 | 5.7089 | 6.7964 | 4.8906 | 4.6278 | 5.8117 | 1.6866
538 | 5081.3 | 50.3269 | 5.6216 | 59304 | 7.0095 | 5.0351 | 4.7021 | 5.9423 | 1.6775
543 | 5498.7 | 50.2555 | 5.7123 | 6.1694 | 7.2326 | 5.1918 | 4.7779 | 6.0769 | 1.6630
548 | 5941.8 | 50.1712 | 5.8001 | 6.4278 | 7.4665 | 5.3614 | 4.8550 | 6.2158 | 1.6417
553 | 6411.7 | 50.0732 | 5.8831 | 6.7073 | 7.7116 | 55452 | 4.9328 | 6.3588 | 1.6116
558 | 6909.4 | 49.9605 | 5.9602 | 7.0103 | 7.9693 | 5.7445 | 5.0115 | 6.5067 | 1.5720
563 | 7436 | 49.8318 | 6.0291 | 7.3396 | 8.2405 | 5.9617 | 5.0908 | 6.6598 | 1.5216
568 | 7992.8 | 49.6863 | 6.0863 | 7.6978 | 85261 | 6.1991 | 5.1696 | 6.8181 | 1.4584
573 | 8581 | 49.5222 | 6.1279 | 8.0888 | 8.8280 | 6.4589 | 5.2478 | 6.9824 | 1.3823
578 | 9201.8 | 49.3380 | 6.1473 | 8.5166 | 9.1473 | 6.7446 | 5.3241 | 7.1530 | 1.2929
583 | 9856.6 | 49.1318 | 6.1359 | 8.9865 | 9.4865 | 7.0597 | 5.3979 | 7.3309 | 1.1908
588 | 10547 | 48.9006 | 6.0798 | 9.5055 | 9.8486 | 7.4091 | 5.4679 | 7.5175 | 1.0778
593 | 11274 | 48.6419 | 5.9561 | 10.0812 | 10.2368 | 7.7989 | 5.5328 | 7.7142 | 0.9588
598 | 12040 | 48.3517 | 5.7209 | 10.7236 | 10.6549 | 8.2362 | 5.5892 | 7.9221 | 0.8365
603 | 12845 | 48.0253 | 5.2868 | 11.4471 | 11.1103 | 8.7301 | 5.6374 | 8.1464 | 0.7279
608 | 13694 | 47.6560 | 4.3670 | 12.2679 | 11.6076 | 9.2942 | 5.6668 | 8.3862 | 0.6314
613 | 14586 | 47.2355 | 33.8981 | 13.2121 | 12.1606 | 9.9426 | 5.6773 | 8.6515 | 0.5813
618 | 15525 | 46.7523 | 31.9019 | 14.3123 | 12.7811 | 10.7006 | 5.6537 | 8.9460 | 0.5950
623 | 16514 | 46.1890 | 29.7491 | 15.6207 | 13.4909 | 11.5983 | 5.5765 | 9.2802 | 0.7075
628 | 17554 | 45.5189 | 27.3869 | 17.2209 | 14.3275 | 12.6844 | 5.4190 | 9.6768 | 0.9866
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633 | 18651 | 44.6952 | 24.7218 | 19.2586 | 15.3480 | 14.0388 | 5.1017 | 10.1620 | 1.4900
638 | 19807 | 43.6215 | 215458 | 22.0497 | 16.6897 | 15.7989 | 4.4646 | 10.8197 | 2.3649
643 | 21028 | 42.0131 | 17.2211 | 26.5495 | 18.7685 | 18.2671 | 2.8870 | 11.9190 | 3.8655
6.4828 | 6.0854 | 61938 | 51470 | 4.0098 | 51903 | 2.1884

Table C-13: R11[11]
Virial | R- | Viria | Lee | Peng | This
T P | D0 221 B | kwong | /C | Keder Rbingon |Work
AAD% | AAD% | AAD% | AAD% | AAD% AAD%
203 | 06 | 257923 | 0.2953 | 0.2079 | 0.2986 | 0.2057 | 0.2565 | 0.2970 | 0.2011
213| 1.3 | 264896 | 0.1140 | 0.0495 | 0.1169 | 0.0476 | 0.0838 | 0.1155 | 0.1106
223 27 |27.1963 | 0.0423 | 0.0762 | 0.0405 | 0.0774 | 0.0595 | 0.0415 | 0.0444
243 92 | 28.6342 | 0.3206 | 0.2805 | 0.3237 | 01874 | 0.2971 | 0.3219 | 03173
253 | 158 | 29.3619 | 0.4415 | 0.3569 | 0.4497 | 0.2782 | 0.3879 | 04443 | 0.4334
263 | 257 | 30.0936 | 05555 | 04256 | 05713 | 0.3506 | 0.4658 | 0.5615 | 0.5405
273 | 402 | 30.6193 | 0.6686 | 04931 | 0.6956 | 0.4132 | 05365 | 0.6784 | 0.6441
283 | 606 | 31.3116 | 0.7787 | 05604 | 0.8213 | 04714 | 0.5987 | 0.7935 | 0.7416
293 | 884 | 32.0012 | 0.8832 | 0.6277 | 0.9470 | 05252 | 0.6508 | 0.9045 | 0.8300
296 | 1013 | 32.2622 | 0.9205 | 06530 | 0.9942 | 05741 | 0.6672 | 0.9443 | 0.8603
303 | 1254 | 32.6839 | 0.9867 | 0.7028 | 1.0787 | 0.5007 | 0.6984 | 1.0165 | 0.9139
313 | 1735 | 33.3598 | 10811 | 0.7814 | 1.2097 | 0.6244 | 0.7349 | 1.1220 | 0.9851
323 | 234.6 | 34.0260 | 11671 | 0.8692 | 1.3425 | 0.6705 | 0.7631 | 1.2223 | 1.0451
333 | 3111 | 34.6785 | 12465 | 0.9728 | 1.4812 | 0.7170 | 0.7862 | 1.3203 | 1.0968
343 | 4052 | 353186 | 1.3060 | 10857 | 1.6149 | 0.7687 | 0.7933 | 14040 | 11288
353 | 519.2 | 35.9400 | 13508 | 12212 | 1.7523 | 0.8177 | 0.7926 | 1.4806 | 1.1497
363 | 655.8 | 36.5440 | 1.3708 | 13789 | 1.8876 | 0.8756 | 0.7769 | 15428 | 11536
373 | 817.7 | 37.1237 | 1.3600 | 15672 | 2.0224 | 0.9403 | 0.7455 | 1.5003 | 11421
383 | 1007.6 | 37.6759 | 1.3121 | 17948 | 2.1566 | 1.0182 | 0.6957 | 1.6207 | 11153
393 | 1228.4 | 38.1951 | 12100 | 2.0734 | 2.2908 | 11161 | 0.6236 | 1.6320 | 10734
403 | 1483.4 | 38.6732 | 1.0357 | 24210 | 2.4279 | 12438 | 05243 | 16231 | 10168
413 | 17758 | 39.1004 | 0.7425 | 2.8599 | 2.5690 | 14165 | 0.3878 | 1.5002 | 0.9420
223 | 2109.1 | 39.4603 | 0.2394 | 34301 | 2.7225 | 16541 | 0.2033 | 1.5345 | 0.8474
433 | 2487 | 39.7282 | 0.7783 | 4.1938 | 2.9001 | 10934 | 0.0521 | 14562 | 0.7247
243 | 2913.8 | 39.8600 | 314060 | 5.2652 | 3.1245 | 24925 | 0.4278 | 13581 | 05567
453 | 3393.9 | 39.7694 | 27.3287 | 6.8818 | 3.4303 | 3.2590 | 1.0660 | 1.2433 | 0.3014
463 | 3932.4 | 39.1883 | 22.3243 | 9.8162 | 4.0207 | 45193 | 2.7125 | 11647 | 01179
3.7507 | 1.8906 | 1.6037 | 1.0314 | 0.6218 | 10750 | 0.7453
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Table C-14: R12[11]

Virial R- Virial L ee- Peng- This

T P E);{)a ASAoaD\gZ /B kwong IC Kesler | Robi ngson Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

183| 28 | 17.709 | 252718 | 0.7050 | 1.1920 | 0.6404 | 0.7875 | 1.1355 | 0.9634
193| 6.2 | 18.260 | 2.04335 | 0.5204 | 0.9253 | 0.4604 | 0.5693 | 0.8729 | 0.7184
203| 123 | 18819 | 1.54167 | 0.3564 | 0.6709 | 0.3034 | 0.3770 | 0.6248 | 0.4943
213| 22.6 | 19.381 | 1.01955 | 0.2052 | 0.4210 | 0.1631 | 0.2058 | 0.3846 | 0.2865
223 | 39.1 | 19.944 | 0.48315 | 0.0668 | 0.1766 | 0.0415 | 0.0593 | 0.1549 | 0.0998
228 | 504 | 20.226 | 0.21303 | 0.0030 | 0.0582 | 0.0109 | 0.0025 | 0.0464 | 0.0172
238 | 80.7 | 20.785 | 0.34376 | 0.1324 | 0.1864 | 0.1160 | 0.1188 | 0.1724 | 0.1403
243 | 1004 | 21.063 | 0.69197 | 0.2634 | 0.3677 | 0.2282 | 0.2301 | 0.3372 | 0.2703
243 | 101.3 | 21.074 | 0.55978 | 0.1318 | 0.2444 | 0.0943 | 0.1003 | 0.2132 | 0.1438
248 | 123.7 | 21.339 | 0.89902 | 0.2629 | 0.4220 | 0.2040 | 0.2058 | 0.3721 | 0.2662
253 | 1509 | 21.612 | 1.17929 | 0.3330 | 0.5411 | 0.2475 | 0.2431 | 0.4688 | 0.3214
258 | 1826 | 21.881 | 1.46245 | 0.4090 | 0.6633 | 0.2925 | 0.2780 | 0.5651 | 0.3730
263| 219 | 22.150 | 1.73689 | 0.4816 | 0.7773 | 0.3298 | 0.3002 | 0.6497 | 0.4103
268 | 261 | 22.413 | 2.01310 | 0.5619 | 0.8949 | 0.3693 | 0.3195 | 0.7335 | 0.4437
273 | 308.6 | 22.675 | 2.28122 | 0.6430 | 1.0064 | 0.4045 | 0.3283 | 0.8070 | 0.4650
278 | 362.6 | 22.931 | 254679 | 0.7321 | 1.1187 | 0.4416 | 0.3318 | 0.8762 | 0.4799
283 | 4233 | 23.184 | 2.80291 | 0.8247 | 1.2257 | 0.4761 | 0.3247 | 0.9350 | 0.4829
288 | 4914 | 23.430 | 3.05549 | 0.9293 | 1.3345 | 0.5155 | 0.3130 | 0.9899 | 0.4807
293 | 567.3 | 23.672 | 3.29638 | 1.0409 | 1.4383 | 0.5548 | 0.2901 | 1.0336 | 0.4668
298 | 651.6 | 23.908 | 3.52619 | 1.1635 | 1.5395 | 0.5973 | 0.2574 | 1.0680 | 0.4434
303 | 7449 | 24.136 | 3.74487 | 1.3014 | 1.6400 | 0.6467 | 0.2161 | 1.0942 | 0.4123
308 | 847.7 | 24.358 | 3.94714 | 1.4543 | 1.7370 | 0.7024 | 0.1627 | 1.1091 | 0.3706
313 | 960.7 | 24.569 | 4.13535 | 1.6308 | 1.8365 | 0.7721 | 0.1014 | 1.1174 | 0.3237
318 |1084.3 | 24.771 | 4.30237 | 1.8314 | 1.9354 | 0.8562 | 0.0282 | 1.1155 | 0.2686
323 | 1219.3 | 24.9627 | 4.44074 | 2.0593 | 2.0327 | 0.9569 | 0.0605 | 1.1011 | 0.2031
328 | 1366.3 | 25.1404 | 4.54622 | 2.3237 | 2.1329 | 1.0830 | 0.1629 | 1.0775 | 0.1306
333 | 1525.9 | 25.3025 | 4.60907 | 2.6342 | 2.2394 | 1.2431 | 0.2792 | 1.0462 | 0.0528
338 | 1698.8 | 25.4476 | 4.60442 | 2.9947 | 2.3483 | 1.4406 | 0.4181 | 1.0018 | 0.0362
343 | 1885.8 | 25.5709 | 4.50373 | 3.4239 | 2.4681 | 1.6927 | 0.5787 | 0.9496 | 0.1319
348 | 2087.5 | 25.6688 | 4.23705 | 3.9367 | 2.6004 | 2.0135 | 0.7687 | 0.8882 | 0.2371
353 | 2304.6 | 25.7341 | 3.63788 | 4.5629 | 2.7567 | 2.4313 | 0.9911 | 0.8245 | 0.3474
358 | 2538 | 25.7595| 1.86182 | 5.3327 | 2.9400 | 2.9741 | 1.2666 | 0.7549 | 0.4705
368 | 3056.9 | 25.6265 | 30.82553 | 7.5837 | 3.4763 | 4.7016 | 2.0803 | 0.6405 | 0.7433
373 | 3344.1 | 25.4065 | 26.99734 | 9.3488 | 3.9145 | 6.1570 | 2.7759 | 0.6360 | 0.8845
378 | 3650.9 | 24.9772 | 22.47845 | 12.0571 | 4.6366 | 8.5022 | 4.1246 | 0.7637 | 0.9853
383 | 3978.5 | 23.9398 | 15.76537 | 17.7576 | 6.4551 | 13.7061 | 23.1934 | 1.6208 | 0.6417
4.96835 | 2.5000 | 1.6765 | 1.5659 | 1.1903 | 0.7828 | 0.3891
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Table C-15; R13[11]

Virial R- Virial Lee Peng- This
T P | BP | &€ B | kwong [ /C | Keder Rebineonl | bWk
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%
173 | 331 [10.6903 | 2.1354 | 2.5328 | 3.3535 | 1.5011 | 1.0434 | 2.52871 | 1.4907
183 | 625 [ 11.1248 | 1.6718 | 2.1941 | 2.7910 | 1.2470 | 0.7770 | 2.03432 | 1.1157
188 | 834 | 11.3390 | 1.4497 | 2.0235 | 25111 | 1.1264 | 0.6590 | 1.7946 | 0.9440
191 | 101.3 [ 11.4884 | 1.3126 | 1.9178 | 2.3288 | 1.0605 | 0.5982 | 1.6439 | 0.8454
193 | 109.4 | 11.5489 | 1.2242 | 1.8384 | 2.2209 | 0.9978 | 0.5400 | 1.5496 | 0.7731
198 | 1415 | 11.7558 | 1.0140 | 1.6550 | 1.9371 | 0.8791 | 0.4385 | 1.3174 | 0.6214
203 | 180.3 | 11.9574 | 0.8049 | 1.4538 | 1.6445 | 0.7513 | 0.3375 | 1.0834 | 0.4737
208 | 226.7 | 12.1538 | 0.6046 | 1.2383 | 1.3491 | 0.6193 | 0.2432 | 0.8545 | 0.3366
213 | 281.8 | 12.3439 | 0.4147 | 1.0053 | 1.0499 | 0.4817 | 0.1564 | 0.6309 | 0.2103
218 | 346.4 | 12.5277 | 0.2415 | 0.7549 | 0.7510 | 0.3394 | 0.0806 | 0.4181 | 0.0990
223 | 421.5 | 12.7043 | 0.0861 | 0.4811 | 0.4504 | 0.1881 | 0.0150 | 0.2150 | 0.0009
228 | 508 |12.8724| 0.0507 | 0.1766 | 0.1455 | 0.0215 | 0.0427 | 0.0205 | 0.0869
238 | 719.4 | 13.1806 | 0.2417 | 0.5407 | 0.4717 | 0.1641 | 0.1205 | 0.3306 | 0.2244
243 | 846.4 | 13.3185| 0.2805 | 0.9666 | 0.7833 | 0.3673 | 0.1348 | 0.4826 | 0.2729
248 | 988.8 | 13.4428 | 0.2775 | 1.4587 | 1.1070 | 0.5994 | 0.1387 | 0.6260 | 0.3174
253 | 1147.9 | 13.5535 | 0.2009 | 2.0144 | 1.4286 | 0.8767 | 0.1118 | 0.7434 | 0.3415
258 | 1324.6 | 13.6486 | 0.0280 | 2.6507 | 1.7513 | 1.1940 | 0.0505 | 0.8347 | 0.3461
263 | 1520.2 | 13.7238 | 0.2745 | 3.3978 | 2.0862 | 1.5670 | 0.0457 | 0.9057 | 0.3367
268 | 1735.9 | 13.7760 | 0.7888 | 4.2802 | 2.4324 | 2.0232 | 0.1938 | 0.9491 | 0.3044
273 | 1972.9 | 13.8000 | 1.6842 | 5.3401 | 2.7964 | 2.5844 | 0.4115 | 0.9628 | 0.2430
278 | 2232.9 | 13.7885 | 3.5041 | 6.6363 | 3.1811 | 3.2894 | 0.7383 | 0.9359 | 0.1331
283 | 2517.6 | 13.7290 | 61.2040 | 8.2755 | 3.6031 | 4.1911 | 1.2320 | 0.8640 | 0.0450
288 | 2829.2 | 13.5995 | 55.9670 | 10.4523 | 4.0909 | 5.3880 | 2.0194 | 0.7378 | 0.3295
293 | 3170.8 | 13.3529 | 50.2061 | 13.6052 | 4.7145 | 7.0600 | 3.4503 | 0.5455 | 0.7952
7.7361 | 3.2038 | 2.0408 | 1.6049 | 0.5658 | 0.9587 | 0.4453

Table C-16; R21[36
Virial R- Virial Lee Peng- This
T P E);{)a ASXaD\gZ /B kwong IC Keder | Robi ngson Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%
233.15| 9.363 | 27.2803 | 1.2584 | 1.2584 | 1.2584 | 1.2584 | 1.2584 | 1.2584 | 1.2584
244.26 | 17.775 | 27.8518 | 1.1496 | 1.2030 | 1.1429 | 1.2071 | 1.1848 | 1.1474 | 1.1674
255.37 | 31.592 | 28.4257 | 1.0394 | 1.1505 | 1.0217 | 1.1619 | 1.1196 | 1.0339 | 1.0823
258.15| 36.149 | 28.568 | 1.0096 | 1.1355 | 0.9883 | 1.1493 | 1.1026 | 1.0031 | 1.0600
266.48 | 53.083 | 28.7114 | 0.0634 | 0.1082 | 0.0982 | 0.1317 | 0.0730 | 0.0737 | 0.0136
277.59 | 84.944 | 29.5735| 0.8357 | 1.0608 | 0.7768 | 1.1025 | 1.0346 | 0.8188 | 0.9542
288.70 | 130.312 | 30.1474 | 0.7663 | 1.0374 | 0.6727 | 1.1062 | 1.0362 | 0.7400 | 0.9356
299.81 | 192.779 ] 30.7141 | 0.7120 | 1.0136 | 0.5711 | 1.1205 | 1.0584 | 0.6730 | 0.9400
303.15 | 215.325 | 30.8808 | 0.6940 | 1.0003 | 0.5360 | 1.1211 | 1.0637 | 0.6503 | 0.9407
310.92 | 276.068 | 31.2642 | 0.6559 | 0.9638 | 0.4517 | 1.1224 | 1.0809 | 0.5994 | 0.9481
322.03 | 384.385 | 31.7976 | 0.6145 | 0.8947 | 0.3269 | 1.1214 | 1.1171 | 0.5341 | 0.9731
0.7999 | 0.9842 | 0.7132 | 1.0548 | 1.0118 | 0.7757 | 0.9339
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Table C-17: R22 [11]

Virial R- Virial Lee Peng - This

T P E);{)a ASAoaD\gZ /B kwong /C Keder | Robi r?son Work
AAD% [ AAD% | AAD% | AAD% AAD% AAD%

203.15| 20.5 |18.921 | 0.5640 | 0.3222 | 0.6585 | 0.2579 | 0.3135 | 0.5886 | 0.3442
208.15| 28.0 |19.133| 0.4942 | 0.2949 | 0.5794 | 0.2364 | 0.2778 | 0.5162 | 0.3014
213.15| 37.5 |19.343| 0.4148 | 0.2577 | 0.4888 | 0.2064 | 0.2357 | 0.4338 | 0.2527
218.15| 49,5 |19.552 | 0.3338 | 0.2189 | 0.3941 | 0.1766 | 0.1954 | 0.3492 | 0.2063
223.15| 64.4 | 19.759 | 0.2445 | 0.1704 | 0.2882 | 0.1395 | 0.1501 | 0.2556 | 0.1557
228.15| 82.7 |19.963 | 0.1499 | 0.1145 | 0.1736 | 0.0975 | 0.1023 | 0.1559 | 0.1036
232.35| 101.3 | 20.134 | 7.8913 | 0.0746 | 0.0827 | 0.0719 | 0.0737 | 0.0799 | 0.0720
238.15| 131.7 | 20.361 | 5.2181 | 0.0209 | 0.0804 | 0.0525 | 0.0020 | 0.0594 | 0.0020
243.15| 163.5 | 20.556 | 0.1542 | 0.0981 | 0.2157 | 0.0001 | 0.0462 | 0.1698 | 0.0510
248.15| 201 | 20.745| 0.2626 | 0.1893 | 0.3629 | 0.0525 | 0.0995 | 0.2882 | 0.1038
253.15| 244.8 | 20.930 | 0.3704 | 0.2895 | 0.5159 | 0.1141 | 0.1515 | 0.4078 | 0.1541
258.15| 295.7 | 21.109 | 0.4817 | 0.4045 | 0.6798 | 0.1795 | 0.2067 | 0.5331 | 0.2065
263.15| 354.3 | 21.283 | 0.5895 | 0.5300 | 0.8484 | 0.2538 | 0.2592 | 0.6576 | 0.2553
268.15| 421.3 | 21.452 | 0.6904 | 0.6653 | 1.0194 | 0.3321 | 0.3064 | 0.7784 | 0.2981
273.15| 497.6 | 21.612 | 0.7916 | 0.8203 | 1.2015 | 0.4130 | 0.3560 | 0.9034 | 0.3430
278.15| 583.§ | 21.766 | 0.8856 | 0.9913 | 1.3886 | 0.5056 | 0.4020 | 1.0260 | 0.3843
283.15| 680.7 | 21.913 | 0.9715 | 1.1813 | 1.5816 | 0.6056 | 0.4446 | 1.1464 | 0.4227
288.15| 789.1 | 22.051 | 1.0436 | 1.3896 | 1.7773 | 0.7154 | 0.4797 | 1.2606 | 0.4545
293.15| 909.9 | 22180 | 1.1030 | 1.6232 | 1.9797 | 0.8335 | 0.5099 | 1.3716 | 0.4831
298.15| 1043.9 | 22.298 | 1.1459 | 1.8854 | 2.1889 | 0.9658 | 0.5340 | 1.4785 | 0.5081
303.15| 1191.9 | 22.405 | 1.1674 | 2.1802 | 2.4047 | 1.1151 | 05502 | 1.5798 | 0.5284
308.15 | 1354.8 | 22.501 | 1.1593 | 2.5108 | 2.6256 | 1.2844 | 0.5545 | 1.6729 | 0.5414
313.15| 1533.5| 22581 | 1.1178 | 2.8889 | 2.8573 | 1.4762 | 05496 | 1.7617 | 0.5513
318.15| 1729.0 | 22.646 | 1.0253 | 3.3178 | 3.0962 | 1.7008 | 0.5272 | 1.8402 | 0.5521
323.15| 1942.3 | 22.692 | 0.8668 | 3.8133 | 3.3486 | 1.9608 | 0.4881 | 1.9125 | 0.5475
328.15 | 2174.4 | 22.716 | 0.6072 | 4.3877 | 3.6151 | 2.2703 | 0.4247 | 1.9757 | 0.5346
333.15| 2426.6 | 22.713 | 0.1865 | 5.0650 | 3.9029 | 2.6404 | 0.3322 | 2.0326 | 0.5152
338.15| 2699.9 | 22.679 | 0.5386 | 5.8717 | 4.2166 | 3.0927 | 0.1985 | 2.0819 | 0.4876
343.15| 2995.9 | 22.603 | 2.0557 | 6.8545 | 4.5688 | 3.6518 | 0.0075 | 2.1271 | 0.4536
348.15 | 3316.1 | 22.472 | 44.1886 | 8.0816 | 4.9749 | 4.3604 | 0.2727 | 2.1704 | 0.4126
353.15 | 3662.3 | 22.264 | 40.6903 | 9.6744 | 5.4653 | 5.2819 | 0.7021 | 2.2197 | 0.3678
358.15 | 4036.8 | 21.936 | 36.7961 | 11.8807 | 6.1052 | 6.5299 | 1.4250 | 2.2967 | 0.3274
363.15 | 44425 | 21.378 | 32.1208 | 15.3410 | 7.0616 | 8.3378 | 2.9857 | 2.4585 | 0.3044
368.15 | 4883.5 | 19.998 | 24.3196 | 23.8308 | 9.3038 | 11.3125 | 24.0039 | 2.7977 | 10.955
5.8136 | 3.4482 | 2.3545 | 1.8007 | 1.1226 | 1.2173 | 0.6524
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Table C-18: R32 [36]

Virial R- Virial Lee Peng- This

T P E);{)a ASAoaD\gZ /B kwong IC Keder | Robi ngson Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%
172.03 | 3.516 | 17.3948 | 0.8202 | 1.3200 | 1.4327 | 0.6021 | 1.3002 | 0.7757 | 1.8637
17759 | 5709 | 17.5836 | 0.8415 | 1.3054 | 1.4160 | 0.6287 | 1.3010 | 0.7982 | 1.8454
188.70 | 13.679 | 17.9539 | 0.9181 | 1.2979 | 1.4028 | 0.7198 | 1.3240 | 0.8779 | 1.8149
199.81 | 20.351 | 18.3121 | 1.0368 | 1.3197 | 1.4147 | 0.8618 | 1.3700 | 1.0015 | 1.7812
210.92 | 57.489 | 18.6509 | 1.2134 | 1.3930 | 1.4706 | 1.0748 | 1.4531 | 1.1854 | 1.7545
222.03 | 104.34 | 18.9655 | 1.4449 | 1.5253 | 15733 | 1.3621 | 1.5712 | 1.4281 | 1.7344
244.26 | 286.36 | 19.5028 | 2.0432 | 2.0014 | 1.9273 | 2.1624 | 1.8967 | 2.0683 | 1.7326
255.37 | 440.94 | 19.7145 | 2.3906 | 2.3727 | 2.1895 | 2.6781 | 2.0973 | 2.4539 | 1.7690
266.48 | 652.82 | 19.8803 | 2.7504 | 2.8594 | 2.5213 | 3.2724 | 2.3156 | 2.8724 | 1.8371
277.59 | 934.72 ] 19.9917 | 3.1037 | 3.4966 | 2.9451 | 3.9530 | 2.5464 | 3.3189 | 1.9350
288.70 | 1300.4 | 20.0364 | 3.4252 | 4.3424 | 3.5045 | 4.7377 | 2.7869 | 3.7949 | 2.0545
310.92 | 2347.0| 19.8477 | 3.6790 | 7.0761 | 5.3668 | 6.7514 | 3.2431 | 4.8564 | 2.2738
322.03 | 3064.7 | 19.5355 | 3.0406 | 9.4289 | 7.0748 | 8.1529 | 3.4000 | 5.5092 | 2.3990
333.15| 3941.1 | 18.9643 | 47.4569 | 13.1971 | 9.9852 | 10.0808 | 3.3641 | 6.3452 | 2.7209
344.26 | 5003.3 | 17.8607 | 36.6851 | 20.4680 | 16.0341 | 13.2008 | 2.3261 | 7.6519 | 3.9593
7.3900 | 4.8936 | 4.0173 | 4.0159 | 2.1537 | 2.9959 | 2.0983

Table C-19: R114 [11]

Virial R- Virial Lee Peng- This

T P E);{)a ASAoaD\gZ /B kwong IC Keder | Robi ngson Work
AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

213.15| 3.7 |23.4641| 0.9301 | 1.0440 | 0.9116 | 1.0513 | 1.0034 | 0.9259 | 1.0599
223.15| 7.2 |24.4555| 0.8705 | 0.9295 | 0.8594 | 0.9341 | 0.9111 | 0.8680 | 0.9441
243.15| 22.6 | 26.5014 | 0.6875 | 0.6257 | 0.7037 | 0.7881 | 0.6378 | 0.6910 | 0.5943
253.15| 37 |27.5457| 0.5856 | 0.4643 | 0.6247 | 0.6181 | 0.4789 | 0.5938 | 0.3817
263.15| 58 | 28.6020 | 0.4704 | 0.2953 | 0.5406 | 0.4449 | 0.3002 | 0.4851 | 0.1406
268.15| 71.6 | 29.1336 | 0.4077 | 0.2092 | 0.4972 | 0.2583 | 0.2037 | 0.4264 | 0.0103
273.15| 875 |29.6652 | 0.3484 | 0.1303 | 0.4599 | 0.1607 | 0.1100 | 0.3718 | 0.1180
276.95| 101.3 | 30.0668 | 0.3122 | 0.0819 | 0.4423 | 0.0683 | 0.0473 | 0.3394 | 0.2073
278.15| 106.2 | 30.1985 | 0.2831 | 0.0487 | 0.4198 | 0.0082 | 0.0090 | 0.3117 | 0.2548
283.15| 127.8 | 30.7317 | 0.2173 | 0.0280 | 0.3826 | 0.0292 | 0.0925 | 0.2522 | 0.3919
288.15| 152.7 | 31.2650 | 0.1487 | 0.1020 | 0.3464 | 0.1244 | 0.1970 | 0.1907 | 0.5320
293.15| 181.1 | 31.7966 | 0.0818 | 0.1676 | 0.3157 | 0.2198 | 0.2994 | 0.1319 | 0.6690
208.15| 213.5 | 32.3281 | 0.0079 | 0.2327 | 0.2827 | 0.3097 | 0.4084 | 0.0675 | 0.8117
303.15| 250 | 32.8580 | 0.0678 | 0.2905 | 0.2526 | 0.4025 | 0.5177 | 0.0028 | 0.9528
308.15| 291.2 | 23.4641 | 0.1440 | 0.3391 | 0.2275 | 0.4915 | 0.6265 | 0.0607 | 1.0920
313.15| 337.2 | 33.3844 | 0.2263 | 0.3822 | 0.2022 | 0.5752 | 0.7391 | 0.1281 | 1.2326
318.15| 388.5 | 33.9092 | 0.3079 | 0.4119 | 0.1842 | 0.6574 | 0.8488 | 0.1923 | 1.3682
323.15| 4454 | 34.4288 | 0.3960 | 0.4335 | 0.1671 | 0.7304 | 0.9619 | 0.2600 | 1.5049
328.15| 508.3 | 3494 | 0.4886 | 0.4431 | 0.1538 | 0.7998 | 1.0759 | 0.3285 | 1.6403
333.15| 577.5 | 35.4560 | 0.5835 | 0.4362 | 0.1476 | 0.8620 | 1.1879 | 0.3948 | 1.7714
338.15| 653.4 | 35.9602 | 0.6892 | 0.4188 | 0.1414 | 0.9126 | 1.3052 | 0.4664 | 1.9057
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343.15| 736.4 | 36.4593 | 0.8005 | 0.3822 | 0.1423 | 0.9577 | 1.4216 | 0.5366 | 2.0372
348.15| 827 |36.9499 | 0.9229 | 0.3281 | 0.1472 | 0.9890 | 1.5413 | 0.6091 | 2.1702
353.15| 9254 | 37.4319| 1.0562 | 0.2517 | 0.1588 | 1.0085 | 1.6619 | 0.6813 | 2.3017
358.15 | 1032.2 | 37.9036 | 1.2046 | 0.1505 | 0.1774 | 1.0113 | 1.7848 | 0.7538 | 2.4332
363.15 | 1147.9 | 38.3634 | 1.3738 | 0.0213 | 0.2035 | 0.9955 | 1.9116 | 0.8271 | 2.5655
368.15 | 1272.9 | 38.8095 | 1.5672 | 0.1436 | 0.2415 | 0.9584 | 2.0398 | 0.8973 | 2.6943
373.15 | 1407.8 | 39.2385 | 1.8000 | 0.3468 | 0.2899 | 0.8922 | 2.1740 | 0.9673 | 2.8222
378.15 | 1553.1 | 39.6487 | 2.0914 | 0.5959 | 0.3506 | 0.7950 | 2.3160 | 1.0363 | 2.9466
383.15 | 1709.7 | 40.0367 | 2.4763 | 0.9052 | 0.4304 | 0.6597 | 2.4655 | 1.0998 | 3.0619
388.15 | 1878.3 | 40.395 | 3.0398 | 1.2899 | 0.5344 | 0.4731 | 2.6255 | 1.1550 | 3.1614
393.15 | 2059.8 | 40.7187 | 4.0750 | 1.7735 | 0.6710 | 0.2208 | 2.7996 | 1.1967 | 3.2343
398.15 | 2255.5 | 40.9956 | 30.0913 | 2.3912 | 0.8517 | 0.1189 | 2.9968 | 1.2185 | 3.2661
403.15| 2466.9 | 41.21 | 27.7694 | 3.2133 | 1.1071 | 0.5791 | 3.2211 | 1.1970 | 3.2204
408.15| 2696 | 41.3357 | 25.2172 | 4.3731 | 1.4944 | 1.2262 | 3.4801 | 1.0855 | 3.0288
413.15| 2945.8 | 41.3169 | 22.1610 | 6.2513 | 2.2144 | 2.1871 | 3.7166 | 0.6972 | 2.4644
3.7195 | 0.8314 | 0.4799 | 0.6533 | 1.3005 | 0.5958 | 1.6387
Table C-20: R123 [58]
Virial R- Virial Lee Peng - This
T P E);{)a ASAoaD\gZ /B kwong IC Keder | Robi r?son Work

AAD% | AAD% | AAD% | AAD% | AAD% | AAD%

223.15| 1.8 |29.1486 | 0.9548 | 0.9226 | 0.9580 | 0.9218 | 0.8695 | 0.9588 | 0.9628
243.15| 6.7 |30.9532| 1.0364 | 1.0735 | 1.0313 | 1.0951 | 0.9926 | 1.0305 | 1.0250
253.15| 12 | 31.8509 | 0.9759 | 1.0578 | 0.9626 | 1.0750 | 0.9633 | 0.9611 | 0.9483
263.15| 20.2 | 32.7578 | 0.9015 | 1.0299 | 0.8763 | 1.0620 | 0.9262 | 0.8744 | 0.8532
273.15| 32.6 | 33.6738 | 0.8245 | 1.0015 | 0.7822 | 1.0389 | 0.8939 | 0.7805 | 0.7505
278.15| 40.8 |34.1342| 0.7846 | 0.9857 | 0.7316 | 1.0181 | 0.8791 | 0.7304 | 0.6961
283.15| 50.6 | 34.5945| 0.7414 | 0.9658 | 0.6756 | 1.0076 | 0.8624 | 0.6753 | 0.6370
288.15| 62.1 | 35.0563 | 0.6995 | 0.9456 | 0.6192 | 0.9941 | 0.8481 | 0.6201 | 0.5786
203.15| 75.6 |35.5182| 0.6566 | 0.9228 | 0.5596 | 0.9816 | 0.8342 | 0.5623 | 0.5184
298.15| 91.4 |35.9785| 0.6103 | 0.8946 | 0.4942 | 0.9679 | 0.8182 | 0.4991 | 0.4539
300.95| 101.3 | 36.2400 | 0.5952 | 0.8884 | 0.4672 | 0.9506 | 0.8203 | 0.4737 | 0.4283
303.15| 109.6 | 36.4404 | 0.5694 | 0.8687 | 0.4315 | 0.9513 | 0.8081 | 0.4394 | 0.3942
308.15| 130.5 | 36.9007 | 0.5270 | 0.8380 | 0.3646 | 0.9374 | 0.7973 | 0.3763 | 0.3327
313.15| 154.5 | 37.3595 | 0.4855 | 0.8044 | 0.2955 | 0.9213 | 0.7881 | 0.3116 | 0.2715
318.15| 181.7 | 37.8167 | 0.4452 | 0.7670 | 0.2241 | 0.9049 | 0.7802 | 0.2457 | 0.2112
323.15| 212.5 | 38.2709 | 0.4042 | 0.7234 | 0.1483 | 0.8870 | 0.7716 | 0.1764 | 0.1497
328.15| 247.1 | 38.7236 | 0.3673 | 0.6776 | 0.0727 | 0.8657 | 0.7669 | 0.1085 | 0.0920
333.15| 285.9 | 39.1732 | 0.3329 | 0.6269 | 0.0050 | 0.8451 | 0.7640 | 0.0397 | 0.0360
338.15| 329.2 | 39.6198 | 0.3023 | 0.5718 | 0.0838 | 0.8227 | 0.7642 | 0.0287 | 0.0170
343.15| 377.2 | 40.0618 | 0.2728 | 0.5081 | 0.1667 | 0.7993 | 0.7641 | 0.0999 | 0.0702
348.15| 430.4 | 40.4991 | 0.2473 | 0.4377 | 0.2517 | 0.7709 | 0.7665 | 0.1715 | 0.1214
353.15| 489.1 | 40.9304 | 0.2238 | 0.3570 | 0.3414 | 0.7396 | 0.7689 | 0.2460 | 0.1732
358.15| 553.6 | 41.3571 | 0.2081 | 0.2701 | 0.4308 | 0.7023 | 0.7766 | 0.3182 | 0.2205
363.15 | 624.2 | 41.7776 | 0.1985 | 0.1735 | 0.5224 | 0.6630 | 0.7872 | 0.3906 | 0.2662
368.15| 701.4 | 42.1906 | 0.1951 | 0.0649 | 0.6175 | 0.6184 | 0.8003 | 0.4643 | 0.3117
373.15| 785.5 | 42.5943 | 0.1972 | 0.0593 | 0.7184 | 0.5667 | 0.8142 | 0.5413 | 0.3593
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378.15 | 876.9 | 42.9904 | 0.2122 | 0.1946 | 0.8193 | 0.5045 | 0.8353 | 0.6157 | 0.4036
383.15( 976 | 43.3758 | 0.2379 | 0.3477 | 0.9253 | 0.4365 | 0.8597 | 0.6922 | 0.4495
388.15 | 1083.2 | 43.7489 | 0.2762 | 0.5216 | 1.0372 | 0.3562 | 0.8877 | 0.7716 | 0.4981
393.15( 1199 | 44.1098 | 0.3351 | 0.7151 | 1.1520 | 0.2610 | 0.9240 | 0.8502 | 0.5460
398.15 | 1323.7 | 44.4539 | 0.4129 | 0.9388 | 1.2772 | 0.1523 | 0.9628 | 0.9356 | 0.6004
403.15 | 1457.8 | 44.7827 | 0.5262 | 1.1883 | 1.4052 | 0.0199 | 1.0142 | 1.0195 | 0.6528
413.15| 1756.3 | 45.3731 | 0.9007 | 1.8094 | 1.6967 | 0.1316 | 1.1435 | 1.2078 | 0.7714
423.15 | 2098.7 | 45.8502 | 1.7795 | 2.6416 | 2.0387 | 0.5344 | 1.3445 | 1.4215 | 0.8901
433.15| 2490.1 | 46.1499 | 285384 | 3.8240 | 2.4734 | 1.1151 | 1.6715 | 1.6928 | 0.9968
443.15 | 2937.2 | 46.1301 | 24.1404 | 5.6802 | 3.0913 | 2.0054 | 2.3026 | 2.0898 | 1.0578
453.15 | 3450.6 | 45.2018 | 18.2154 | 9.6430 | 4.3293 | 3.5137 | 4.3267 | 2.9737 | 1.1290
24144 | 1.2416 | 0.8940 | 0.8686 | 1.0189 | 0.7134 | 0.5101
Table C-21: R134a[11]
Virial [ R-
Virial Lee Peng- This
T P D'Z‘g' e A/ED kX"ng /C | Keder | Robineon | Work
AAD% | AAD% | AAD% | AAD%
% %

237.15 | 63.32 | 22,997 | 1.6040 | 1.5719 | 1.6246 | 1.5618 | 1.5669 | 1.6074 | 1.4519
24115 77.04 | 23.252 | 1.6542 | 1.5916 | 1.6982 | 1.5630 | 1.5790 | 1.6614 | 1.3444
245.15 [ 93.05 | 23.505 | 1.7105 | 1.6197 | 1.7812 | 1.5721 | 1.5956 | 1.7222 | 1.2388
247.15 | 101.99 | 23.632 | 1.7372 | 1.6333 | 1.8225 | 1.5876 | 1.6019 | 1.7514 | 1.1834
249.15 | 111.6 | 23.757 | 1.7671 | 1.6510 | 1.8679 | 1.5941 | 1.6110 | 1.7839 | 1.1307
251.15 | 121.92 | 23.883 | 1.7955 | 1.6680 | 1.9128 | 1.6040 | 1.6182 | 1.8152 | 1.0761
253.15 | 132.99 | 24.008 | 1.8222 | 1.6843 | 1.9570 | 1.6127 | 1.6235 | 1.8449 | 1.0196
255.15 | 144.83 | 24.133 | 1.8515 | 1.7044 | 2.0048 | 1.6200 | 1.6311 | 1.8774 | 0.9658
257.15 | 157.48 | 24.256 | 1.8831 | 1.7280 | 2.0560 | 1.6304 | 1.6408 | 1.9125 | 0.9145
261.15 | 185.4 | 24502 | 1.9435 | 1.7764 | 2.1591 | 1.6436 | 1.6567 | 1.9807 | 0.8103
265.15 | 217.04 | 24.746 | 2.0020 | 1.8293 | 2.2652 | 1.6688 | 1.6702 | 2.0480 | 0.7070
269.15 | 252.74 | 24.987 | 2.0607 | 1.8898 | 2.3771 | 1.6950 | 1.6837 | 2.1169 | 0.6080
273.15 | 292.82 | 25.225 | 21181 | 1.9576 | 24936 | 1.7253 | 1.6958 | 2.1860 | 0.5125
277.15 | 337.65 | 25.459 | 21718 | 2.0317 | 2.6130 | 1.7586 | 1.7047 | 2.2533 | 0.4189
281.15 | 387.56 | 25.691 | 22201 | 21117 | 2.7342 | 1.7940 | 1.7091 | 2.3173 | 0.3261
285.15 | 442.94 | 25918 | 2.2646 | 2.2011 | 2.8597 | 1.8306 | 1.7109 | 2.3801 | 0.2355
289.15 | 504.16 | 26.142 | 2.3029 | 2.2993 | 2.9878 | 1.8714 | 1.7083 | 2.4398 | 0.1445
293.15 571 26.360 | 2.3406 | 2.4138 | 3.1242 | 1.9156 | 1.7085 | 2.5023 | 0.0648
297.15 | 645.66 | 26.573 | 2.3619 | 25319 | 3.2576 | 1.9713 | 1.6930 | 2.5534 | 0.0396
299.15 [ 685.3 | 26.679 | 2.3691 | 25957 | 3.3251 | 2.0226 | 1.6838 | 2.5774 | 0.0905
301.15 | 726.75 | 26.783 | 2.3722 | 2.6613 | 3.3916 | 2.0511 | 1.6714 | 2.5987 | 0.1448
303.15 | 770.06 | 26.885 | 2.3743 | 2.7325 | 3.4610 | 2.0796 | 1.6594 | 2.6207 | 0.1994
305.15 | 815.28 | 26.985 | 23751 | 2.8092 | 3.56329 | 2.1121 | 1.6472 | 2.6433 | 0.2549
307.15 | 862.47 | 27.084 | 2.3699 | 2.8875 | 3.6031 | 2.1483 | 1.6307 | 2.6620 | 0.3158
309.15 | 911.68 | 7.1810 | 2.3621 | 29713 | 3.6751 | 2.1843 | 1.6131 | 2.6805 | 0.3791
311.15 | 962.98 | 27.275 | 2.3508 | 3.0602 | 3.7487 | 2.2239 | 1.5940 | 2.6980 | 0.4457
313.15 | 1016.4 | 27.368 | 2.3354 | 3.1546 | 3.8235 | 2.2667 | 1.5728 | 2.7144 | 0.5162
315.15 | 1072 | 27.460 | 2.3112 | 3.2503 | 3.8953 | 2.3129 | 1.5453 | 2.7254 | 0.5950
317.15 | 1129.9 | 27.549 | 2.2843 | 3.3547 | 3.9712 | 2.3586 | 1.5179 | 2.7376 | 0.6767
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321.15 | 1252.6 | 27.719 | 2.2123 | 3.5829 | 4.1268 | 2.4108 | 1.4548 | 2.7575 | 0.8556
325.15 | 1385.1 | 27.878 | 2.1112 | 3.8419 | 4.2894 | 2.5283 | 1.3797 | 2.7718 | 1.0588
329.15 | 1527.8 | 28.025 | 1.9710 | 4.1354 | 4.4589 | 2.6674 | 1.2894 | 2.7790 | 1.2885
333.15 | 1681.3 | 28.159 | 1.7741 | 4.4664 | 4.6330 | 2.8315 | 1.1771 | 2.7751 | 1.5499
343.15 | 2116.2 | 28.408 | 0.8715 | 5.5551 | 5.1389 | 3.0229 | 0.8030 | 2.7487 | 2.2977
353.15 | 2632.4 | 28.478 | 38.1847 | 7.2275 | 5.8001 | 3.7122 | 0.1859 | 2.6984 | 3.0616
363.15 | 3243.5 | 28.193 | 31.2299 | 10.182 | 6.8358 | 4.8980 | 1.0432 | 2.6822 | 3.3717

3.8742 | 2.8990 | 3.2030 | 2.1125 | 1.5244 | 2.3507 | 0.8693
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APPENDIX D

RESULTSFOR SATURATED ENTHALPY OF
VAPOR FOR BINARY MIXTURE COMPONENTS

T
P

= Temperature, Kelvin
= Pressure, kpa

AAD% = Average Absolute Deviations Percent for Saturated Enthalpy of
Vapor
Exp.Data= Experimental Data, kj/mole

Table D-1: Mixture of 81.16657 mole %

Benzene & 18.8334 mole %

Cyclohexane [28]

Peng- Peng- :
: . This

EXp. Robinson | Robinson
T P . . : Work
Data | mixingrulg with Tea AADY%

AAD% AAD%
517.595 | 2757.920 | 70.3634 0.7608 0.7160 0.5708
532.983 | 3447.400 | 71.7459 1.7816 1.7035 0.0051
551.595 | 4343.724 | 72.1699 2.9117 12.5820 0.3021
557.483 | 4688.464 | 71.0454 8.3424 8.4207 4.4468
3.4491 5.8555 1.3312

Table D-2: Mixture of 33.33621 mole %

Benzene & 66.66379 mole %

Cyclohexane [28]

Peng- Peng- :
: : This

EXp. Robinson | Robinson
T P . . : Work
Data | mixingrules| with Teja AADY%

AAD% AAD%
518.206 | 2757.920 | 74.70825 1.0153 1.0084 0.4219
535.428 | 3447.400 | 76.17948 1.5324 1.5293 0.4312
541.595 | 3723.192 | 76.38966 1.9028 1.9187 0.4949
549.650 | 4136.880 | 76.25591 9.8568 10.0461 5.8105
3.5768 3.6256 1.7896
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Table D-3: Mixture of 61.2836 mole % Benzene & 38.71638 mole %

Cyclohexane [ 28]
Peng-
Robinson | _ —e"Y- This
Exp. - Robinson
T P mixing . : Work
Data with Tga 0
rules AADY% AAD%
AAD%
519.983 | 2757.920 | 72.5724 0.7821 0.7620 0.5249
532.261 | 3447.400 | 73.6765 2.4458 2.4036 0.4724
539.928 | 3743.876 | 73.9759 2.3327 2.2783 0.1165
548.206 | 4136.880 | 73.9198 12,5718 12.7623 0.1587
552.206 | 4343.724 | 73.5642 10.2714 10.4810 6.0717
5.6808 5.7374 1.4688

Table D-4: Mixture of 21.1154 mole % Benzene & 78.8845 mole %

Cyclohexane [ 28]

Peng-
Robinson R(I)Dl;?1 gson This
T P Exp. Data| mixing . : Work

with Tga

rules AADY% AAD%

AAD%
519.539 | 2757.920 76.1900 1.2007 1.1989 0.8884
537.872 | 3447.400 77.6552 1.1159 1.1204 0.6930
543.650 | 3709.402 77.7709 1.1782 1.1959 0.6616
550.539 | 4136.880 77.1539 8.4161 8.5663 7.5138
2.9777 3.0204 2.4392

Table D-5: Mixture of 81.3663 mole %

Benzene & 18.63365 mole %

Hexadecane [17]
Peng -
Robinson R(I)Dl;?1 gson This
T P Exp. Data mixing . : Work
with Tga
rules AADY% AAD%
AAD%
567.761 | 689.480 114.4074 6.9926 6.9124 6.5972
579.150 | 1034.220 116.4491 6.9404 6.8270 6.3589
6.9665 6.8697 6.4780




Table D-6: Mixture of 96.3087 mole % Benzene & 3.6912 mole %

Hexadecane [17]

Peng - Peng- :
Rok?in r?son Rok;ier;?son UL
T P Exp. Data o . : Work
mixing rules | with Tga AADY%

AAD%Y% AAD%Y%

497.039 689.480 75.1468 2.7314 2.6958 2.4042
510.761 1034.220 76.7412 2.7377 2.6871 2.2672
520.650 1378.960 77.8105 2.8294 2.7646 2.2114
539.261 2068.440 79.6576 2.8167 2.7289 1.9161
553.706 | 2757.920 81.0769 3.1554 3.0556 1.9551
562.595 | 3447.400 81.5047 3.7519 3.6710 2.1264
572.039 | 4136.880 81.6602 4.1857 4.2530 2.0421
3.1726 3.1223 2.1318

Table D-7: Mixture of 91.9694 mole %

Benzene & 8.0305 mole %

Hexadecane [17]
Peng- Peng-
Robinson Robinson | ThisWork

T P SiEe PRI mixingrules | with Tga AAD%

AAD% AAD%
530.372 | 689.480 88.0321 4.8368 4.7842 4.5066
544.372 | 1034.220 89.8120 4.5525 4.4786 4.0796
553.817 | 1378.960 91.0684 4.6224 4.5289 4.0026
570.261 | 2068.440 92.5342 4.1344 4.0105 3.2192
579.261 | 2757.920 92.9530 4.2448 4.1097 2.9570
44782 4.3824 3.7530

Table D-8: Mixture of 19.7 mole % n-Pentane & 80.3 mole % Cyclohexane [18]

Peng- Peng- :
Robinson Robinson Ul
T P Exp. Data | . . ) : Work
mixingrules | with Tga AADY%

AAD% AAD%

450.094 | 1034.220 68.0733 0.2758 0.2875 0.8728
467.039 | 1378.960 71.7262 1.6679 1.6529 0.9369
491.872 | 2068.440 74.0853 0.6812 0.6575 0.3645
511.706 | 2757.920 76.1401 0.5812 0.5470 0.7824
524.817 | 2757.920 77.0533 1.9886 1.9275 0.0955
1.0389 1.0145 0.6104




Table D-9: Mixture of 38.5 mole % n-Pentane & 61.5 mole % Cyclohexane [18]

Peng- Pena-
Robinson Robi 9 This
T P Exp. Data| mixing ObINSON Work

with Tga
rules AADY% AAD%

AAD%

440.206 | 1034.220 66.5827 0.0082 0.0177 0.6103
457.206 | 1378.960 68.9692 0.2536 0.2194 0.5115
482.372 | 2068.440 72.0773 0.3362 0.2824 0.7218
500.150 | 2757.920 73.8533 0.5776 0.4933 0.8198
515.928 | 3447.400 74.5933 0.2645 0.1353 1.3965
0.2880 0.2296 0.8120

Table D-10: Mixture of 61.2 mole % n-Pentane & 38.8 mole % Cyclohexane [18]

Peng- Pena-
Robinson Robi g This
T P Exp. Data mixing ODINSON 1 ywor

with Tga
rules AADY% AAD%
AAD%

427.594 | 1034.220 64.4612 0.0233 0.0264 0.6334
443.039 | 1378.960 66.8375 0.8023 0.7352 0.0180
466.483 | 2068.440 69.3387 0.7277 0.6141 0.4359
484.428 | 2757.920 70.8752 0.8353 0.6427 0.6972
0.5972 0.5046 0.4461

Table D-11: Mixture of 79.3 mole % n-Pentane & 20.7 mole % Cyclohexane [18]

Peng- Peng- This

Robinson Robinson | Work

T P Sipaas mixingrules | withTegja | AAD
AAD% AAD% %

415.650 | 1034.220 62.2203 0.3448 0.4215 1.0568

434.817 | 1378.960 64.9459 0.0794 0.0203 0.7660

454.928 | 2068.440 66.9076 0.3005 0.1193 0.9520

472.594 | 2757.920 68.5048 0.7699 0.4465 0.8776

0.3737 0.2519 0.9131




Table D-12: Mixture of 32.2 mole % n-Pentane & 67.8 mole % trans-Decalin [19]

Peng- Peng- :
Robinson Robinson =
T P Exp. Data | . . . : Work
mixing rules | with Teja AADY%
AAD% AAD% 0
461.928 137.896 100.6113 6.4189 6.4070 6.3171
489.428 275.792 106.7057 5.6809 5.6594 5.5060
518.872 | 482.636 114.0787 5.4412 5.4073 5.1813
538.595 | 689.480 119.3841 5.5396 5.4939 5.2040
564.928 | 1034.220 125.7505 5.0205 4.9559 4.5772
582.483 | 1378.960 | 129.9404 4.7797 4.6943 4.2272
5.4802 5.4363 5.1688

Table D-13: Mixture of 56.1 mole % n-Pentane & 43.9 mole % trans-Decalin [19]

Peng- Peng- :

Robinson Robinson =

T P Exp. Data . . : Work
mixing rules | with Teja AADY%
AAD% AAD% 0

497.428 | 482.636 97.6586 4.7635 47273 4.5288
515.150 | 689.480 101.212 4.3926 4.3438 4.0890
550.928 | 1378.960 108.6011 4.0827 3.9921 3.5771
575.261 | 2068.440 113.9193 4.3123 4.1810 3.6506
4.3878 4.3111 3.9614

Table D-14: Mixture of 72.2 mole % n-Pentane & 27.5 mole % trans-Decalin [19]

Peng - Peng- :
Robinson | Robinson =
T P Exp. Data | . . . : Work
mixing rules | with Teja AADY%
AAD% AAD% 0
454.817 | 275.792 81.9623 4.0655 4.0430 3.9176
487.872 | 482.636 85.1559 4.0720 4.0347 3.8375
487.872 | 689.480 88.0974 3.9852 3.9346 3.6807
520.372 | 1378.960 93.9384 3.8434 3.7489 3.3350
542.595 | 2068.440 97.6992 3.7296 3.5915 3.0625
554.817 | 2757.920 99.2961 3.9157 3.7237 3.0818
560.928 | 3447.400 98.7498 3.8278 3.5619 2.8158
3.9199 3.8055 3.3901




Table D-15: Mixture of 88.4 mole % n-Pentane & 11.6 mole % trans-Decalin [19]

Peng- Peng- :
Robinson Robinson (Rl
T P Exp. Data| . . . : Work
mixing rules | with Teja AADY%
AAD% AAD% 0
430.928 | 275.792 71.2930 2.4820 2.4604 2.3356
443.039 | 482.636 73.2424 2.6846 2.6477 2.4444
456.039 | 689.480 75.2661 2.6659 2.6150 2.3488
484.428 | 1378.960 79.3691 2.5098 24112 1.9687
506.872 | 2068.440 82.5253 2.3249 2.1802 1.6310
521.150 | 2757.920 84.3633 2.5183 2.3206 1.6963
529.261 | 3447.400 84.7532 2.7211 2.4539 1.7906
2.5581 2.4413 2.0308
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