
INVESTIGATION of the CORRELATIONS 
P- V- T of COMPRESSED LIQUIDS at 

HIGH PRESSURES 
 

 

 

A Thesis 

Submitted to the College of Engineering 

of Al-Nahrain University in Partial Fulfillment of the 

Requirements for the Degree of 

 Master of Science in  

Chemical Engineering 

  
 

by 

 
NOOR SABEH MAJIED AL-QAZAZ 

(B.Sc. in Chemical Engineering 2002) 

 
 
  
Rbee el- awal                                                                    1426 
 
April                                                                                  2005 







 I

  ABSTRACT 
 

 Prediction of the accurate values of molar volume of compressed 

liquids is very important in process design calculation and other industrial 

applications. Experimental measurements of molar volume V for 

compressed fluids are  very expensive , so in order to obtain accurate V 

values, attention has been turned to calculate it from equation of state   

Alto and Kiskinen[1] equation for pure non polar component,  using 

correlations to Tait equation for polar component, and modification of 

Rackett equation are used for mixtures. 

 In this study five types of equations of state were used to calculate 

molar volume V for pure non polar compressed liquid, they are Alto and 

Kiskinen, Tait, Peng- Robinson, Soave- Redlich- Kowng, Lee- Kesler. 

These equations were tested against 241 experimental data points of pure 

non polar compressed liquids and it was found that Aalto and Kiskinen 

equation is the best compared with the other equations.  

 The results of Alto and Kiskinen gives the average absolute percent 

deviation of 11 pure components was 0.6276. 

 For pure polar compound using four equations of state, Soave- 

Redlich- Kowng, Peng- Robinson, Alto and Kiskinen, Tait. These 

equations were tested against 63 experimental data points of polar 

compressed liquids and it was found that Tait equation is the best 

compared with the other equations.  A new correlation for Tait equation 

was made to improve its accuracy and this was done by replacing the two 

terms in Tait equation (pressure and vapor pressure) with reduced 

pressure Pr and reduced saturated pressure Prs as follows: 
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 II

 Prediction using this equation agreed with the experimental data 

where the average absolute percent deviation for 3 polar compounds with 

63 experimental data points was 2.1529. 

 For mixtures two equations were used to calculate molar volumes 

of compressed mixtures, Teja equation and Tait equation with HBT 

mixing rules, the extend of Tait equation to be applicable for mixtures, 

with Hankinson- Brobst- Thomson (HBT) mixing rules and modified 

Rackett equation is applied for mixtures to evaluate the pseudo saturated 

liquid mixtures which can be written as: 
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This equation agreed with the experimental data where the average 

percent deviation of 291 points for 7 mixtures was 4.9386, thus this new 

proposed equation has improved the accuracy considerably and may be 

considered very satisfactory. 

 



 III

List of Content 
 

  PAGE 
 ABSTACT I 
 LIST of CONTENT III 
 NOMENCLATURE VI 
   
 CHAPTEER ONE 

INTRODUCTION 
1 

   
 CHAPTER TWO 

LITRITURE SERVEY 
 

2.1 Equation of State  3 
2.2 Law of Corresponding States  3 
2.3 The Third Parameter  4 
   
      2.3.1   Critical Compressibility Factor  4 
      2.3.2    Acentric Factor  4 
   
2.4 Polar Compounds  5 
2.5 Vapor Pressure  5 
2.5.1         Wagner Equation  6 
2.6 Critical Properties  6 
2.7 Reduced Properties  7 
2.8  Compressed Liquid 7 
2.9 Alternative Analytical Method 9 
   
      2.9.1   Yen and Woods Method 9 
      2.9.2   A Generalized Correlation for the 

compressibilities for Normal Liquids                         
10 

2.10   
    2.10.1   van der Waals Equation    13 
    2.10.2   Redlich- Kwong Equation          14 
    2.10.3   Wilson Equation  15 
    2.10.4   Soave Equation 16 
    2.10.5   Peng- Robinson Equation 17 
   
2.11 Lee- Kesler Correlations 17 
2.12 Tait Equation for Compressed Liquids 18 
2.13 Compressed Liquid Densities based on 20 



 IV

Hankinson- Thomson saturated liquid density 
   
    2.13.1   Hankinson- Brobst- Thomson Model 20 
    2.13.2   Alto et al. equation 20 
    2.13.3   Alto and Kiskinen equation 21 
    2.13.4   Hankinson- Thomson Model for Saturated density   23 
   
2.14  Mixing Rules 25 
   
    2.14.1   The Hankinson-Brobst-Thomson (HBT)   25 
    2.14.2   An improved Correlation for densities of 

Compressed liquid and liquid mixtures  
25 

    2.14.3   Densities of liquid at their Bubble Point 28 
   
2.15 Higher Parameter and Alterative CSP Approaches  29  
   
 CHAPTER THREE 

INVESTIGATION AND DISCUSSION 
 

   
3.1 Introduction to the Investigation 31 
3.2 Pure Component 33 
   
      3.2.1   Experimental Data 33 
      3.2.2   Equations of states  34 
      3.2.3   Comparison between Tait and Aalto equation 37 
   
3.3  Summary of the Investigation 45 
3.4 Sample of calculation of volume of compressed 

liquid for pure component 
46  

3.5  Improvement of Tait equation for polar component 
of pure liquids in this work 

50 

3.6 Sample of calculation for Polar Compounds 54 
3.7  Application to mixtures 57 
   
      3.7.1   Teja Equation 57 
      3.7.2   Investigation to the mixtures 57 
   
3.8 Development Method for Mixture in this work  59 
3.9 Sample of calculation for Mixture of liquid 62 
3.10 Discussion 66 
   



 V

   
 CHAPTER FOUR  
4.1 Conclusion 75 
4.2 Recommendation 77 
   
 REFERENCES 78 
   
 Appendix A (A-1) 
 Appendix B (B-1) 
 Appendix C (C-1) 
   

 



 VI

NOMENCLATURE 
 

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

51) 
 

P Pressure atm 
Pc Critical Pressure atm 
Pr Reduced Pressure  
Prs Reduced Saturated Pressure  
Ps Saturated Pressure atm 
 PR Peng- Robinson equation  
R Universal gas Constant atm.cm3/mol.K
SRK Soave- Redlich- Kwong equation  
T Temperature K 
Tc Critical Temperature K 
Tr Reduced Temperature -------- 
V Molar volume cm3/mol 
Vc Critical Volume cm3/mol 
Vr Reduced volume -------- 
Vs Saturated volume cm3/mol 
Vrs Reduced saturated volume ------- 
VR

(0), 
VR

(d) 
Functions of Tr for HBT correlations,eq.(2-
73, 2-74) 

cm3/mol 

V* Characteristic volume used in AK equation   
x Mole fraction  
Z Compressibility Factor  
Zc Critical Compressibility Factor  
ZRA Rackett Compressibility Factor  
   



 VII

   
 GREEK  
α Constant used in the cubic equation of state 

Riedel s third Parameter eq. (2-37) 
 

βs The isothermal Compressibility of saturated 
liquid used in Chueh and Prausnitz eq.(2-18) 

 

ρ Molar density mol/cm3 
ρc Critical Molar density mol/cm3 
ρs Saturated density  mol/cm3 
ρrs Reduced saturated density ----------- 
Φ Fugacity coefficient  
ω Acentric Factor  
 Superscript  
R1 Simple fluid (eq.2-101)  
R2 Reference fluid (eq. 2-101)  
 Subscript  
i Component i  
ij Component ij  
m Mixture  
s Saturated  

 



1 

CHAPTER ONE 

 INTRODUCTION 
 Molar volume is one of the most important thermodynamic 

properties of a compound. In almost all design calculations, there is a 

need for the values of molar volume. For saturated liquid or vapor and for 

gas phase, volume V, is important in high- pressure processing and 

particularly in the design and operation of high- pressure pumps for all 

liquids in the chemical process industries. The volume- handing and 

power characteristics of such pumps are strongly influenced by a liquid’s 

isothermal bulk compressibility, k. All liquids will compress significantly 

at high pressure [1]. 

 

 Densities are needed in many engineering problems such as 

process calculations, simulations, equipment and pipe design, and liquid 

metering calculations. A good density correlation should be accurate and 

reliable over the whole liquid region from the freezing point to the critical 

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

 

 This work was made to study the equations which were used for 

calculating the molar volume of compressed liquids, and shows which 

equation gives good results than the other equations. 

 

The principal aim of this work is to study the existing equations for 

calculating the molar volume, and to modify or improve the best equation 

in order to come out with an equation, or equations, that may predict the  

molar volume for pure compressed liquid or for mixture of compressed 

liquids with high accuracy. 
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 This study includes a modification of Tait equation to be accurately 

applicable to pure polar compressed liquid and introduces new mixing 

rules for saturated liquid density which is applied to calculate the molar 

volume of mixtures. 

  

  

 

    



CCHHAAPPTTEERR  TTWWOO      

LLIITTEERRAATTUURREE  SSUURRVVEEYY  
22..11  EEqquuaattiioonn  ooff  SSttaattee  [[33,,  44,,  55]]   

AAnn  eeqquuaattiioonn  ooff  ssttaattee  iiss  aann  eeqquuaattiioonn  tthhaatt  rreellaatteess  pprreessssuurree,,  

tteemmppeerraattuurree,,  aanndd  ssppeecciiffiicc  vvoolluummee..  MMaannyy  ddiiffffeerreenntt  eeqquuaattiioonnss  ooff  ssttaattee  hhaavvee  

bbeeeenn  ddeevveellooppeedd  oovveerr  tthhee  yyeeaarrss..  SSoommee  hhaavvee  bbeeeenn  ppuurreellyy  eemmppiirriiccaall  aanndd  

ootthheerrss  hhaavvee  bbeeeenn  bbaasseedd  oonn  kkiinneettiicc  tthheeoorryy  aanndd//oorr  tthheerrmmooddyynnaammiicc  

ccoonnssiiddeerraattiioonnss..  HHoowweevveerr  aallll  aarree  eemmppiirriiccaall  iinn  tthhee  sseennssee  tthhaatt  tthhee  ccoonnssttaannttss  

mmuusstt  bbee  ddeetteerrmmiinneedd  ffrroomm  eexxppeerriimmeennttaall  oobbsseerrvvaattiioonnss,,  aanndd  tthhee  eeqquuaattiioonnss  

aarree  vvaalliidd  oonnllyy  ffoorr  iinntteerrppoollaattiioonn  iinn  tthhee  rreeggiioonn  wwhheerree  eexxppeerriimmeennttaall  ddaattaa  

hhaavvee  bbeeeenn  oobbttaaiinneedd..  WWhhiillee  tthhee  eeqquuaattiioonn  ooff  ssttaattee  pprriimmaarriillyy  ddeessccrriibbee  ggaass--

pphhaassee  pprrooppeerrttiieess,,  mmaannyy  mmooddeerrnn  eeqquuaattiioonnss  aarree  aallssoo  uusseeffuull  ffoorr  pprreeddiiccttiioonn  ooff  

lliiqquuiidd--pphhaassee  pprrooppeerrttiieess  ooff  tthhee  ssuubbssttaannccee..  AA  tthhoorroouugghh  uunnddeerrssttaannddiinngg  ooff  

tthheessee  mmeetthhooddss  iiss  nneecceessssaarryy  ttoo  uunnddeerrssttaannddiinngg  ooff  ccllaassssiiccaall  tthheerrmmooddyynnaammiiccss..  

TThhee  ssiimmpplleesstt  eeqquuaattiioonn  ooff  ssttaattee  iiss  tthhaatt  ffoorr  aann  iiddeeaall  ggaass..  

  

22..22  LLaaww  ooff  CCoorrrreessppoonnddiinngg  SSttaatteess  [[33,,  66]]  

vvaann  ddeerr  WWaaaallss  iinn11889977  iinnttrroodduucceedd  tthhee  tthheeoorreemm  ooff  ccoorrrreessppoonnddiinngg  

ssttaatteess,,    wwhhiicchh  ssttaatteess  tthhaatt  ddiiffffeerreenntt  ccoommppoouunnddss  aatt  iiddeennttiiccaall  ccoonnddiittiioonnss  ooff  

rreedduucceedd    tteemmppeerraattuurree  aanndd  rreedduucceedd  pprreessssuurree  wwiillll  eexxhhiibbiitt  iiddeennttiiccaall  rreedduucceedd  

vvoolluummeess..  IItt  wwaass  eexxppaannddeedd  ttoo  ssaayy  tthhaatt  tthheeyy  wwiillll  hhaavvee  tthhee  ssaammee  

ccoommpprreessssiibbiilliittyy  ffaaccttoorr  ((ZZ))..    

                                                                              ),( rrf ΡΤ=Ζ                                                                     ((22--11))  
  HHoowweevveerr,,  tthhiiss  aapppprrooaacchh  iiss  oonnllyy  ssttrriiccttllyy  aapppplliiccaabbllee  ffoorr  sspphheerriiccaall,,  

nnoonnppoollaarr  mmoolleeccuulleess..  FFoorr  mmoorree  ccoommpplleexx  mmoolleeccuulleess  aaddddiittiioonnaall  ppaarraammeetteerr((ss))  

aarree  nneecceessssaarryy  ..tthhrreeee  ppaarraammeetteerrss  aapppprrooaacchheess  hhaavvee  bbeeeenn  ddeemmoonnssttrraatteedd  ttoo  bbee  

ssuucccceessssffuull  iinn  ccoorrrreellaattiinngg  pprrooppeerrttiieess  ffoorr  nnoonn--sspphheerriiccaall,,  nnoonnppoollaarr    
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TThhrreeee  aalltteerrnnaattee  ppaarraammeetteerr  hhaavvee  bbeeeenn  pprrooppoosseedd::  ccrriittiiccaall  ccoommpprreessssiibbiilliittyy  

FFaaccttoorr  ((LLyyddeerrsseenn,,  HHoouuggeenn,,  aanndd  GGrreeeennkkoorrnn))  [[77]],,  aallpphhaa  ((RRiieeddeell))[[88]],,  aanndd  

aacceennttrriicc  ffaaccttoorr    ((PPiittzzeerr))[[66]]..  PPiittzzeerr  aacceennttrriicc  ffaaccttoorr  hhaass  bbeeeenn  wwiiddeellyy  uusseedd,,  

aanndd  tthhee  llaaww  iiss  kknnoowwnn  aass  tthhee  llaaww  ooff  ccoorrrreessppoonnddiinngg  ssttaatteess  ooff  tthhrreeee  

ppaarraammeetteerrss,,  ii..ee..,,  

                                                                                ),,( ωrrf ΡΤ=Ζ                                                                               ((22--22))  

PPoollaarr  mmoolleeccuulleess  aadddd  aann  aaddddiittiioonnaall  ccoommpplleexxiittyy,,  aanndd  ffoouurr  ppaarraammeetteerr  mmooddeellss  

hhaavvee  bbeeeenn  ddeevveellooppeedd..  TThhee  iinnttrroodduuccttiioonn  ooff  llaaww  ooff  ccoorrrreessppoonnddiinngg  ssttaatteess  ooff  

ffoouurr  ppaarraammeetteerr  wwaass  mmaaddee,,  wwiitthh  tthhee  ccrriittiiccaall  ccoommpprreessssiibbiilliittyy  ffaaccttoorr  aass  tthhee  

ffoouurrtthh  ppaarraammeetteerr  [[1111]],,  ii..ee..,,  

                                                                            ),,,( ωcrrf ΖΡΤ=Ζ                                                                           ((22--33))  

  

22..33  TThhee  TThhiirrdd  PPaarraammeetteerr  [[33,,  66]]  

22..33..11  CCrriittiiccaall  ccoommpprreessssiibbiilliittyy  FFaaccttoorr  ((ZZcc  ))::  

TThhee  ccrriittiiccaall  ccoommpprreessssiibbiilliittyy  ffaaccttoorr  wwaass  ffiirrsstt  pprrooppoosseedd  ttoo  bbee  uusseedd  aass  

aa  tthhiirrdd  ppaarraammeetteerr  bbyy  LLyyddeerrsseenn,,  HHoouuggeenn,,  aanndd  GGrreeeennkkoorrnn,,  aanndd  ddeeffiinneedd  aass::  

                                                                                        
c

cc
c RT

VP
Z =                                                                                             ((22--44))  

  TThhee  vvaalluuee  ooff  ZZcc  vvaarriieess  ffrroomm  aabboouutt  00..2233  ffoorr  wwaatteerr  ttoo  00..3300  ffoorr  lliigghhtt  

ggaasseess..  MMoosstt  ppoollaarr  ccoommppoouunnddss  hhaavvee  ffaaccttoorr  iinn  tthhee  rraannggee  ooff  00..2244  ttoo  00..2266,,  

wwhhiillee  hhyyddrrooccaarrbboonnss  aarree  nnoorrmmaallllyy  iinn  tthhee  rraannggee  ooff  00..2266  ttoo  00..2288..  

    

22..33..22  AAcceennttrriicc  FFaaccttoorr  ((ωω))  [[66]]::  

                      PPiittzzeerr  iinn  11995555  ppoossttuullaatteedd  tthhaatt  tthhee  ssllooppee  ooff  tthhee  rreedduucceedd  vvaappoorr  

pprreessssuurree  ccuurrvvee  iiss  tthhee  mmoosstt  sseennssiittiivvee  pprrooppeerrttyy  ffoorr  aa  tthhiirrdd  ppaarraammeetteerr  bbaassee..  

SSiinnccee  vvaappoorr  pprreessssuurree  ccaann  bbee  mmeeaassuurreedd  wwiitthh  ggrreeaatteerr  aaccccuurraaccyy  tthhaann  ccrriittiiccaall  

pprrooppeerrttiieess,,  tthhiiss  aapppprrooaacchh  sshhoouulldd  bbee  ssuuppeerriioorr  ttoo  tthhee  ccrriittiiccaall  ccoommpprreessssiibbiilliittyy  

ffaaccttoorr..  TThhuuss  tthhee  aacceennttrriicc  ffaaccttoorr  ωω,,  iiss  ddeeffiinneedd  aass::    
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                                                                                [ ] 7.0log1 =ΤΡ−−= rr
satω                                               ((22--55))    

wwhheerree  PPrr
ssaatt  iiss  tthhee  rreedduucceedd  ssaattuurraatteedd  vvaappoorr  pprreessssuurree  aatt  rreedduucceedd  tteemmppeerraattuurree  

((TTrr  ==  00..77))  ((ii..ee..,,  aa  tteemmppeerraattuurree  nneeaarr  tthhee  nnoorrmmaall  bbooiilliinngg  ppooiinntt  ))..  TThhiiss  ffoorrmm  iiss  

cchhoosseenn  ttoo  mmaakkee  ωω  ==  00  ffoorr  ssiimmppllee  fflluuiiddss  lliikkee  ((AArr,,  KKrr,,  aanndd  XXee))  wwiitthh  ssiimmppllee  

sspphheerriiccaall  mmoolleeccuulleess..  HHeennccee  aacceennttrriicc  ffaaccttoorr  iiss  aa  ffaaccttoorr  ffoorr  mmeeaassuurriinngg  tthhee  

aacceennttrriicciittyy  oorr  nnoonn  sspphheerriicciittyy  ooff  aa  mmoolleeccuullee..  HHoowweevveerr,,  iitt  sshhoouulldd  bbee  nnootteedd  

tthhaatt  TTrr  ==  00..77  iiss  cclloossee  ttoo  tthhee  nnoorrmmaall  bbooiilliinngg  ppooiinntt  ooff  mmoosstt  ssuubbssttaanncceess,,  tthhuuss  

tthhee  ppaarrttiiccuullaarr  cchhooiiccee  ooff  TTrr  ==  00..77  aaddoopptteedd  bbyy  PPiittzzeerr  pprroovviiddeess  nnoott  oonnllyy  

nnuummeerriiccaall  ssiimmpplliicciittyy  bbeeccaauussee  lloogg  PPrr
ssaatt  ==  11..00  bbuutt  aallssoo  ccoonnvveenniieennccee  bbeeccaauussee  

vvaappoorr  ––  pprreessssuurree  ddaattaa  aarree  mmoosstt  ccoommmmoonnllyy  aavvaaiillaabbllee  aatt  pprreessssuurree  nneeaarr  

aattmmoosspphheerriicc..    

  

22..44  PPoollaarr  CCoommppoouunnddss  [[88]]::  

  PPoollaarr  ccoommppoouunnddss  eexxpprreesssseedd  tthhee  eeffffeecctt  ooff  eelleeccttrroossttaattiicc  ffoorrcceess  

bbeettwweeeenn  mmoolleeccuulleess..  PPoollaarr  ccoommppoouunnddss  aarree  aallccoohhooll,,  pphheennooll,,  wwaatteerr,,  kkeettoonneess,,  

aallddeehhyyddeess,,  eetthheerr,,  aanndd  aallkknniittrriilleess..  TThhee  ffiirrsstt  tthhrreeee  aarree  hhyyddrrooggeenn  bboonnddiinngg  

ccoommppoouunnddss  ((aa  bboonndd  ffoorrmmss  bbeettwweeeenn  tthhee  hhyyddrrooggeenn  aattoomm  aattttaacchheedd  ttoo  ooxxyyggeenn  

iinn  oonnee  mmoolleeccuullee  wwiitthh  tthhee  ooxxyyggeenn  aattoomm  ooff  aannootthheerr  mmoolleeccuullee)),,  tthhiiss  mmaakkeess  

tthheeiirr  bbeehhaavviioorr  iinn  tthhee  vvaappoorr  ddiiffffeerreenntt  aanndd  mmoorree  ccoommpplleexx  tthhaann  tthhaatt  ooff  nnoonn--  

hhyyddrrooggeenn  bboonnddiinngg  ccoommppoouunnddss  ((kkeettoonneess,,  eecctt))..  

    

22..55  VVaappoorr  PPrreessssuurree  [[77]]::  

  VVaappoorr  pprreessssuurreess  hhaavvee  bbeeeenn  mmeeaassuurreedd  ffoorr  mmaannyy  ssuubbssttaanncceess..  WWhheenn  

rreelliiaabbllee  mmeeaassuurreemmeennttss  aarree  aavvaaiillaabbllee,,  BBoouubblliikk  ((11998844))  pprreesseennttss  ttaabbuullaattiioonnss  

ooff  eexxppeerriimmeennttaall  ddaattaa  tthhaatt  hhaavvee  bbeeeenn  jjuuddggeedd  ttoo  bbee  ooff  hhiigghh  qquuaalliittyy  ffoorr  

aapppprrooxxiimmaatteellyy  11000000  ssuubbssttaanncceess..  HHoowweevveerr,,  ssoommeettiimmeess  tthheessee  vvaappoorr  

pprreessssuurreess  aarree  ccaallccuullaatteedd  rraatthheerr  tthhaann  oorriiggiinnaall  ddaattaa  aanndd  tthheerreeffoorree  tthhee  

ppoossssiibbiilliittyy  eexxiissttss  tthhaatt  eerrrroorrss  hhaavvee  bbeeeenn  iinnttrroodduucceedd  iinn  ffiittttiinngg,,  iinntteerrppoollaattiioonn,,  
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oorr  eexxttrraappoollaattiioonn  ooff  tthheessee  ddaattaa..  MMaannyy  ddiiffffeerreenntt  eeqquuaattiioonnss  hhaavvee  bbeeeenn  

pprreesseenntteedd  ttoo  ccoorrrreellaattee  vvaappoorr  pprreessssuurreess  aass  aa  ffuunnccttiioonn  ooff  tteemmppeerraattuurree..  TTwwoo  

ooff  tthheessee,,  tthhee  AAnnttooiinnee  aanndd  WWaaggnneerr  eeqquuaattiioonnss,,  wwhhiillee  tthhee  WWaaggnneerr  eeqquuaattiioonn  

iiss  tthhee  bbeesstt  eeqquuaattiioonn  ffoorr  vvaappoorr  pprreessssuurree..  

  

22..55..11  WWaaggnneerr  EEqquuaattiioonn  [[77]]::  

  WWaaggnneerr  uusseedd  aann  eellaabboorraattee  ssttaattiissttiiccaall  mmeetthhoodd  ttoo  ddeevveelloopp  aann  eeqquuaattiioonn  

ffoorr  rreepprreesseennttiinngg  tthhee  vvaappoorr  pprreessssuurree  bbeehhaavviioorr  ooff  nniittrrooggeenn  aanndd  aarrggoonn  oovveerr  

tthhee  eennttiirree  tteemmppeerraattuurree  rraannggee  ffoorr  wwhhiicchh  eexxppeerriimmeennttaall  ddaattaa  wweerree  aavvaaiillaabbllee..  

TThhee  rreessuullttiinngg  eeqquuaattiioonn  iiss::  

                                                                rvpr TdcbaP /)(ln 635.1 ττττ +++=                         ((22--66))  

PPvvpprr  iiss  tthhee  rreedduucceedd  vvaappoorr  pprreessssuurree,,  TTrr  iiss  tthhee  rreedduucceedd  tteemmppeerraattuurree,,  aanndd  ττ  iiss  

11--TTrr..  TThhee  ccoonnssttaannttss  iinn  eeqq..  ((22--66))  hhaavvee  bbeeeenn  ggiivveenn  bbyy  MMccGGaarrrryy  ffoorr  225500  

fflluuiiddss..    

                                                                                

22..66  CCrriittiiccaall  PPrrooppeerrttiieess  [[99]]::  

TThhee  ccrriittiiccaall  ppooiinntt  iiss  tthhee  ssttaattee  aatt  wwhhiicchh  lliiqquuiidd  aanndd  vvaappoorr  iinn  

eeqquuiilliibbrriiuumm  bbeeccoommeess  iinnddiissttiinngguuiisshhaabbllee  ffrroomm  oonnee  aannootthheerr  ii..ee..  aatt  wwhhiicchh  aallll  

ooff  tthhee  pprrooppeerrttiieess  ooff  tthhee  ttwwoo  pphhaasseess  ((ddeennssiittyy,,  eenntthhaallppyy  ..eettcc))  bbeeccoommee  

iiddeennttiiccaall  ..FFoorr  aa  ppuurree  ssuubbssttaannccee  tthhee  ccrriittiiccaall  ppooiinntt  iiss  tthhee  hhiigghheesstt  tteemmppeerraattuurree  

aanndd  pprreessssuurree  aatt  wwhhiicchh  lliiqquuiidd  aanndd  vvaappoorr  pphhaasseess  ccaann  ccooeexxiisstt  iinn  eeqquuiilliibbrriiuumm..  

TThhee  hhoorriizzoonnttaall  iinnfflleeccttiioonn  eexxhhiibbiitteedd  bbyy  tthhee  ccrriittiiccaall  iissootthheerrmm  aatt  ccrriittiiccaall  

ppooiinntt  iimmpplliieess  tthhee  ttwwoo  mmaatthheemmaattiiccaall  ccoonnddiittiioonnss::    
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CrTV                                                                   ((22--88))  

wwhheerree  ssuubbssccrriipptt  CCrr  ddeennootteess  tthhee  ccrriittiiccaall  ssttaattee  ..  TThheessee  ccrriittiiccaall  pprrooppeerrttiieess  aarree  

uusseedd  aass  ssppeecciiaall  ccoonnssttaannttss  ffoorr  eeaacchh  ssuubbssttaannccee,,  iinn  aaddddiittiioonn  ttoo  tthhee  ootthheerr  

pphhyyssiiccaall  aanndd  cchheemmiiccaall  ccoonnssttaannttss  ssuucchh  aass  bbooiilliinngg  aanndd  ffrreeeezziinngg  ppooiinnttss,,  

mmoolleeccuullaarr  wweeiigghhtt......eettcc..  wwhheerree  TTcc  rreepprreesseennttss  tthhee  ccrriittiiccaall  tteemmppeerraattuurree  aanndd  

PPcc,,  VVcc  rreepprreesseenntt  tthhee  ccrriittiiccaall  pprreessssuurree  aanndd  vvoolluummee  rreessppeeccttiivveellyy..  

TThhee  mmoosstt  ggeenneerraalliizzeedd  ccoorrrreellaattiioonn  aarree  bbaasseedd  oonn  tthhee  oobbsseerrvvaattiioonn  tthhaatt  

ddaattaa  ffoorr  ddiiffffeerreenntt  fflluuiiddss  eexxhhiibbiitt  aa  rreemmaarrkkaabbllee  uunniiffoorrmmiittyy  wwhheenn  tthhee  

tthheerrmmooddyynnaammiicc  ccoooorrddiinnaatteess  aarree  eexxpprreesssseedd  bbaassiiss  ffoorr  tthhee  tthheeoorreemm  ooff  

ccoorrrreessppoonnddiinngg  ssttaatteess..  TThhuuss  tthhee  rreedduucceedd  ccoonnddiittiioonnss  aarree  [[1100]]..  

  

                                                                                  
c

r T
TT =         

                                                                                
c

r P
PP =                                                                                                       ((22--99))  

                                                                                
c

r V
VV =   

  

22..77  CCoommpprreesssseedd  LLiiqquuiidd  [[1122]]  

OOnn  aa  pprreessssuurree  ––  tteemmppeerraattuurree  ddiiaaggrraamm,,  oofftteenn  ccaalllleedd  aa  pphhaassee  ddiiaaggrraamm,,  tthhee  

ssaattuurraattiioonn  ccuurrvveess  mmiigghhtt  aappppeeaarr  aass  sshhoowwnn  iinn  ffiigguurree  22--11..  IItt  iiss  sseeeenn  tthhaatt  tthhee  

lliiqquuiidd  ––  vvaappoorr  ssaattuurraattiioonn  ccuurrvveess  eennddss  aatt  tthhee  ccrriittiiccaall  ppooiinntt..  EEvveerryy  ppuurree  

ssuubbssttaannccee  hhaass  aa  ccrriittiiccaall  ppooiinntt  ..AAtt  aannyy  ppooiinntt  nnoott  oonn  tthhee  ssaattuurraattiioonn  ccuurrvvee,,  tthhee  

ssuubbssttaannccee  ccaann  eexxiisstt  oonnllyy  iinn  oonnee  pphhaassee::  ssoolliidd,,  lliiqquuiidd,,  oorr  ggaasseeoouuss..  IIff  tthhee  

tteemmppeerraattuurree  ooff  tthhee  ssuubbssttaannccee  iinn  tthhee  lliiqquuiidd  pphhaassee  iiss  lleessss  tthhaann  tthhee  ssaattuurraattiioonn  

tteemmppeerraattuurree  ffoorr  tthhee  ggiivveenn  pprreessssuurree,,  tthhee  ssuubbssttaannccee  iiss  ccaalllleedd  aa  ssuubb  ccoooolleedd  
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lliiqquuiidd..  UUnnddeerr  tthhee  ssaammee  ccoonnddiittiioonnss,,  tthhee  ssuubbssttaannccee  mmaayy  aallssoo  bbee  ccaalllleedd  aa  

ccoommpprreesssseedd  lliiqquuiidd  ttoo  iinnddiiccaattee  tthhaatt  iittss  pprreessssuurree  iiss  ggrreeaatteerr  tthhaann  tthhee  

ssaattuurraattiioonn  pprreessssuurree  rreeqquuiirreedd  ffoorr  tthhee  eexxiissttiinngg  tteemmppeerraattuurree  

  

 

Triple Point 

Solid- vapor Sat. curve 

Solid 

Solid-liquid Sat. curve 

Subcooled or 
Compressed Liquid  

Liquid- vapor Sat. curve 

Vapor- gas 

Critical Point 

P  

  T 

Figure 2-1: Pressure- Temperature Diagram 

  

CCoonnssiiddeerr  tthhee  ssaattuurraattiioonn  ccuurrvveess  sshhoowwnn  iinn  ffiigguurree  22--22..  AA  lliiqquuiidd  eexxiissttiinngg  aatt  

ssttaattee  11  iiss  nnoott  oonn  tthhee  lliiqquuiidd  ––  vvaappoorr  ssaattuurraattiioonn  ccuurrvvee..  IItt  iiss  aatt  aaccttuuaall  pprreessssuurree  

PP11,,  aanndd  aatt  lliiqquuiiddss  tteemmppeerraattuurree  TT11  wwhhiicchh  iiss  bbeellooww  tthhee  ssaattuurraattiioonn  

tteemmppeerraattuurree  ffoorr  PP11,,  aanndd  iiss  aabboovvee  tthhee  ssaattuurraattiioonn  pprreessssuurree  PP33  ffoorr  TT11,,  aanndd  iitt  

ccaann  aallssoo  bbee  tthhoouugghhtt  ooff  aass  aa  ccoommpprreesssseedd  lliiqquuiidd..  
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Figure 2-2: Saturation curve 

  

22..88  AAlltteerrnnaattiivvee  AAnnaallyyttiiccaall  MMeetthhooddss  [[1133]]::  

22..88..11  YYeenn  aanndd  WWooooddss  CCoorrrreellaattiioonn    

  YYeenn  aanndd  WWooooddss  [[1144]]  ddeeffiinneedd  tthhee  ddeennssiittyy  ooff  aa  ccoommpprreesssseedd  lliiqquuiidd  iinn  

rreedduucceedd  qquuaannttiittiieess  aass::  

                                                                    ( ) CZrrsr δρρρ +∆=− 27                                                       ((22--88))  

HHeerree  (( )rsr ρρ −   iiss  tthhee  iissootthheerrmmaall  pprreessssuurree  eeffffeecctt  oonn  tthhee  rreedduucceedd  ddeennssiittyy  

bbaasseedd  oonn  tthhee  ssaattuurraatteedd  rreedduucceedd  ddeennssiittyy,,  ρρrrss,,  aanndd  ((∆∆ρρrr))2277  rreepprreesseennttss  tthhee  

rreedduucceedd  ddeennssiittyy  iinnccrreeaassee  ffoorr  ccoommppoouunnddss  wwiitthh  aa  ZZCC  ooff  00..2277  wwhheenn  tthhee  

pprreessssuurree  iiss  iinnccrreeaasseedd  ffrroomm  tthhee  eeqquuiilliibbrriiuumm  vvaappoorr  pprreessssuurree  ttoo  tthhee  pprreessssuurree  

ooff  iinntteerreesstt..  TThhee  tteerrmm  δδZZCC,,  wwhhiicchh  eeqquuaallss  zzeerroo  ffoorr  ccoommppoouunnddss  hhaavviinngg    ZZCC  ooff  

00..2277,,  ffuurrtthheerr  ccoorrrreeccttss  tthhee  iissootthheerrmmaall  pprreessssuurree  eeffffeecctt  oonn  ddeennssiittyy  ffoorr  

ccoommppoouunnddss  wwiitthh  ootthheerr  ZZCC  vvaalluueess..  IItt  wwaass  rreeccoommmmeennddeedd  tthhaatt  tthhee  rreedduucceedd  

ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy  bbee  ccaallccuullaatteedd  bbyy  tthhee  ffoolllloowwiinngg  eeqquuaattiioonn::  

                                ( ) ( ) ( ) 3/43/2 1111
3/1

rrrrs TDTBTA −+−+−+=ρ                   ((22--99))  
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TThhee  AA,,  BB  aanndd  DD  iinn  tthhiiss  eeqquuaattiioonn  hhaavvee  bbeeeenn  ccoorrrreellaatteedd  aass  ppoollyynnoommiiaall  

ffuunnccttiioonnss  ooff  ZZCC..  TThhee  vvaalluuee  ooff  ((∆∆ρρrr))  2277  iiss  ccaallccuullaatteedd  ffrroomm  

                                                                ( ) rPH
rr GePFE ∆+∆+=∆ ln27ρ                                   ((22--1100))  

HHeerree  ∆∆PPrr  iiss  tthhee  rreedduucceedd  pprreessssuurree  iinnccrreeaassee  ffrroomm  tthhee  vvaappoorr  pprreessssuurree  ttoo  tthhee  

pprreessssuurree  ooff  iinntteerreesstt  aanndd  EE,,  FF,,  GG,,  aanndd  HH  aarree  ggiivveenn  bbyy  ccoommpplliiccaatteedd  ffuunnccttiioonnss  

oott  TTrr..  SSiimmiillaarrllyy,,  δδZZCC  iiss  ggiivveenn  aass  aa  ffuunnccttiioonn  ooff  ∆∆PPrr::  

                                                                r
C

PL
rZ KePJ ∆+∆+= ln1δ                                                     ((22--1111))  

wwhheerree  II,,  JJ,,  KK,,  aanndd  LL  aarree  ddeeffiinneedd  ffuunnccttiioonnss  ooff  TTrr  aanndd  ZZCC..  TThhee  ccrriittiiccaall  

ddeennssiittyy  mmuusstt  bbee  kknnoowwnn  oorr  eessttiimmaatteedd..  NNeeeeddlleessss  ttoo  ssaayy,,  tthheessee  ccaallccuullaattiioonnss  

aarree  eexxttrreemmeellyy  tteeddiioouuss  aanndd  iinntteennddeedd  eexxcclluussiivveellyy  ffoorr  ccoommppuutteerr  aapppplliiccaattiioonnss..  

  

22..88..22  AA  GGeenneerraalliizzeedd  CCoorrrreellaattiioonn  ffoorr  tthhee  CCoommpprreessssiibbiilliittiieess  ooff  NNoorrmmaall  

LLiiqquuiiddss    

  MMuucchh  aatttteennttiioonn  hhaass  bbeeeenn  ggiivveenn  ttoo  tthhee  vvoolluummeettrriicc  pprrooppeerrttiieess  ooff  

nnoorrmmaall  fflluuiiddss  iinn  tthhee  ggaass  pphhaassee  aanndd  iitt  iiss  ppoossssiibbllee  ttoo  eessttiimmaattee  wwiitthh  ggoooodd  

aaccccuurraaccyy  tthhee  ccoommpprreessssiibbiilliittyy  ooff  nnoonnppoollaarr  ((oorr  sslliigghhttllyy  ppoollaarr))  ggaasseess..  IInn  tthhiiss  

wwoorrkk  oonnee  ccaann  rreeppoorrtt  aa  ccoorrrreellaattiioonn  ffoorr  tthhee  iissootthheerrmmaall  ccoommpprreessssiibbiilliittyy  ββ  iiss  

ddeeffiinneedd  bbyy    

                                                                                    
TP

v
v








∂
∂

−=
1β                                                                               ((22--1122))  

  FFoorr  aa  ggiivveenn  lliiqquuiidd,,  ββ  iiss  aa  ffuunnccttiioonn  ooff  bbootthh  tteemmppeerraattuurree  aanndd  pprreessssuurree  

((oorr  ddeennssiittyy))..  AAss  ssuuggggeesstteedd  bbyy  WWaaddaa  [[1166]]  tthhee  eeffffeecctt  ooff  ddeennssiittyy  ρρ  iiss  ggiivveenn  ttoo  

aa  ggoooodd  aapppprrooxxiimmaattiioonn  bbyy    

                              ( ) nssn /1/1 βρρβ =                                                                 

                                                  ==  ccoonnssttaanntt  wwhhiicchh  ddeeppeennddss  oonn  tteemmppeerraattuurree                                ((22--1133))  

wwhheerree  ssuuppeerrssccrriipptt  ss  ssttaannddss  ffoorr  ssaattuurraattiioonn  aanndd  nn  iiss  aann  eemmppiirriiccaall  ccoonnssttaanntt..  

SSuubbssttiittuuttiinngg  eeqquuaattiioonn  ((22--1133))  iinnttoo  eeqquuaattiioonn  ((22--1122)),,  ggiivveess::    
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vd









= βln

                                                                  ((22--1144))  

RReewwrriittiinngg  aanndd  iinntteeggrraattiinngg  eeqquuaattiioonn  ((22--1144))  wwee  hhaavvee    

                                                                                    ∫∫ −=
P

Ps

sy

y ss dP
y

n
y
dy β

2                                                   ((22--1155))  

wwhheerree  yy  ==  νν  nn  ..  

ffrroomm  eeqquuaattiioonn  ((22--1155))    

                                                                      ( ) ( )[ ]ssnsn PPn −+= βρρ 1                                       ((22--1166))  

TThhee  ccoommpprreessssiibbiilliittyy  ooff  ssaattuurraatteedd  lliiqquuiidd,,  ββss  ddeeppeennddss  oonnllyy  oonn  tteemmppeerraattuurree..  

TToo  oobbttaaiinn  aa  ggeenneerraalliizzeedd  ccoorrrreellaattiioonn,,  tthhee  rreedduucceedd  eexxppeerriimmeennttaall  

ccoommpprreessssiibbiilliittyy  ddaattaa  ffoorr  aarrggoonn,,  mmeetthhaannee,,  nniittrrooggeenn,,  bbeennzzeennee,,  aanndd  nn--hheeppttaannee  

aarree  uusseedd..    FFrroomm  tthheessee  ddaattaa  tthhee  eemmppiirriiccaall  rreedduucceedd  eeqquuaattiioonn  iiss  aass  ffoolllloowwss    

                  [ ]
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7631.825472.203

3060.1912853.769547.6
exp89.00.1 ω

β                           ((22--1177))  

wwhheerree  TTRR==TT//TTCC,,  TTCC  iiss  tthhee  ccrriittiiccaall  tteemmppeerraattuurree,,  ννcc  iiss  tthhee  ccrriittiiccaall  vvoolluummee,,  ωω  

iiss  PPiittzzeerr  ,,  ss  cceennttrriicc  ffaaccttoorr  aanndd  RR  iiss  tthhee  ggaass  ccoonnssttaanntt..  EEqquuaattiioonn  ((22--1177))  hhoollddss  

ffoorr  tthhee  iinntteerrvvaall 98.04.0 ≤≤ RT ..  

TToo  ccaallccuullaattee  ddeennssiittiieess  ((oorr  vvoolluummeess))  ooff  ccoommpprreesssseedd  lliiqquuiiddss  eeqquuaattiioonn  

((22--1166))  aanndd  ((22--1177))  ttooggeetthheerr  wwiitthh  tthhee  ccoorrrreellaattiioonn  ooff  LLyycckkmmaann  aanndd  EEcckkeerrtt  

[[1111]]  ffoorr  vvoolluummeess  ooff  ssaattuurraatteedd  lliiqquuiiddss  aarree  uusseedd..  WWaaddaa  [[1166]]  hhaass  ssuuggggeesstteedd  

tthhaatt  ffoorr  nnoorrmmaall  fflluuiiddss  nn  ==  77..  HHoowweevveerr,,  tthhee  ssttuuddiieess  ssuuggggeesstt  tthhaatt  ssoommeewwhhaatt  

bbeetttteerr  rreessuullttss  aarree  oobbttaaiinneedd  wwiitthh  nn  ==  99..  CChhuueehh  aanndd  PPrraauussnniittzz  [[1155]]  ssuuggggeesstteedd  

tthhaatt  ρρ  iiss  nnoott  ssttrroonnggllyy  sseennssiittiivvee  ttoo  nn  iiff  eeqquuaattiioonn  ((22--1166))  iinn  llooggaarriitthhmmiicc  ffoorrmm  

ssoo  tthheeyy  oobbttaaiinneedd  ggeenneerraalliizzeedd  ccoorrrreellaattiioonn  ffoorr  ccoommpprreessssiibbiilliittiieess  ooff  nnoorrmmaall  

lliiqquuiiddss  iinn  tthhee  ffoolllloowwiinngg  ffoorrmm::    

                                                ( )[ ]sss PPn
n

−++= βρρ 1log1loglog                                     ((22--1188))  
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wwhheerree  ββss  iiss  tthhee  ccoommpprreessssiibbiilliittyy  aatt  ssaattuurraattiioonn  ggiivveenn  aass  aa  ffuunnccttiioonn  ooff  TTrr  aanndd  

ωω..  TThhee  eeqquuaattiioonn  ooff  LLyycckkmmaann  iiss  tthhee  rreeccoommmmeennddeedd  eeqquuaattiioonn  ffoorr  ccaallccuullaattiinngg  

tthhee  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy,,  ρρss..  TThhiiss  eeqquuaattiioonn  hhaass  tthhee  ffoorrmm::  

                                                            )2(2)1()0(
rrrrsC VVVV ωωρρ ++==                                             ((22--1199))  

TThhee  VVrr
  ((ii)),,  ss  aarree  ggeenneerraalliizzeedd  ffuunnccttiioonnss  ooff  TTrr

  
aanndd  ωω  iiss  tthhee  aacceennttrriicc  ffaaccttoorr..  

AAggaaiinn,,  tthhee  ccrriittiiccaall  ddeennssiittyy  mmuusstt  bbee  kknnoowwnn  oorr  eessttiimmaatteedd..  TThhee  aaccccuurraaccyy  ooff  

tthhee  ccoorrrreellaattiioonnss  ffoorr  tthhee  ddeennssiittyy  ooff  lliiqquuiiddss  uunnddeerr  pprreessssuurree  ddeeppeennddss  ssttrroonnggllyy  

oonn  tthhee  vvaalluuee  ooff  tthhee  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy  uusseedd..  

                  YYeenn  aanndd  WWooooddss  aanndd  CChhuueehh  aanndd  PPrraauussnniittzz  [[1144,,  1155]]  eexxaammiinneedd  tthhee  

rreessuullttss  wwhhiicchh  pprreesseenntteedd  ooff  3322  ccoommppoonneennttss  ooff  22559900  ddaattaa  ppooiinntt  aanndd  ggoott  aann  

oovveerr  aallll  aabbssoolluuttee  aavveerraaggee  ppeerrcceenntt  ddeevviiaattiioonn  22..9955  aanndd  55..5522  ffoorr  mmoollaarr  

vvoolluummeess  ooff  ccoommpprreesssseedd  lliiqquuiiddss  ooff  YYeenn  aanndd  WWooooddss  aanndd  CChhuueehh  aanndd  

PPrraauussnniittzz  rreessppeeccttiivveellyy,,  aanndd  wwhheenn  tthheeyy  uusseedd  RRaacckkeetttt  eeqquuaattiioonn  ((22--2200))  

iinnsstteeaadd  ooff  eeqquuaattiioonnss  ((22--99)),,  ((22--1199))  tthhee  aaccccuurraaccyy  wwaass  iimmpprroovveedd  ttoo  22..2299  aanndd  

11..7755,,  ssoo  RRaacckkeetttt  eeqquuaattiioonn  ccaann  bbee  wwrriitttteenn  iinn  ffoorrmm::  

                                                                  
])1(1[ 7/2Tr

RAZ
Pc

RTcVs −+=                                                   ((22--2200))  

IIttss  aann  eeqquuaattiioonn  ttoo  eessttiimmaattee  ssaattuurraatteedd  vvoolluummeess  wwhhiicchh  wwaass  ddeevveellooppeedd  bbyy  

RRaacckkeetttt  aanndd  llaatteerr  bbyy  SSppeenncceerr  aanndd  DDaannnneerr  [[66,,  77]]..  ZZRRAA  iiss  aa  uunniiqquuee  ccoonnssttaanntt  

ffoorr  eeaacchh  ccoommppoouunndd,,  iiff  aa  vvaalluuee  ooff  ZZRRAA  iiss  nnoo  aavvaaiillaabbllee,,  iitt  mmaayy  bbee  eessttiimmaatteedd  

bbyy::  

                                                                    ω08775.029056.0 −=RAZ                                                     ((22--2211))    

IIff  oonnee  eexxppeerriimmeennttaall  ddeennssiittyy  iiss  aavvaaiillaabbllee  aatt  rreeffeerreennccee  tteemmppeerraattuurree  TTRR,,  tthhee  

rreeccoommmmeennddeedd  ffoorrmm  ooff  tthhee  RRaacckkeetttt  eeqquuaattiioonn  iiss::  

                                                                                        
Φ= RA

R
ss ZVV                                                                       ((22--2222))  

wwhheerree                                            7/27/2 )1()1( R
rr TT −−−=Φ                                               ((22--2233))  
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22..99..11  vvaann  ddeerr  WWaaaallss  EEqquuaattiioonn::  

  DDeerriivvaattiioonn  ooff  tthhee  iiddeeaall  ggaass  llaaww  aassssuummeess  tthhaatt  tthhee  vvoolluummee  ooff  

mmoolleeccuulleess  iiss  iinnffiinniitteessiimmaall  ccoommppaarreedd  wwiitthh  tthhee  ttoottaall  vvoolluummee..  AAccttuuaallllyy,,  tthhee  

vvoolluummee  iinn  wwhhiicchh  aa  mmoolleeccuullee  ccaann  mmoovvee  iiss  lleessss  tthhaann  tthhee  ttoottaall  vvoolluummee  bbyy  

ssoommee  aammoouunntt,,  wwhhiicchh  ttaakkeess  iinnttoo  aaccccoouunntt  tthhee  ffiinniittee  ssiizzee  ooff  tthhee  mmoolleeccuulleess  

aanndd  tthhee  rreeppuullssiioonn  bbeettwweeeenn  mmoolleeccuulleess..  TThhee  ffoorrccee  ooff  aattttrraaccttiioonn  bbeettwweeeenn  

mmoolleeccuulleess,,  ccaalllleedd  tthhee  vvaann  ddeerr  WWaaaallss  ffoorrcceess,,  iiss  aallssoo  nneegglleecctteedd  iinn  tthhee  iiddeeaall--

ggaass  llaaww..  TThhiiss  ffoorrccee  rreedduucceess  tthhee  pprreessssuurree  bbeellooww  tthhee  vvaalluuee  ccaallccuullaatteedd  ffrroomm  

iiddeeaall--ggaass  llaaww  bbyy  ppuulllliinngg  mmoolleeccuulleess  ttooggeetthheerr..  KKiinneettiicc  tthheeoorryy  sshhoowwss  tthhiiss  

pprreessssuurree  ttoo  bbee  iinnvveerrsseellyy  pprrooppoorrttiioonnaall  ttoo  tthhee  mmoollaarr  vvoolluummee  ssqquuaarreedd..  UUssiinngg  

tthhiiss  oobbsseerrvvaattiioonn,,  tthhee  vvaann  ddeerr  WWaaaallss  eeqquuaattiioonn  hhaass  bbeeeenn  ddeerriivveedd  aass    

                                                                          RTbV
V
aP =−







+ )(

2                                                                   ((22--2244))  

oorr                                                                        2V
a

bV
RTP −
−

=                                                                               ((22--2255))  

wwhheerree  aa  aanndd  bb  aarree  cchhaarraacctteerriissttiiccss  ooff  eeaacchh  ccoommppoouunndd  aanndd  aarree  ccaalllleedd  tthhee  vvaann  

ddeerr  WWaaaallss  ccoonnssttaannttss..  VVaalluueess  ooff  aa  aanndd  sseeccoonndd  ddeerriivvaattiivveess  ooff  pprreessssuurree  wwiitthh  

rreessppeecctt  ttoo  vvoolluummee  eeqquuaall  ttoo  zzeerroo::  

aa  aanndd  bb  ccaann  bbee  ccaallccuullaatteedd  ffrroomm  ccrriittiiccaall  pprrooppeerrttiieess  bbyy  aappppllyyiinngg  tthhee  vvaann  ddeerr  

WWaaaallss  eeqquuaattiioonn  ttoo  tthhee  ccrriittiiccaall  ppooiinntt  uussiinngg  tthhee  ffaacctt  tthhaatt  aatt  tthhee  ccrriittiiccaall  ppooiinntt  

ccoonnssttaanntt::  

                                                                            
C

C
P
TRa

64
27 22

=                                                                                                     ((22--2266))  

                                                                              
C

C
P

RT
b

8
=                                                                                                           ((22--2277))  

TThhee  vvaann  ddeerr  WWaaaallss  eeqquuaattiioonn  iiss  aa  ssiimmppllee  aalltthhoouugghh  ssoommeewwhhaatt  iinnaaccccuurraattee  

eeqquuaattiioonn  bbuutt  iitt  pprroovviiddeess  aa  ssttaarrttiinngg  ppooiinntt  ffoorr  mmaannyy  mmoorree  ssoopphhiissttiiccaatteedd  

ffoorrmmuullaattiioonnss[[33]]..  
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22..99..22  RReeddlliicchh  ––  KKwwoonngg  EEqquuaattiioonn::  

  TThhee  ttwwoo--  ccoonnssttaanntt  RReeddlliicchh--KKwwoonngg  eeqquuaattiioonn  ooff  ssttaattee  hhaass  bbeeeenn  

ddeetteerrmmiinneedd  ttoo  bbee  oonnee  ooff  tthhee  mmoosstt  uusseeffuull  eeqquuaattiioonnss,,  iitt  hhaass  bbeeeenn  pprrooppoosseedd  iinn  

tthhee  cceennttuurryy  ffoolllloowwiinngg  vvaann  ddeerr  WWaaaallss,,  wwoorrkk..  TThhee  eeqquuaattiioonn  iiss::    

                                                                          ( )bVVT
a

bV
RTP

+
−

−
=

2/1                                                         ((22--2288))                                                    

  CCoonnssttaanntt  aa  aanndd  bb  ccaann  bbee  mmoosstt  aaccccuurraatteellyy  ddeetteerrmmiinneedd  bbyy  ffiittttiinngg  tthhee  

ccoonnssttaannttss,,  uussiinngg  eexxppeerriimmeennttaall  PPVVTT  ddaattaa..  HHoowweevveerr,,  aass  tthhiiss  iinnffoorrmmaattiioonn  iiss  

nnoott  uussuuaallllyy  aavvaaiillaabbllee,,  tthhee  ccrriitteerriiaa  ooff  tthhee  ccrriittiiccaall  ppooiinntt  ((aatt  tthhee  ccrriittiiccaall  ppooiinntt  

tthhee  ffiirrsstt  aanndd  sseeccoonndd  ddeerriivvaattiivveess  ooff  pprreessssuurree    wwiitthh  rreessppeecctt  ttoo  vvoolluummee  eeqquuaall  

ttoo  zzeerroo))  aarree  uusseedd  ttoo  ddeetteerrmmiinnee  vvaalluueess  ffoorr  aa  aanndd  bb  aass  aa  ffuunnccttiioonn  ooff  tthhee  

ccrriittiiccaall  tteemmppeerraattuurree  aanndd  ccrriittiiccaall  pprreessssuurree  ooff  tthhee  ccoommppoouunndd  ccoonncceerrnneedd..  TThhee  

rreessuullttss  ooff  tthhiiss  ddeerriivvaattiioonn  aarree    

                                                                                  
C

C
P

TRa
5.2242748.0

=                                                                     ((22--2299))  

                                                                                  
C

C
P

RT
b

08664.0
=                                                               ((22--3300))  

TThheessee  ggeenneerraalliizzeedd  ppaarraammeetteerrss  ccaann  tthheenn  uusseedd  wwiitthh  tthhee  RReeddlliicchh--KKwwoonngg  

eeqquuaattiioonn  ttoo  ddeetteerrmmiinnee  PPVVTT  pprrooppeerrttiieess..  TThhee  RReeddlliicchh--KKwwoonngg  eeqquuaattiioonn  iiss  

aallssoo  oofftteenn  wwrriitttteenn  aass  aa  ccoommpprreessssiibbiilliittyy  eeqquuaattiioonn::  

    

                                                                              h
h

B
A

h
Z

+
−

−
=

11
1

                                                                      ((22--3311))  

wwhheerree  

                                                                                      Z
BP

V
bh ==                                                                                         ((22--3322))  

                                                                                            
RT
bPB =                                                                                               ((22--3333))  
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                                                                                          5.22TR
aPA =                                                                                         ((22--3344))  

  TThhiiss  eeqquuaattiioonn  wwiillll  aallllooww  vvaalluueess  ooff  ZZ  ttoo  bbee  ddeetteerrmmiinneedd  bbyy  iitteerraattiivvee  

ssoolluuttiioonn  ooff  tthhee  eeqquuaattiioonn..  SSuucchh  aa  pprroocceedduurree  wwoouulldd  sseett  aa  vvaalluuee  ooff  ZZ  ((ssaayy  11)),,  

ccaallccuullaattee  hh,,  aanndd  tthheenn  ccaallccuullaattee  aa  nneeww  vvaalluuee  ffoorr  ZZ..  TThhee  pprroocceessss  wwoouulldd  bbee  

rreeppeeaatteedd  uunnttiill  tthhee  aassssuummeedd  ZZ  aanndd  ccaallccuullaatteedd  ZZ  aaggrreeee  wwiitthh  cceerrttaaiinn  lliimmiittss..  

  EEqquuaattiioonn  ((22--2255))  ccaann  bbee  wwrriitttteenn  iinn  tteerrmmss  ooff  ccoommpprreessssiibbiilliittyy  ffaaccttoorr  

aass::  

                                                              0)( 223 =−−−+− ABZBBAZZ                                     ((22--3355))  

AAnnyy  ccuubbiicc  eeqquuaattiioonn  wwiillll  ggiivvee  tthhrreeee  rroooottss  ffoorr  ZZ..  TThhee  llaarrggeesstt  iiss  tthhee  vvaappoorr  

ccoommpprreessssiibbiilliittyy  ffaaccttoorr,,  tthhee  ssmmaalllleesstt  iiss  tthhee  lliiqquuiidd  ccoommpprreessssiibbiilliittyy  ffaaccttoorr,,  

aanndd  tthhee  iinntteerrmmeeddiiaattee  rroooott  hhaass  nnoo  pphhyyssiiccaall  ssiiggnniiffiiccaannccee[[33,,  44]]..  

  

22..99..33  WWiillssoonn  EEqquuaattiioonn::  

  WWiillssoonn  eeqquuaattiioonn  iiss  aa  mmooddiiffiiccaattiioonn  ooff  RReeddlliicchh--KKwwoonngg  eeqquuaattiioonn..  

WWiillssoonn  rreeddeeffiinneedd  tthhee  eeqquuaattiioonn  iinn  aannootthheerr  wwaayy  aass::  

                                                                                      
)( bVV

a
bV

RTP
+

−
−

=                                                               ((22--3366))                                  

wwhheerree    

                                                                                                  αCaa =                                                                                     ((22--3377))  

                                                                                  
C

C
C P

RTa
2)(42784.0

=                                                                 ((22--3388))  

  HHee  aallssoo  ddeeffiinneedd  aa  ppaarraammeetteerr  gg,,  wwhhiicchh  iiss  eeqquuiivvaalleenntt  ttoo  αα  //TTrr,,  aanndd  

mmaaddee  aa  ppaarraammeetteerr  aass  aa  ffuunnccttiioonn  ooff  rreedduucceedd  tteemmppeerraattuurree  TTrr,,  aanndd  aacceennttrriicc  

ffaaccttoorr  ωω,,  aass  ffoolllloowwss::  

                                                                                            ),( ωα rr TgT=                                                                   ((22--3399))  

                                                                        ( )1)62.157.1(1 1 −++= −
rTg ω                                       ((22--4400))  
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                                                                        ( )[ ]rrTT 1)62.157.1(1 1 −++= −ωα                                     ((22--4422))  

  

  IInn  ddeerriivviinngg  tthhee  aabboovvee  eeqquuaattiioonn,,  WWiillssoonn  uusseedd  tthhee  PPVVTT  bbeehhaavviioorr  

oobbsseerrvvaattiioonn  tthhaatt  tthhee  vvaappoorr  pprreessssuurree  ccuurrvvee  iiss  ccoonnttiinnuuoouuss  wwiitthh  tthhee  ccrriittiiccaall  

iissoocchhoorrss  aatt  tthhee  ccrriittiiccaall  ppooiinntt..  SSooaavvee,,  oonn  tthhee  ootthheerr  hhaanndd,,  uusseedd  vvaappoorr  

pprreessssuurree  ddaattaa  aanndd  tthhee  ddeeffiinniittiioonn  ooff  tthhee  aacceennttrriicc  ffaaccttoorr  iinn  oobbttaaiinniinngg  tthhee  αα  

eexxpprreessssiioonn[[44]]..  

  

22..99..44  SSooaavvee  EEqquuaattiioonn::  

  SSooaavvee  aallssoo  ddeeffiinneedd  αα  aass  aa  ffuunnccttiioonn  ooff  TTrr  aanndd  ωω,,  bbuutt  iinn  aa  mmuucchh  

ddiiffffeerreenntt  wwaayy  ttoo  WWiillssoonn,,  SSooaavvee  ccaallccuullaatteedd  tthhee  vvaalluueess  ooff  αα    aatt  sseerriieess  ooff  

tteemmppeerraattuurreess  ffoorr  aa  nnuummbbeerr  ooff  ppuurree  hhyyddrrooccaarrbboonnss,,  uussiinngg  tthhee  eeqquuaalliittyy  ooff  

vvaappoorr  aanndd  lliiqquuiidd  ffuuggaacciittiieess  aalloonngg  tthhee  ssaattuurraattiioonn  ccuurrvvee..  HHee  ddeeffiinneedd  αα  aass::  

                                                                      [ ]25.0 )1(1 rTm −+=α                                                                   ((22--4433))  

                                                            ωω 176.057.148.0 −+=m                                                       ((22--4444))  

TThhiiss  iiss  ttoo  bbee  uusseedd  iinnttoo  eeqquuaattiioonn  ((22--3388))  wwiitthh  aaCC  ffrroomm  eeqquuaattiioonn  ((22--3399))  aanndd  

uussiinngg  αα  iinnttoo  eeqquuaattiioonn  ((33--3377))  oorr  ttoo  ccaallccuullaattee  AA  aass  iinn  eeqquuaattiioonn  ((22--4455))  aanndd  

uussee  iitt  iinnttoo  eeqquuaattiioonn  ((22--3366))..  

                                                                                            2)(RT
aPA =                                                                                     ((22--4455))  

IInn  11998844  SSooaavvee  [[3300]]  rreeddeeffiinneedd  mm  iinn  eeqquuaattiioonn  ((22--4433))  aass::  

                                          32 025.019563.05928.14998.0 ωωω +−+=m           ((22--4466))  

wwhhiicchh  iiss  rreessttrriicctteedd  bbyy  ( )10 ≤≤ ω [[33,,  44,,  1177]]..  
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22..99..55  PPeenngg  ––  RRoobbiinnssoonn  EEqquuaattiioonn::  

  PPeenngg  aanndd  RRoobbiinnssoonn  mmooddiiffiieedd  eeqquuaattiioonn  ((22--3377))  aass  ffoolllloowwss::  

                                                    )()( bVbbVV
a

bV
RTP

−++
−

−
=                                                         ((22--4477))  

oorr  iinn  tteerrmmss  ooff  ccoommpprreessssiibbiilliittyy  ffaaccttoorr::  

  0)()32()1( 32223 =−−−−−+−− BBABZBBAZBZ                           ((22--4488))  

wwhheerree  AA  aanndd  BB  aarree  tthhee  ssaammee  aass  iinn  eeqquuaattiioonn  ((22--4455))  aanndd  ((22--3333))  rreessppeeccttiivveellyy..  

TThhee  ddiiffffeerreennccee  iiss  iinn  tthhee  vvaalluueess  ooff  aaCC,,  bb,,  aanndd  mm..  TThheerree  vvaalluueess  aarree  

ccaallccuullaatteedd  ffrroomm  tthhee  ffoolllloowwiinngg  eeqquuaattiioonnss[[44,,  1188]]::  

                                                                                
( )

C

C
C P

RTa
2457235.0

=                                                                 ((22--4499))  

                                                                                
C

C
P

RT
b

077796.0
=                                                                           ((22--5500))  

                                                        2269926.054226.137646.0 ωω −+=m                           ((22--5511))  

  

22..1100  LLeeee  --  KKeesslleerr  CCoorrrreellaattiioonnss::  

TThhiiss  mmeetthhoodd  ccaallccuullaatteess  tthhee  ccoommpprreessssiibbiilliittyy  ffaaccttoorr  iiss  aass  ffoolllloowwss::  

                                                          
( )

( )
( ) ( )( )or

r ZZZZ −+=
ω
ω0

                                          ((22--5522))                        

TThhiiss  mmeetthhoodd  iiss  bbaasseedd  oonn  tthhee  llaaww  ooff  ccoorrrreessppoonnddiinngg  ssttaattee  ooff  tthhrreeee  

ppaarraammeetteerrss..  IItt  ssttaatteess  tthhaatt  tthheerree  aarree  ttwwoo  fflluuiiddss,,  ssiimmppllee  oonnee  aanndd  rreeffeerreennccee  

oonnee  aanndd  ccaallccuullaatteedd  tthhee  ccoommpprreessssiibbiilliittyy  ffaaccttoorr  ooff  aannyy  iinntteerreessttiinngg  fflluuiidd  ffrroomm  

tthheessee  ttwwoo  fflluuiiddss..  TThhee  ccoommpprreessssiibbiilliittyy  ffaaccttoorrss  ooff  bbootthh  tthhee  ssiimmppllee  fflluuiidd  ZZ  

((00))  aanndd  tthhee  rreeffeerreennccee  fflluuiidd  ZZ((rr))  hhaavvee  bbeeeenn  rreepprreesseenntteedd  bbyy  tthhee  ffoolllloowwiinngg  

rreedduucceedd  ffoorrmm  ooff  mmooddiiffiieedd  BBWWRR  eeqquuaattiioonn  ooff  ssttaattee::  

  









−










+++++=








= 2223

4
32 exp1

rrrrrrrr

rr

VVVT
c

V
D

V
C

V
B

T
VPZ γγβ           ((22--5533))          
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3

4
2

321 rrr TbTbTbbB −−−=                                   ((22--5544))  

3
321 rr TcTccC +−=                                             ((22--5555))  

                                                                                rTddD 21 +=                                                                           ((22--5566))  

  

TTaabbllee  22--11::  CCoonnssttaannttss  ffoorr  eeqquuaattiioonn  ((22--5533))  

CCoonnssttaanntt  SSiimmppllee  
fflluuiiddss  

RReeffeerreennccee  
fflluuiiddss    CCoonnssttaanntt  SSiimmppllee  

fflluuiiddss  
RReeffeerreennccee  
fflluuiiddss    

bb11  00..11118811119933  00..22002266557799  cc33  00..00  00..001166990011  
bb22  00..226655772288  00..333311551111  cc44  00..004422772244  00..004411557777  
bb33  00..115544779900  00..002277665555  dd11××110044  00..115555448888  00..4488773366  
bb44  00..003300332233  00..220033448888  dd22××110044  00..662233668899  00..00774400333366  
cc11  00..00223366774444  00..00331133338855  ββ  00..6655339922  11..222266  
cc22  00..00118866998844  00..00550033661188  γγ  00..006600116677  00..0033775544  

    
  

TToo  ccaallccuullaattee  ZZ  ffoorr  tthhee  lliiqquuiidd  ooff  iinntteerreesstt,,  ggiivveenn    TT  aanndd  PP,,  ffiirrsstt  ccaallccuullaattiinngg  

tthhee  aapppprroopprriiaattee  vvaalluueess  ooff  TTrr  ((TT//TTcc))  aanndd  PPrr  ((PP//PPcc))  uussiinngg  ccrriittiiccaall  pprrooppeerrttiieess  

ooff  tthhee  ffrroomm  tthhee  ssiimmppllee  fflluuiidd  ccoonnssttaannttss  iinn  ttaabbllee  22--11  eeqquuaattiioonn  ((22--5533)),,  

ssoollvviinngg  ffoorr  VVrr..  WWhheenn  VVrr  iiss  aapppplliieedd  iinn  tthhee  ffiirrsstt  eeqquuaalliittyy  ooff  eeqquuaattiioonn  ((22--5533)),,  

ZZ  ((00))  iiss  ccaallccuullaatteedd  ffoorr  tthhee  ssiimmppllee  fflluuiidd..  TThhee  nneexxtt  sstteepp  iiss  iiddeennttiiccaall  ttoo  tthhee  ffiirrsstt  

eexxcceepptt  tthhaatt  tthhee  rreeffeerreennccee  fflluuiidd  ccoonnssttaannttss  ooff  ttaabbllee  22--11  aarree  uusseedd,,  bbuutt  wwiitthh  tthhee  

ssaammee  TTrr  aanndd  PPrr  vvaalluueess  ooff  tthhee  fflluuiidd  ooff  iinntteerreesstt  tthhaatt  wweerree  ddeetteerrmmiinneedd  iinn  tthhee  

ffiirrsstt  sstteepp..  TThhee  rreessuulltt  ooff  tthhee  sseeccoonndd  sstteepp  iiss  ZZ((rr))..  FFiinnaallllyy,,  wwiitthh  ZZ((00))  ffrroomm  tthhee  

ffiirrsstt  sstteepp  aanndd  ZZ((rr))  ffrroomm  tthhee  sseeccoonndd,,  tthhee  ccoommpprreessssiibbiilliittyy  ffaaccttoorr  ZZ  ffoorr  tthhee  

fflluuiidd  ooff  iinntteerreesstt  iiss  ddeetteerrmmiinneedd  ffrroomm  eeqquuaattiioonn  ((22--5522))  wwhheerree  ωω((rr))  ==  00..33997788..  

kknnoowwiinngg  tthhaatt  tthhee  rreeffeerreennccee  fflluuiidd  iiss  nn--ooccttaannee[[66,,  99]]..  

  

  

  

  

1188



22..1111  TTaaiitt  EEqquuaattiioonn  ffoorr  nnoonn  ppoollaarr  ccoommpprreesssseedd  LLiiqquuiiddss  [[66,,  77,,  2200]]::  

OOnnee  ooff  tthhee  mmoosstt  ggeenneerraall  aanndd  uusseeffuull  eeqquuaattiioonn  ffoorr  eessttiimmaattiioonn  ooff  VV  iiss  

tthhee  TTaaiitt  eeqquuaattiioonn..  TThhiiss  eeqquuaattiioonn  iiss  ggeenneerraallllyy  aapppplliiccaabbllee  ttoo  nnoonnppoollaarr  aanndd  

mmooddeerraatteellyy  ppoollaarr  ccoommppoouunnddss,,  ssuucchh  aass  hhyyddrrooccaarrbboonnss  aanndd  ccoommmmoonn  

ssoollvveennttss,,  bbuutt  oovveerreessttiimmaatteess  VV  ffoorr  aallccoohhoollss  aanndd  ddiioollss  aatt  hhiigghh  pprreessssuurreess  

mmaaiinnllyy  bbeeccaauussee  iitt  ddooeess  nnoott  aaccccoouunntt  ffoorr  tthheessee  ccoommppoouunnddss  ooff  rreellaattiivveellyy  

llaarrggee  aacceennttrriicc  ffaaccttoorrss,,  eexxttrreemmee  ppoollaarriittiieess  aanndd  ssttrroonngg  hhyyddrrooggeenn  bboonnddss..  

CCoommpprreesssseedd  lliiqquuiidd  ddeennssiittyy  mmeeaassuurreemmeennttss  wweerree  ppeerrffoorrmmeedd  aatt  pprreessssuurree  uupp  

ttoo  6688  MMPPaa  aanndd  aatt  rreedduucceedd  tteemmppeerraattuurree 95.0≤rT ..  

  TThhee  oobbttaaiinneedd  rreessuullttss  wweerree  ffiitttteedd  ttoo  aa  ggeenneerraalliizzeedd  TTaaiitt  eeqquuaattiioonn  iinn  

tthhee  ffoorrmm  pprrooppoosseedd  bbyy  [[1188]]::  

                                                                  







+
+

−=
sat

sat P
PcVV

β
βln1                                                           ((22--5577))  

wwhheerree  VV  iiss  tthhee  mmoollaarr  vvoolluummee,,  VVssaatt  iiss  tthhee  ssaattuurraatteedd  mmoollaarr  vvoolluummee,,  PP  tthhee  

pprreessssuurree  aanndd  PPssaatt  tthhee  vvaappoorr  pprreessssuurree  wwhhiicchh  wwaass  ddeetteerrmmiinneedd  ffrroomm  eeqq..  ((22--66))  

bbyy  mmuullttiippllyyiinngg      PPvvpprr  wwiitthh  PPcc  ..    

PPCC  ==  ccrriittiiccaall  pprreessssuurree,,  iinn  bbaarrss  

TThhoommssoonn  eett  aall..  [[66]]  pprreesseenntteedd  ggeenneerraalliizzeedd  ccoorrrreellaattiioonnss  ffoorr  ββ  aanndd  cc  iinn  

tteerrmmss  ooff  TTcc,,  PPcc  aanndd  ωω,,  aanndd  oobbttaaiinneedd  ffrroomm  tthhee  ffoolllloowwiinngg  eeqquuaattiioonnss::  

      ( ) ( ) ( ) ( )[ ]3/43/23/1 11111 rrrrC TeTdTbTaP −+−+−+−+−=β                   ((22--5588))  

                              ( )2exp SRKSRK hgfe ωω ++=                                                                                               ((22--5599))  

                                SRKkjc ω+=                                                                                                                                             ((22--6600))  

HHeerree  ωω  iiss  tthhee  aacceennttrriicc  ffaaccttoorr  ccaallccuullaatteedd  tthhrroouugghh  tthhee  bbaassiicc  eeqquuaattiioonn::  

                                ( ) 1log 7.010 −−= =ratTrsatPω                                                                                                     ((22--6611))  

wwhheerree                                    CSrsat PPP =     

TThhee  a --  k ccooeeffffiicciieennttss,,  rreeggrreesssseedd  oonn  tthhee  bbaassee  ooff  eexxppeerriimmeennttaall  ddaattaa,,  aarree  

ggiivveenn  iinn  ttaabbllee  22--22..  
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TTaabbllee  22--22::  CCooeeffffiicciieennttss  ooff  tthhee  ggeenneerraalliizzeedd  TTaaiitt  eeqquuaattiioonn..  

Coefficient Numerical value Coefficient Numerical value 
a  070217.9−  b  45326.62  
d  1102.135−  f  79594.4  
g  250047.0  h  14188.1  
j  0861488.0  k  0344483.0  

  

TThhee  aabbiilliittyy  ttoo  pprreeddiicctt  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittiieess  ffoorr  eelleemmeennttss  aanndd  

ccoommppoouunnddss  ccoonnttiinnuueess  ttoo  ppllaayy  aann  iimmppoorrttaanntt  rroollee  iinn  tthhee  ttrreeaattmmeenntt  ooff  

tthheerrmmooddyynnaammiicc  pprrooppeerrttiieess..  AAlltthhoouugghh  tthhee  ccaallccuullaattiioonn  ooff  ssuucchh  ddeennssiittiieess  iiss  

ppoossssiibbllee  tthhrroouugghh  tthhee  uussee  ooff  aann  eeqquuaattiioonn  ooff  ssttaattee  mmoorree  oofftteenn  tthhaann  nnoott..  AAnn  

eeqquuaattiioonn  ttoo  eessttiimmaattee  ssaattuurraatteedd  vvoolluummeess  wwaass  ggiivveenn  aallssoo  bbyy  SSppeenncceerr  aanndd  

DDaannnneerr  [[66,,  77]]  ((22--2200))..    

  

22..1122  CCoommpprreesssseedd  LLiiqquuiidd  ddeennssiittiieess  bbaasseedd  oonn  HHaannkkiinnssoonn--TThhoommssoonn  

ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy    

22..1122..11  HHaannkkiinnssoonn--BBrroobbsstt--TThhoommssoonn  mmooddeell  [[2211]]  

  TThhoommssoonn  eett  aall..  [[2222]]  pprrooppoosseedd  aa  mmeetthhoodd  ((HHBBTT))  ttoo  ccaallccuullaattee  tthhee  

ccoommpprreesssseedd  lliiqquuiidd  ddeennssiittyy..  TThhiiss  mmooddeell  ffiirrsstt  ccaallccuullaatteess  tthhee  ssaattuurraatteedd  lliiqquuiidd  

ddeennssiittyy  uussiinngg  eeqquuaattiioonnss  ((22--7733))--((22--7755))..  TThhee  eeffffeecctt  ooff  pprreessssuurree  iiss  tthheenn  ttaakkeenn  

iinnttoo  aaccccoouunntt  uussiinngg  tthhee  ggeenneerraalliizzeedd  TTaaiitt  eeqquuaattiioonn..  TThhiiss  mmeetthhoodd  nneeeeddss  tthhee  

ppuurree  ccoommppoonneenntt  vvaappoorr  pprreessssuurree  ((eexxppeerriimmeennttaall  vvaalluuee  oorr  ffrroomm  aa  ccoorrrreellaattiioonn  

eeqquuaattiioonn  lliikkee  AAnnttooiinnee  oorr  WWaaggnneerr  eeqquuaattiioonn))  aanndd  tthhee  ppuurree  ccoommppoonneenntt  

ccrriittiiccaall  pprreessssuurree..  

  AAllttoo  eett  aall..  [[2233]]  hhaavvee  sshhoowwnn  tthhaatt  tthhiiss  ggeenneerraalliizzeedd  TTaaiitt  eeqquuaattiioonn  iiss  

lliimmiitteedd  ttoo  rreedduucceedd  tteemmppeerraattuurree  ooff  00..9955..  TThheerreeffoorree  tthhiiss  mmeetthhoodd  iiss  ttoo  bbee  

rreeppllaacceedd  wwiitthh  nneewweerr  aanndd  mmoorree  aaccccuurraattee  mmeetthhooddss  ddeessccrriibbeedd  nneexxtt..  
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22..1122..22  AAllttoo  eett  aall..  eeqquuaattiioonn  [[77,,  2211]]  

AAllttoo  eett  aall..  [[2233,,  2244]]  hhaavvee  pprreesseenntteedd  aa  ccoommpprreesssseedd  lliiqquuiidd  ddeennssiittyy  

ccaallccuullaattiioonn  mmeetthhoodd  tthhaatt  ffiirrsstt  ccaallccuullaatteess  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy  uussiinngg  HHTT  

mmooddeell,,  aanndd  tthheenn  tthhee  eeffffeecctt  ooff  pprreessssuurree  iiss  ttaakkeenn  iinnttoo  aaccccoouunntt  bbyy  aa  

mmooddiiffiiccaattiioonn  ooff  eeqquuaattiioonn  ooff  CChhaanngg  --  ZZhhaaoo  [[2255]]  ((11999900))  ttoo  TTrr  ==11..  

                                                
( ) ( )

( )vpc

vp
TD

c
S PPCAP

PPCAP
VV

B
r

−+

−+
=

−

                                                ((22--6622))                                

AA  aanndd  BB  aarree  ppoollyynnoommiiaallss  iinn  TT//TTcc  aanndd  ωω,,  rreessppeeccttiivveellyy..  AAllttoo  eett  aall..  ((11999966))  

mmooddiiffiieedd  tthhee  CChhaanngg  --  ZZhhaaoo  mmooddeell  bbyy  tthhee  HHTT  mmooddeell::  VV**,,  TTCC  aanndd  ωωSSRRKK..  

TThhiiss  mmooddeell  iiss  qquuiittee  aaccccuurraattee  aass  ddiissccuusssseedd  bbyy  PPoolliinngg  eett  aall..  [[3300]]..  TThhee  

ffoorrmmaattiioonn  ooff  AA  aanndd  BB::  

                                                    rrrr TaTaTaTaaA 4
6

3
3

210 ++++=                                             ((22--6633))  

                                                                          10 bbB SRKω+=                                                                                   ((22--6644))  

TThhee  ccoonnssttaannttss  ooff  AAllttoo  eett  aall..  ((11999966))  aarree  sshhoowwnn  iinn  ttaabbllee  44--33..  

  

TTaabbllee  44--33::  CCoonnssttaannttss  ffoorr  AAllttoo,,  eett  aall..  ((11999966))  CCoorrrreellaattiioonn  ffoorr  CCoommpprreesssseedd  

LLiiqquuiiddss  ooff  eeqqss..  ((22--6633))  aanndd  ((22--6644))  

0a  1a  2a  3a  4a  0b  1b  C  D  

-170.335 -28.578 124.809 -55.5393  130.01 0.164813 -0.0914427 Exp(1) 1.00588 

    

TThhee  ddrraawwbbaacckk  ooff  tthhiiss  mmooddeell  iiss  tthhaatt  ddaattaa  uusseedd  iinn  tthhee  ggeenneerraall  mmooddeell  

ppaarraammeetteerr  ffiittttiinngg  wwaass  lliimmiitteedd  ttoo  2200  MMPPaa  aass  mmaaxxiimmuumm..  TThhee  mmooddeell  hhaass  

bbeeeenn  ffoouunndd  ttoo  hhaavvee  ssyysstteemmaattiicc  eerrrroorrss  ((ddeennssiittyy  uunnddeerr  pprreeddiiccttiioonn))  iinn  

pprreessssuurreess  hhiigghheerr  tthhaann  2255  MMPPaa  aanndd  iitt  iiss  rreeccoommmmeennddeedd  oonnllyy  ffoorr  tthhee  

pprreessssuurree  rraannggee  iitt  wwaass  iinniittiiaallllyy  ffiitttteedd,,  II,,  ee..  mmaaxxiimmuumm  pprreessssuurree  ffoorr  tthhiiss  

mmooddeell  iiss  2200  MMPPaa..  
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22..1122..33  AAllttoo  aanndd  KKeesskkiinneenn  eeqquuaattiioonn  [[2211]]    
  AAllttoo  aanndd  KKeesskkiinneenn  [[2266,,  2277]]  ((AAKK))  iimmpprroovveedd  tthhee  eeqquuaattiioonn  ooff  AAllttoo  eett  

aall..  [[2233,,  2244]]  ffoorr  ccoommpprreesssseedd  lliiqquuiiddss..  TThhee  ddaattaa  uusseedd  iinn  ffiittttiinngg  tthhee  ggeenneerraall  

mmooddeell  ppaarraammeetteerrss  eexxtteennddeedd  uupp  ttoo  880000  MMPPaa..  AA  lloott  ooff  ddaattaa  ppooiinnttss  wweerree  aallssoo  

llooccaatteedd  nneeaarr  tthhee  ccrriittiiccaall  tteemmppeerraattuurree..  TThhuuss  tthhee  AAKK  mmooddeell  ccaann  bbee  uusseedd  

wwiitthh  eexxcceelllleenntt  aaccccuurraaccyy  uupp  ttoo  eexxttrreemmeellyy  hhiigghh  pprreessssuurreess..  TThhee  AAKK  mmooddeell  

aallssoo  aapppplliieess  wwiitthh  ggoooodd  aaccccuurraaccyy  ttoo  tthhee  ccrriittiiccaall  tteemmppeerraattuurree  ggiivviinngg  aallssoo  tthhee  

lliiqquuiidd  ccoommpprreessssiioonn  aatt  tthhee  ccrriittiiccaall  tteemmppeerraattuurree  wwhheenn  pprreessssuurree  iiss  hhiigghheerr  

tthhaann  ccrriittiiccaall  pprreessssuurree..  TThhee  AAKK  mmooddeell  wwaass  ccoommppaarreedd  ttoo  tthhee  mmooddeell  ooff  AAllttoo  

eett  aall..  [[2233,,  2244]]  aanndd  wwaass  ffoouunndd  ttoo  bbee  ooff  nneeaarrllyy  tthhee  ssaammee  aaccccuurraaccyy  iinn  tthhee  

pprreessssuurree  rraannggee  ffrroomm  ssaattuurraattiioonn  pprreessssuurree  ttoo  2200  MMPPaa..  TThheerreeffoorree  tthhee  AAKK  

mmooddeell  iiss  bbeetttteerr  rreeccoommmmeennddeedd  tthhaann  tthhee  mmooddeell  ooff  AAllttoo  eett  aall..  TThhee  AAKK  

mmooddeell,,  uussiinngg  VVSS  ffrroomm  tthhee  HHTT  mmooddeell,,  iiss  aass  ffoolllloowwss::  

                                                      
( ) ( )

( )rsr
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                                                      ((22--6655))  

                          rrrr TaTaTaTaaA 4
6

3
3

210 ++++=                                               ((22--6666))  

                                                  
SRKb

b
bB

ω+
+=

2

1
0                                                                                               ((22--6677))            

                            ( ) ( )[ ] ( )[ ]rsr
c

r
c

r PPccTTcC ,431 exp111 22 −+−−+−=                 ((22--6688))  

  

TThhee  ggeenneerraall  mmooddeell  ppaarraammeetteerrss  ffoorr  eeqquuaattiioonnss  ((22--6655))  --  ((22--6688))  aarree  

85416.4820 =a         2977.11541 −=a           09727.7902 =a     14413.2123 −=a               

4904.934 =a           0264002.00 =b               42711522.01 =b           5.02 =b   

              2892236.91 =c           5103968.22 =c               5939722.03 =c             0010895002.04 =c     

                00001.1=D                 80329503.0=E   

RReedduucceedd  tteemmppeerraattuurree  iiss  oobbttaaiinneedd  ffrroomm,,      

2222



                                                                              
C

r T
TT =                                                                                                                 ((22--6699))  

aanndd  rreedduucceedd  pprreessssuurree  PPrr  aanndd  rreedduucceedd  pprreessssuurree  ooff  ssaattuurraatteedd  vvaappoorr  SSppuurr  aarree    

                                                                          
C

r P
PP =                                                                                                                       ((22--7700))  

                                                                        
C

S
sr P

PP =,                                                                                                                     ((22--7711))  

TThhee  AAKK  mmooddeell  uusseess  tthhee  ssaammee  ppuurree  ccoommppoonneenntt  ppaarraammeetteerrss  aass  tthhee  HHTT  

mmooddeell::  VV**,,  TTCC  aanndd  ωωSSRRKK..  IInn  aaddddiittiioonn  ttoo  tthhaatt  tthhee  ccrriittiiccaall  pprreessssuurree  aanndd  

ssaattuurraatteedd  lliiqquuiidd  vvaappoorr  pprreessssuurree  aarree  nneeeeddeedd..  TThhee  ssaattuurraatteedd  lliiqquuiidd  mmoollaarr  

vvoolluummee,,  VVSS  iiss  ccoommppuutteedd  iinn  tthhee  HHaannkkiinnssoonn--  TThhoommssoonn  HHTT  mmooddeell  [[1133]]..  

  

22..1122..44  HHaannkkiinnssoonn--TThhoommssoonn  mmooddeell  ffoorr  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy  [[2211,,  77]]::  

  OOnnee  ooff  tthhee  mmoosstt  ssuucccceessssffuull  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy  mmooddeellss  iiss  tthhee  

HHaannkkiinnssoonn--TThhoommssoonn  ((HHTT))  mmooddeell,,  oofftteenn  ccaalllleedd  CCOOSSTTAALLDD..  IItt  iiss  aaccccuurraattee  

ffoorr  ppuurree  ccoommppoouunnddss  ffrroomm  ttrriippllee  ppooiinntt  ttoo  tthhee  nneeaarr--ccrriittiiccaall  rreeggiioonn,,  aanndd  iitt  hhaass  

bbeeeenn  ssuucccceessssffuullllyy  eexxtteennddeedd  ttoo  mmiixxttuurreess..  MMoorreeoovveerr,,  aa  llaarrggee  ccoolllleeccttiioonn  ooff  

ppuurree--  ccoommppoonneenntt  ppaarraammeetteerrss  hhaass  aallrreeaaddyy  bbeeeenn  ppuubblliisshheedd..  HHTT  wwaass  

ddeevveellooppeedd  mmaaiinnllyy  ffoorr  hhyyddrrooccaarrbboonnss  aanndd  ootthheerr  oorrggaanniicc  ccoommppoouunnddss,,  bbuutt  iitt  

iiss  aallssoo  aaccccuurraattee  ffoorr  mmaannyy  ootthheerr  ttyyppeess  ooff  ccoommppoouunnddss..  TThhee  HHaannkkiinnssoonn--

BBrroobbsstt--TThhoommssoonn  ((HHBBTT))  mmooddeell  iiss  aann  eexxtteennssiioonn  ooff  tthhee  HHTT  mmooddeell  ttoo  tthhee  

ccoommpprreesssseedd  lliiqquuiidd  rreeggiioonn,,  HHBBTT  iiss  aapppplliiccaabbllee  bbootthh  ffoorr  ppuurree  ccoommppoouunnddss  

aanndd  mmiixxttuurreess..  LLaatteerr,,  mmaannyy  nneeww  mmeetthhooddss  ffoorr  ccoommpprreesssseedd  lliiqquuiidd  ddeennssiittyy  

ccaallccuullaattiioonn  hhaavvee  bbeeeenn  pprrooppoosseedd..  MMaannyy  ooff  tthhoossee  uuttiilliizzee  aa  ccoonncceepptt  ssiimmiillaarr  

ttoo  HHBBTT  mmooddeell..  FFiirrsstt,,  tthhee  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy  iiss  oobbttaaiinneedd,,  aanndd  tthheenn  tthhee  

eeffffeecctt  ooff  pprreessssuurree  iiss  ddeessccrriibbeedd  uussiinngg  aannootthheerr  mmooddeell..  HHTT  hhaass  oofftteenn  bbeeeenn  

sseelleecctteedd  ffoorr  tthhee  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittyy  pprreeddiiccttiioonnss  iinn  tthheessee  ccoommpprreesssseedd  

lliiqquuiidd  ddeennssiittyy  mmooddeell  dduuee  ttoo  iittss  ggoooodd  aaccccuurraaccyy..  TThhee  ssaattuurraatteedd  lliiqquuiidd  mmoollaarr  

vvoolluummee,,  VVss,,  iiss  ccoommppuutteedd  iinn  tthhee  HHaannkkiinnssoonn--TThhoommssoonn  mmooddeell  ffrroomm::  
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                    [ ])()0( 1 δω RSRKR
S VV

V
V

−=∗                                                                                                             ((22--7722))    

      3/43/23/1)0( )1()1()1()1(1 rrrrR TdTcTbTaV −+−+−+−+=                   ((22--7733))  

wwhheenn  00..2255<<  TTrr  <<009955    

      )00001.1()( 32)( −+++= rrrrR ThTgTfTeV δ                                                   ((22--7744))  

wwhheenn  00..2255<<TTrr  <<  11..00    

        
C

r T
TT =                                                                                                                                                                                       ((22--7755))    

ffoorr  eeqquuaattiioonnss  ((22--7733))  --  ((22--7744))  tthhee  ggeenneerraall  ppaarraammeetteerrss  aarree  aass  tthhee  ffoolllloowwiinngg::  

                  52816.1−=a               43907.1=b                 81446.0−=c                     190454.0=d         
                  296123.0−=e           386914.0=f             0427258.0−=g             0480645.0−=h   

  

TThhee  ppuurree  --  ccoommppoonneenntt  ssppeecciiffiicc  ppaarraammeetteerrss  aarree  tthhee  ffoolllloowwiinngg::  

cchhaarraacctteerriissttiicc  vvoolluummee  VV**,,  sslliigghhttllyy  aaddjjuusstteedd  ccrriittiiccaall  tteemmppeerraattuurree  TTcc  aanndd  tthhee  

SSRRKK  aacceennttrriicc  ffaaccttoorr  ωωSSRRKK..  TThheessee  aarree  ttaabbuullaatteedd  ffoorr  mmaannyy  ccoommppoouunnddss  iinn  

AAppppeennddiixx  AA  aanndd  tthhee  uusseess  ooff  tthheessee  ssppeecciiaall  ppaarraammeetteerrss  aarree  rreeccoommmmeennddeedd  ttoo  

ggeett  bbeesstt  aaccccuurraaccyy..  AAlltthhoouugghh  eeqquuaattiioonn  ((22--7744))  wwaass  oorriiggiinnaallllyy  ssttaatteedd  ttoo  aappppllyy  

oonnllyy  aatt  rraannggee  00..2255<<TTrr<<  00..9955  ,,  AAllttoo  eett  aall,,  AAllttoo  aanndd  KKeesskkiinneenn  aanndd  aallssoo  

NNaassrriiffaarr  eett  aall  [[2288]],,  aanndd  NNaassrriiffaarr  aanndd  MMoossffeegghhiiaann[[2299]]  ffoouunndd  iitt  ttoo  hhoolldd  

rreeaassoonnaabbllyy  wweellll  uupp  ttoo  tthhee  ccrriittiiccaall  tteemmppeerraattuurree  PPoolliinngg  eett  aall..  [[3300]],,  ddiissccuusssseedd  

tthhee  nneeeedd  ffoorr  tthhee  ssppeecciiaall  ppaarraammeetteerr  VV**  ,,TTcc  aanndd  ωωSSRRKK..  TThheeyy  ssttaattee  tthhaatt  rreeaall  TTcc  

ccaann  bbee  uusseedd  iinn  ppllaaccee  ooff  TTcc,,  bbuutt  rreemmiinndd  tthhaatt  tthhee  ssaammee  vvaalluuee  ooff  TTcc  sshhoouulldd  bbee  

uusseedd  wwiitthh  tthhee  mmooddeell  tthhaatt  wwaass  uusseedd  iinn  tthhee  ffiittttiinngg  ooff  tthhee  VV**  aanndd  ωωSSRRKK..  
PPoolliinngg  eett  aall..  AAllssoo  ssttaatteedd  tthhaatt  wwiitthh  aa  lliittttllee  lloossss  ooff  aaccccuurraaccyy,,  VV**  ccaann  bbee  sseett  

eeqquuaall  ttoo  VVcc  aanndd  ccoorrrreessppoonnddiinnggllyy  ωωSSRRKK  ccaann  bbee  ssuubbssttiittuutteedd  bbyy  tthhee  nnoorrmmaall  

RRiieeddeell  aacceennttrriicc  ffaaccttoorr  ωω..  
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22..1133  MMiixxiinngg  RRuulleess    

  TThhee  mmeetthhooddss  rreevviieewweedd  aabboovvee  aarree  ffoorr  ppuurree  ccoommppoonneennttss  ccaallccuullaattiioonnss..  

TToo  eexxtteenndd  tthhee  mmeetthhooddss  ttoo  mmiixxttuurreess,,  tthheeyy  mmuusstt  bbee  mmooddiiffiieedd  ttoo  iinncclluuddee  tthhee  

aaddddiittiioonnaall  vvaarriiaabbllee  ooff  ccoommppoossiittiioonn..  IInn  eesssseennttiiaallllyy  aallll  ccaasseess,,  tthhee  iinncclluussiioonn  

iiss  aaccccoommpplliisshheedd  bbyy  aavveerraaggiinngg  ppuurree  ccoommppoonneenntt  ccoonnssttaannttss  ttoo  oobbttaaiinn  

ccoonnssttaannttss  wwhhiicchh  hhooppeeffuullllyy  cchhaarraacctteerriizzee  tthhee  mmiixxttuurreess..  EEqquuaattiioonnss  tthhaatt  ddoo  

tthhiiss  aarree  ccaalllleedd  mmiixxiinngg  rruulleess  [[66]]..    

  

22..1133..11  TThhee  HHaannkkiinnssoonn  ––  BBrroobbsstt  --  TThhoommssoonn  ((HHBBTT))  [[3311]]::  

  TThhiiss  mmiixxiinngg  rruulleess  tthhaatt  aarree  rreeccoommmmeennddeedd  ffoorr  ccoommpprreesssseedd  lliiqquuiiddss,,  

aarree  aass  ffoolllloowwss::    
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22..1133..22  AAnn  IImmpprroovveedd  CCoorrrreellaattiioonn  ffoorr  DDeennssiittiieess  ooff  ccoommpprreesssseedd  LLiiqquuiiddss  

aanndd  lliiqquuiidd  MMiixxttuurreess  [[3311]]::  

  TThhee  TTaaiitt  eeqquuaattiioonn  hhaass  bbeeeenn  eexxtteennddeedd  aanndd  ggeenneerraalliizzeedd  ttoo  ppeerrmmiitt  tthhee  

ccaallccuullaattiioonn  ooff  ddeennssiittiieess  ooff  ccoommpprreesssseedd  lliiqquuiiddss  aanndd  tthheeiirr  mmiixxttuurreess  ttoo  aa  

pprreessssuurree  ooff  668800  aattmm  uussiinngg  oonnllyy  ccrriittiiccaall  tteemmppeerraattuurree,,  ccrriittiiccaall  pprreessssuurree,,  

SSooaavvee--  RReeddlliicchh--  KKwwoonngg  aacceennttrriicc  ffaaccttoorr,,  ssaattuurraattiioonn  pprreessssuurree,,  aanndd  ssaattuurraatteedd  

vvoolluummee  ffoorr  aa  ppuurree  lliiqquuiidd  oorr  tthhee  ccoorrrreessppoonnddiinngg  mmiixxttuurree  ppaarraammeetteerrss  ffoorr  aa  
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lliiqquuiidd  mmiixxttuurree..  TThhiiss  ccoorrrreellaattiioonn,,  ttooggeetthheerr  wwiitthh  tthhee  ccoorrrreellaattiioonn  ddeevveellooppeedd  

bbyy  HHaannkkiinnssoonn  aanndd  TThhoommssoonn  ((11997799))  ffoorr  ssaattuurraatteedd  lliiqquuiidd  ddeennssiittiieess,,  

ccoommpprriisseess  CCOOSSTTAALLDD  ((CCoorrrreessppoonnddiinngg  SSttaatteess  LLiiqquuiidd  DDeennssiittyy)),,  aann  

iinntteeggrraatteedd  mmeetthhoodd  ffoorr  eessttiimmaattiinngg  ddeennssiittiieess  ooff  nnoonnppoollaarr  aanndd  sslliigghhttllyy  ppoollaarr  

fflluuiiddss  aanndd  mmiixxttuurreess..  TThhiiss  nneeww  ccoorrrreellaattiioonn  ggaavvee  00..444466  aavveerraaggee  aabbssoolluuttee  

ppeerrcceenntt  eerrrroorr  ffoorr  66333388  ddaattaa  ppooiinnttss  ffoorr  nnoonnppoollaarr  lliiqquuiiddss,,  22..5577  ffoorr  11335522  ddaattaa  

ppooiinnttss  ffoorr  ppoollaarr  aanndd  qquuaannttuumm  lliiqquuiiddss,,  00..336699  ffoorr  331199  ddaattaa  ppooiinnttss  ffoorr  

LLNNGG//LLPPGG  mmiixxttuurreess,,  aanndd  11..6611  ffoorr  aallll  mmiixxttuurreess  tteesstteedd..  wwiitthh  rreeggaarrdd  TTaaiitt  

eeqquuaattiioonn  ((22--5577)),,  CCuuttlleerr  eett  aall..  ((11995588)),,  NNeeeeccee  aanndd  SSqquuiirree  ((11996688)),,  MMccDDuuffffiiee  

eett  aall..  ((11996699)),,  BBeennssoonn  aanndd  WWiinnnniicckk  ((11997711)),,  aanndd  KKuummaaggaaii  eett  aall..  ((11997766))  

ttrreeaatteedd  tthhee  ccoonnssttaanntt  ββ  aass  aa  lliinneeaarr  oorr  qquuaaddrraattiicc  ffuunnccttiioonn  ooff  tteemmppeerraattuurree,,  

ddeeccrreeaasseedd  aass  tthhee  tteemmppeerraattuurree  iinnccrreeaasseedd..  CCuuttlleerr  eett  aall..  NNaannddaa  aanndd  SSiimmhhaa  

((11996644)),,  MMccDDuuffffiiee  eett  aall;;  aanndd  ZZoorrddaann  aanndd  HHeennrryy  ((11997755))  ttrreeaatteedd  CC  aass  aa  

ccoonnssttaanntt  wwhhiillee  GGiinneellll  ((11996611)),,  NNeeeeccee  aanndd  SSqquuiirree;;  aanndd  KKuummaaggaaii  ccoonnssiiddeerreedd  

iitt  ttoo  bbee  aa  wweeaakk  ffuunnccttiioonn  ooff  tteemmppeerraattuurree..  SSnnyyddeerr  aanndd  WWiinnnniicckk  ((11997700))  

sseelleecctteedd  tthhee  vvaalluueess  ffoorr  ββ  aanndd  CC  wwhhiicchh  ffiitttteedd  tthheeiirr  ddaattaa  bbeesstt..  TThheeyy  ddiidd  nnoott  

ddiissccuussss  tthhee  tteemmppeerraattuurree  ddeeppeennddeennccee  ooff  tthhee  ccoonnssttaannttss..  

SSiinnccee  ββ  hhaass  tthhee  uunniittss  ooff  pprreessssuurree,,  iitt  iiss  rreedduucceedd  bbyy  ddiivviiddiinngg  iitt  bbyy  PPcc  

aass  iinn  eeqquuaattiioonn  ((22--5577)),,  TTaaiitt  CC  iiss  ddiimmeennssiioonnlleessss  aanndd  iitt  iiss  ccoonnssiiddeerreedd  ttoo  bbee  

iinnddeeppeennddeenntt  ooff  tteemmppeerraattuurree..  IItt  iiss  ggeenneerraalliizzeedd  bbyy  mmaakkiinngg  iitt  aa  lliinneeaarr  

ffuunnccttiioonn  ooff  tthhee  SSRRKK  aacceennttrriicc  ffaaccttoorr  aass  iinn  eeqquuaattiioonn  ((22--6611))..  

  IInn  sseennssee,,  mmiixxiinngg  rruulleess  wweerree  nnoott  ddeevveellooppeedd  ffoorr  tthhee  TTaaiitt  eeqquuaattiioonn..  

BBuutt  tthhee  mmiixxiinngg  rruulleess  ffoorr  tthhee  ssaattuurraatteedd  aanndd  tthhee  ccoommpprreesssseedd  lliiqquuiidd  ddeennssiittyy  

mmiixxttuurreess  wweerree  ddeevveellooppeedd  bbyy      ((CCOOSSTTAALLDD))  aanndd  tthheessee  mmiixxiinngg  rruulleedd  wweerree  

aallssoo  uusseedd  ffoorr  ddeennssiittyy  ccoorrrreellaattiioonn  ooff  mmiixxttuurree  uussiinngg  TTaaiitt  eeqquuaattiioonn..  TThhee  

eeqquuaattiioonnss  uusseedd  aarree::  

                                                                        ∗

∗∑∑
=

m

i
Cijij

j
ji

Cm V

TVxx
T                                                                         ((22--8822))                                                    
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                                                                  ( ) 2/1

CjlCiiCijij TVTVTV ∗∗∗ =                                                     ((22--8833))    

                                        
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
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


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
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iiiim VxVxVxV
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1

                          ((22--8844))                      

aanndd  

                                                                                    ∑=
i

iim xωω                                                                                     ((22--8855))  

MMiixxttuurree  ccrriittiiccaall  pprreessssuurreess  aarree  ccaallccuullaatteedd  aass  

                                                                          ( ) ∗= mcmcmcm VRTZP                                                             ((22--8866))  

WWhheerree  VVmm
**  ccoommeess  ffrroomm  EEqq..  ((22--8866))  aanndd  ZZccmm  aass  

                                                                  SRKmcmZ ω080.0291.0 −=                                                   ((22--8877))  

TThhee  ssaattuurraattiioonn  pprreessssuurree  ooff  tthhee  mmiixxttuurree,,  PPssmm,,  iiss  eeqquuaall  ttoo  tthhee  pprroodduucctt  ooff  PPrrmm  

aanndd  PPccmm..PPrrmm  iiss  ccaallccuullaatteedd  ffrroomm  tthhee  ggeenneerraalliizzeedd  RRiieeddeell  vvaappoorr  pprreessssuurree  

eeqquuaattiioonn  wwiitthh  ccoonnssttaannttss  ddeetteerrmmiinneedd  iinn  eexxppeerriimmeennttaall,,    

                                                                  
( ) ( )10log rmSRKrmrm PPP ω+=                               ((22--8888))  

                  
( ) α07608141.0log8031817.50 += rmrm TP                         ((22--8888aa))  

                                                                              
( ) β86601.41 =rmP                                                               ((22--8888bb))  

                    
6log736.960.360.35 rmrmrm TTT +−−=α                                 ((22--8899))  

                                                                αβ 03721754.0log += rmT                                             ((22--9900))  

wwhheerree  TTrrmm  ==  TT//TTccmm    

HHaannkkiinnssoonn  aanndd  TThhoommssoonn  ggaavvee  vvaalluueess  ooff  ωωSSRRKK  aanndd  VV**  ffoorr  220000  ccoommppoouunnddss..  

  AAllttoo,,  eett  aall..  ((11999966,,  11999977))  hhaavvee  eexxtteennddeedd  eeqq..  ((22--5577))  ttoo  mmiixxttuurreess  eeqqss..  

((22--8822))  aanndd  ((22--8844))  ffoorr  TTccmm  aanndd  VV**
mm..  TThheeyy  ccaallccuullaatteedd  PPccmm  aass::  
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m

cmSRKm
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                                                      ((22--9911))  
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












= ∑

i
SRKiiSRKm xωω                                                                     ((22--9922))  

AAllttoo  eett  aall  [[77]]..  ((11999966))  rreeccoommmmeennddeedd  tthhaatt  tthhee  vvaappoorr  pprreessssuurree  uusseedd  ttoo  

ccaallccuullaattee  PPvvpprr  iinn  eeqq..  ((22--5577))  bbee  oobbttaaiinneedd  ffrroomm  ggeenneerraalliizzeedd  RRiieeddeell  vvaappoorr  

pprreessssuurree  eeqquuaattiioonn  wwhhiicchh,,  wwiitthh  ssoommee  aallggeebbrraaiicc  mmaanniippuullaattiioonn,,  ccaann  bbee  ppuutt  iinn  

tthhee  ffoorrmm  

                                                              vprvprvpr PPP 10ln ω+=                                                                       ((22--9933))  

              rmrm
rm

vpr TT
T

P 60 17518.0ln55663.130662.613144.6 +−−=                 ((22--9933aa))  

                rmrm
rm

vpr TT
T

P 61 08560.0ln26573.108508.399938.2 ++−=               ((22--9933bb))  

AAss  pprreevviioouussllyy  mmeennttiioonneedd,,  eeqqss..  ((22--8822))  aanndd  ((22--8844))  ddoo  nnoott  rreepprreesseenntt  

eessttiimmaatteess  ooff  tthhee  ttrruuee  TTccmm  aanndd  VV**
mm..  TThhuuss,,  eeqq..  ((22--9911))  iiss  nnoott  aann  eessttiimmaattee  ooff  

tthhee  ttrruuee  PPccmm,,  bbuutt  iiss  rraatthheerr  aa  ppsseeuuddooccrriittiiccaall  pprreessssuurree,,  aanndd  iinn  tthhee  ssaammee  wwaayy,,  

tthhee  PPvvpp  vvaalluuee  pprreeddiicctteedd  bbyy  eeqqss..  ((22--9933))  iiss  nnoott  aann  eessttiimmaattee  ooff  tthhee  ttrruuee  bbuubbbbllee  

ppooiinntt  pprreessssuurree,,  bbuutt  iiss  rraatthheerr  aa  ppsseeuuddoo  vvaappoorr  pprreessssuurree  aassssoocciiaatteedd  wwiitthh  tthhee  

ppsseeuuddooccrriittiiccaall  vvaalluueess  ooff  TTccmm  aanndd  PPccmm..  AAss  aa  rreessuulltt,,  tthhee  AAaallttoo  mmeetthhoodd  ddooeess  

nnoott  pprreeddiicctt  tthhee  ccoorrrreecctt  vvoolluummee  aatt  tthhee  bbuubbbbllee  ppooiinntt  uunnlleessss  tthhee  ccoorrrreecctt  ppooiinntt  

pprreessssuurree  iiss  uusseedd  iinn  eeqq..  ((22--5577))  iinnsstteeaadd  ooff  PPvvpprr  ffrroomm  eeqqss..  ((22--9933))..  

  

22..1144..33  DDeennssiittiieess  ooff  lliiqquuiidd  aatt  tthheeiirr  BBuubbbbllee  PPooiinntt    

  IInn  oorrddeerr  ttoo  eexxtteenndd  eeqquuaattiioonnss  ssuucchh  aass  eeqq..  ((22--2200))  ttoo  mmiixxttuurreess,,  mmiixxiinngg  

rruulleess  aarree  rreeqquuiirreedd..  LLii  [[3322]]  ((11997733))  aanndd  SSppeenncceerr  aanndd  DDaannnneerr  [[66]]  

rreeccoommmmeennddeedd  

                                                              ( )[ ]7/211 rT
RAm

i ci

cii
sm Z

P
TxRV −+














= ∑                                           ((22--9944))  

                                                                                  ∑= RAiiRAm ZxZ                                                                         ((22--9955))  
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wwiitthh  tthhee  rreellaattiioonn  ooff  YYaammaaddaa  aanndd  GGuunnnn  ((11997733))  

                                                                iRAiZ ω08775.029056.0 −=                                                               ((22--9966))  

SSppeenncceerr  aanndd  DDaannnneerr  ((11997733))  rreeccoommmmeenndd  tthhee  mmiixxiinngg  rruulleess  ooff  CChhuueehh  aanndd  

PPrraauussnniittzz  [[3333]]    

                                                                ∑∑=
i j

cijjicm TT φφ                                                                                       ((22--9977))  

                                                                          ∑
=

j
cjj

cii
i Vx

Vxφ                                                                                                   ((22--9988))  

                                                                ( )( ) 2/11 cjciijcij TTkT −=                                                                             ((22--9999))  

LLii٫٫ss  mmeetthhoodd  sseettss  0=ijk ffoorr  eeqq..  ((22--9999))..    

  

22..1155  HHiigghheerr  PPaarraammeetteerr  aanndd  AAlltteerrnnaattiivvee  CCSSPP  AApppprrooaacchheess  [[77]]  

OOnnee  mmeetthhoodd  ttoo  eexxtteenndd  CCoorrrreessppoonnddiinngg  SSttaatteess  PPrriinncciippllee  ((CCSSPP))  ttoo  

ssuubbssttaanncceess  mmoorree  ccoommpplleexx  tthhaann  nnoorrmmaall  fflluuiiddss  iiss  ttoo  uussee  mmoorree  tteerrmmss  iinn  eeqq..  

((22--110000))  wwiitthh  nneeww  cchhaarraacctteerriissttiicc  ppaarraammeetteerrss  ttoo  aadddd  ffoorr  tthhee  eeffffeeccttss  ooff  

ppoollaarriittyy  aanndd  aassssoocciiaattiioonn..  

                  
( ) ( ) ( ) ( )cccc PPTTZPPTTZZ ,, 10 ω+=                 ((22--110000))              

MMoosstt  ooff  tthheessee  ccoorrrreellaattiioonnss  wweerree  nnoott  vveerryy  ssuucccceessssffuull  tthhoouugghh  tthhee  aapppprrooaacchh  

((22--110011))  WWiillddiinngg  ((WWiillddiinngg  aanndd  RRoowwlleeyy,,  11998866  aanndd  WWiillddiinngg,,  eett  aall..,,  ((11998877))  

sshhoowweedd  rreeaassoonnaabbllee  aaccccuurraaccyy..  TThhiiss  llaacckk  ooff  rreelliiaabbiilliittyy  mmaayy  bbee  dduuee  ttoo  tthhee  

ppoollaarr  aanndd  aassssoocciiaattiinngg  ffoorrcceess  aaffffeeccttiinngg  nnoott  oonnllyy  tthhee  vvoolluummeettrriicc  bbeehhaavviioorr  aass  

tthhee  mmooddeell  ttrriieess  ttoo  ttrreeaatt,,  bbuutt  aallssoo  tthhee  ccrriittiiccaall  pprrooppeerrttiieess..  TThhee  rreessuulltt  iiss  tthhaatt  ttoo  

uussee  tthheemm  ffoorr  ddiimmeennssiioonnlleessss  ssccaalliinngg  iiss  iinnccoonnssiisstteenntt  wwiitthh  tthhee  mmoolleeccuullaarr  

tthheeoorryy  bbaassiiss  ffoorr  CCSSPP  ((HHaakkaallaa,,  11996677))..    

AAlltteerrnnaattiivvee  eexxppaannssiioonnss  ooff  eeqq  ((22--110000))  hhaavvee  aallssoo  aappppeeaarreedd..  RRaatthheerr  

tthhaann  uussiinngg  ssiimmppllee  fflluuiiddss  aass  aa  ssiinnggllee  rreeffeerreennccee,,  mmuullttiippllee  rreeffeerreennccee  fflluuiiddss  

ccaann  bbee  uusseedd..  FFoorr  eexxaammppllee,,  LLeeee  aanndd  KKeesslleerr  ((11997755))  aanndd  TTeejjaa,,  eett  aall..  ((11998811))  
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ddeevveellooppeedd  CCSSPP  ttrreeaattmmeennttss  ffoorr  nnoorrmmaall  fflluuiiddss  tthhaatt  ggiivvee  eexxcceelllleenntt  aaccccuurraaccyy..  

TThhee  ccoonncceepptt  iiss  ttoo  wwrriittee  ZZ  iinn  ttwwoo  tteerrmmss  wwiitthh  ttwwoo  rreeffeerreennccee  ssuubbssttaanncceess  

hhaavviinngg  aacceennttrriicc  ffaaccttoorrss    ωω((RR11))  aanndd  ωω((RR22)),,  ZZ((RR11))  ((TTrr,,  PPrr,,  ωω((RR11))  ))  aanndd  ZZ((RR22))  ((TTrr,,  

PPrr,,  ωω((RR22))  ))..  TThhee  eexxpprreessssiioonn  iiss    

( ) ( ) ( )( )
( )

( ) ( )
( ) ( )( ) ( ) ( )( )[ ]1122

12

1
11 ,,,,,,,, R

rr
RR

rr
R

RR

R
R

rr
R

rr PTZPTZPTZPTZ ωω
ωω

ωωωω −
−

−
+=   ((22--110011))                                                  

  TTyyppiiccaall  rreeffeerreennccee  fflluuiiddss  ttoo  pprroovviiddee  pprrooppeerrttiieess  aarree  ssiimmppllee  fflluuiiddss  aass  

RR11  aanndd  aa  llaarrggeerr  hhyyddrrooccaarrbboonn  ssuucchh  aass  nn--ooccttaannee  ffoorr  RR22..  IItt  iiss  aallssoo  ppoossssiibbllee  ttoo  

uussee  mmoorree  rreeffeerreennccee  fflluuiiddss  ttoo  eexxtteenndd  CCSSPP  ttoo  mmoorree  ccoommpplleexx  ssuubbssttaanncceess..  FFoorr  

eexxaammppllee,,  GGoolloobbiicc  aanndd  GGaassppeerrssiicc  ((11999944))  uussee  tthhrreeee  rreeffeerreennccee  fflluuiiddss  ((ssiimmppllee  

fflluuiiddss,,  nn--ooccttaannee  aanndd  wwaatteerr))  wwiitthh  mmooddiiffiiccaattiioonn  ooff  tthhee  sseeccoonndd  tteerrmm  iinn  eeqq..  ((22--

110011))  aanndd  aann  aaddddiittiioonnaall  tteerrmm,,  bbootthh  ooff  wwhhiicchh  iinncclluuddee  aannootthheerr  cchhaarraacctteerriissttiicc  

ppaarraammeetteerr..  TThhee  pprrooppeerrttiieess  hhaavvee  bbeeeenn  pprroovviiddeedd  iinn  ttaabblleess  rraatthheerr  tthhaann  

aannaallyyttiicc  eeqquuaattiioonnss..  GGoolloobbiicc  aanndd  GGaassppeerrssiicc  ccoommppaarreedd  2200  ddiiffffeerreenntt  mmooddeellss  

ffoorr  ssaattuurraatteedd  vvaappoorr  aanndd  lliiqquuiidd  vvoolluummeess  wwiitthh  tthheeiirr  mmeetthhoodd..  TThheeiirr  

ccoommppaarriissoonnss  wwiitthh  eeiigghhtt  ssttrroonnggllyy  ppoollaarr  aallccoohhoollss  aanndd  ootthheerrss  wweerree  tthhee  mmoosstt  

rreelliiaabbllee,,  ggiivviinngg  eerrrroorrss  tthhaatt  wweerree  rraarreellyy  mmoorree  tthhaann  aannyy  ooff  tthhee  ootthheerrss  aanndd  

wwiitthh  mmaaxxiimmuumm  eerrrroorrss  lleessss  tthhaann  ttwwiiccee  tthhee  aavveerraaggee..  PPllaattzzeerr  aanndd  MMaauurreerr  

((11998899))  aallssoo  uusseedd  aa  tthhrreeee--  rreeffeerreennccee  fflluuiiddss  aapppprrooaacchh  bbuutt  wwiitthh  aann  eeqquuaattiioonn  

ffoorr  tthhee  EEooSS..  FFoorr  tthhee  2244  nnoorrmmaall  aanndd  1188  ppoollaarr  aanndd  aassssoocciiaattiinngg  fflluuiiddss  ffoorr  

wwhhiicchh  tthheeyy  oobbttaaiinneedd  TTcc,,  PPcc,,  ωω,,  aanndd  aa  ppoollaarr  ffaaccttoorr,,  tthhee  ccoorrrreellaattiioonn  wwaass  aass  

ggoooodd  aass  ootthheerr  mmeetthhooddss  aavvaaiillaabbllee  [[77]]..        
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CHAPTER THREE 

INVESTIGATION AND DISCUSSION 
3.1 Introduction to Investigation 

 Liquid densities can be calculated from equations of state (EOS). 

Normally, the accuracy of liquid density predictions with EOS is not 

sufficient, and therefore special correlations for liquid density are used. Many 

accurate correlations are available for saturated liquid densities of pure fluids. 

The accuracy of many models is not good enough for mixtures, mainly due to 

the problems in formulating the mixing rules.  

 A good discussion of saturated and compressed liquid density 

calculation methods can be found in Poling et al. [30]. For density of 

saturated pure liquids, they recommended the Daubert et al. [32] version of 

the (modified Rackett) equation proposed by Spencer and Danner [33]. That 

model is applicable only for pure compounds. Reid et al. [34] recommended 

Spencer and Danner [33] and Hankinson- Thomson [35] (HT) models. They 

also recommended compressed liquid densities to be calculated using the 

Hankinson- Brobst- Thomson (HBT) model [22], in which HT is used for 

saturated liquid density. Poling et al. [32] recommended the model by Alto et 

al. [23, 24] for accurate compressed liquid density; the model by Alto et al. 

[23, 24] uses the HT model as basis and is applicable both for pure 

compounds and mixtures to predict compressed liquid densities. Aalto and 

Keskinen [26, 27] published an improved version of Alto et al. [23, 24] 

model. The new model is applicable for pure components and liquid mixtures 

and at extremely high pressures and gives better density prediction near 

critical temperature. The Alto and Keskinen [26, 27] model also uses the HT 

model as the basis for saturated density. 
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 Based on the above discussion it can be stated that one of the most 

successful saturated liquid density calculation models is the Hankinson- 

Thomson model. The HT model was reviewed, with regard general and pure- 

component model parameters that are needed, and whether they are available 

and how to fit the parameters from experimental data. 

 

 Three notable paths have been evolved from industrial applications 

view point [60], as follows: 

 

Path 1. van der Waals             Redlich- Kowng             Wilson                 Lee- 

Edmister           Soave            Peng- Robinson. 

 

Path 2. Beattie- Bidgeman            Benedict- Webb- Rubin             Starling 

             Starling Han          Lee- Kesler. 

 

Path 3. Tait equation 

          

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

 
The development of two paths 3 and 4 was empirical, with goals for 

immediate applications of industrial problems. For most calculations, the 

empirical approach is as good as, often better than, theoretical approach of 

path 2 as Lee- Kesler approach, but the accuracy of Lee- Kesler equation 

which is designed for vapor phase only, and therefore path 2 is not to be taken 

into account in this work. Cubic equation of state is represented by the path 1 

only with Soave- Redlich- Kwong equation (SRK) and Peng- Robinson (PR) 

which were used to calculate the molar volume of compressed liquid, but the 
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 results were not as good as in path 3 and 4. Path 3 represented by Tait 

equation which gives good results for pure components. However this 

equation does not work at Tr > 0.95 and the deviation in the region are large, 

and also the deviations increase where Pr nearly close to 10 as shown in tables 

3-7 and 3-8, So Alto and Keskinen model was used in path 4 for refrigerant 

systems at reduced temperature up to Tr = 1. 

 

3.2 Pure Component 

3.2.1 Experimental Data: 

 It is well known fact that the evaluation of any correlation or prediction 

method is done by comparison of the results with the results of experimental 

dependable data. The deviation between the experimental results and the 

results of prediction or correlation method determines the accuracy of the 

method. The experimental data of the molar volume of compressed liquids, 

obtained from literature for the purpose of this investigation consists of 298 

data points of eleven non polar pure components and there polar compounds  

as shown in table 3-1. These experimental data at condition of temperature up 

250 C and pressure up to 680 atm.  

 

Table 3-1: The Pure Component Molar Volume Data 

No. Component No. of 
Point 

Reference 
Data  

1 n- Pentane 25 [45] 
2 n-Nonane 24 [47] 
3 Propylene 19 [39] 
4 n-Octane 23 [46] 
5 Isobutane 27 [36] 
6 n-Heptane 26 [38] 
7 Ethylene 20 [43] 
8 1-Butene 18 [47] 
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9 n-Butane 21 [44] 
10 n-Decane 19 [49] 
11 Propane 13 [37] 
12 Ammonia 20 [41] 
13 Water 24 [52] 
14 Acetone 19 [47] 

 Σ 298  
 

 
3.2.2 Equations of States: 

 For pure component molar volume of compressed liquid using equation 

of state like Soave, Peng- Robinson, Lee- Kesler, Tait, and Aalto- Kiskinen 

equations, it is seen that when using Lee- Kesler equation the results were not 

good and acceptable. For example of two liquids 1-Butene, and n- Nonane 

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

respectively.  As shown in table 3-2. 

 

Table 3-2: Results of Lee- Kesler Equation 

No. Component No. of 
Point AA%D 

1 1- Butene 19 10.52 

2 n- Nonane 24 9.643 

 Over all AA%D 42 10.01885 

 

 

 For Soave equation calculating molar volume of compressed liquids the 

results showed rather high deviations from the experimental data. For 

example calculating the molar volume of three components n-heptane, 

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

equation for three the component . 

 

Table 3-3: The Results of using Soave Equation 

No. Component No. of 
Point AA%D 

1 n- Heptane 26 10.552 

2 Isobutane 27 4.132 

3 Propylene 19 6.717 

 Over all AA%D 91 5.643 

 

 

 When Peng- Robinson equation was used to calculate the molar volume 

of compressed liquids for the three components n-heptane, isobutane, and 

propylene, the results were not good so but the deviations were less than 

using the two previous equations of Lee- Kesler, and Soave. Table 3-4 shows 

the results of calculating the molar volume for three components using Peng- 

Robinson equation. 

 

 

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

No. Component No. of 
Point AA%D 

1 n- Heptane 26 1.427 

2 Isobutane 27 6.795 

3 Propylene 19 5.180 

 Over all AA%D 91 3.559 
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 Another equation of state was Tait equation that was used to calculate 

the molar volume of compressed liquids for 11 pure component of 241 data 

point and gives good results and much less deviations from the experimental 

data as shown in table 3-5. Table 3-5 shows that the maximum deviation from 

the experimental data was 1.6118% for n- octane and the minimum deviation 

was 0.2323% for propylene. 

 

Table 3-5: Results of Tait Equation 

  CCoommppoonneenntt  NNoo..  ooff    
DDaattaa  ppooiinntt  

%%AAvv..DDeevv..ooff  
TTaaiitt  

11  nn--PPeennttaannee  2255  00..99119955  
22  nn--NNoonnaannee  2244  00..77007766  
33  PPrrooppyylleennee  1199  00..22332233  
44  nn--OOccttaannee  2233  11..66111188  
55  IIssoobbuuttaannee  2277  00..33777788  
66  nn--HHeeppttaannee  2266  00..88336655  
77  EEtthhyylleennee  2200  00..33335588  
88  11--BBuutteennee  1188  00..994444  
99  nn--BBuuttaannee  2211  00..77224400  
1100  nn--DDeeccaannee            1199  11..22889944  
1111  PPrrooppaannee  1199  00..22226666  

  TToottaall  %%  aavv..ddeevv..  224411  00..7733337788  

 
 A gain by using another equation which was Aalto and Kiskinen 

method this equation was used to calculate the molar volume of compressed 

liquids of 11 pure component of 241 data points and gives better results even 

when compared with Tait equation as shown in table 3-6. Table 3-6 shows the 

maximum deviation from experimental point is 1.3126 % for ethylene and the 

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

NNoo..  CCoommppoonneenntt  
NNoo..  ooff    
DDaattaa  
ppooiinntt  

%%AAvv..DDeevv..ooff  
((AAKK))  

11  nn--PPeennttaannee  2255  00..55112299  
22  nn--NNoonnaannee  2244  11..22336666  
33  PPrrooppyylleennee  1199  00..22224433  
44  nn--OOccttaannee  2233  00..88551111  
55  IIssoobbuuttaannee  2277  00..22773311  
66  nn--HHeeppttaannee  2266  00..44552233  
77  EEtthhyylleennee  2200  11..33112266  
88  11--BBuutteennee  1188  00..88441100  
99  nn--BBuuttaannee  2211  00..44887799  
1100  nn--DDeeccaannee            1199  00..11663333  
1111  PPrrooppaannee  1199  00..55880077  

  TToottaall  %%  aavv..ddeevv..  224411  00..6622887766   
 
 At the end of this investigation it is clear appeared that Aalto and 

Kiskinen equation gives more accurate results those obtained by using other 

equations. 

 

3.2.3 Comparison between Tait and Aalto -Kiskinen equations  

A- For Tr< 0.95 

 When calculating the molar volume of compressed liquid region, there 

are two variables that affect the value of liquid volume, namely the pressure 

and temperature. High values of pressure and different values of temperature 

were used in this work. No influence of temperature was noticed in the region 

where Tr was less than 0.95 on both Tait and AK equations, however the 

pressure or the reduced pressure affects the deviation from experimental 

value, but still the AK equation showed less deviation than Tait equation for 

the same value of reduced pressure as shown in table 3-7.Table 3-7 shows the 

results of calculating molar volumes of pure components by Tait and AK 
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equations for 4 pure components at reduced temperature less than 0.95 and 

different reduced pressures from 7 up to 27 where it appears that the 

maximum deviation in Tait equation for n-nonane is 2.006 %, and in AK 

method is 0.1414 % for Pr = 30.1005, and minimum deviation in Tait 

equation 1.059 %, and AK equation is 0.3435 % for Pr = 21.070 of n-nonane. 

 

 

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

At different temperatures 

AK Equation Tait Equation  
Component Pr Vexp. 

(cm3/mol) Vcal. 
(cm3/mol)

% 
Dev. 

Vcal. 
(cm3/mol) 

% 
Dev. 

7.7158 101.88092 100.6449 1.171 100.6449 1.213 
8.5732 100.88209 99.52683 1.343 99.57532 1.295 
10.2878 99.19656 97.7811 1.426 97.6999 1.508 
12.0024 97.69831 96.21792 1.515 96.09279 1.643 
13.7171 96.26249 94.86848 1.448 94.68674 1.636 

1 1-Butene 

15.431 95.01395 93.68548 1.398 93.437 1.659 
18.139 93.45327 93.4295 0.0254 92.44383 1.072 2 n-Butane 18.139 100.25782 100.1319 0.1256 98.96558 1.288 
21.070 196.02090 195.3475 0.3435 198.0979 1.059 
24.0803 193.52381 193.381 0.0738 195.95316 1.255 
27.0904 194.77235 196.1669 0.5286 200.38080 1.577 3 n-Nonane 

30.1005 194.77235 196.9903 0.1414 201.22793 2.006 
6.9181 140.71054 140.7845 0.0525 139.12302 1.128 
7.547 140.46083 140.5657 0.0746 138.83024 1.1607

8.8049 150.44916 150.53 0.0537 148.73298 1.1407
10.0627 149.70003 149.8658 0.1107 147.93160 1.1813
11.3206 148.95091 149.2351 0.1908 147.17005 1.195 

4 n-Heptane 

12.5785 148.45149 148.6338 0.1228 146.4446 1.351 
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In order to show the effect of reduced pressure on molar volume of 

compressed liquids, figures 3.1, 3.2, and 3.3 were plotted. The figures are 

molar volume against reduced pressure for the experimental data and for 

those calculated by Tait and AK equations for the pure components of 

heptane, n-nonane, and 1-butene. The figures indicate that generally speaking 

as reduced pressure Pr increases the deviation of the curve calculated using 

Tait equations from that of experimental data is increased. Thus it can be said 

that in the region where Tr < 0.95 and Pr up to 30 AK equation gives better 

results than Tait equation.  
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Figure 3.1 The effect of Pr on Tait &AK 
equations at Tr less than 0.95 for n-Heptane 
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Figure 3.2 The effect of Pr on Tait &AK 
equations at Tr less than 0.95 for n-Nonane 

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

 In this region the effect of reduced temperature is clearly appeared in 

the results for each of the calculating equation Tait and AK, as shown in table 

3-7. Table 3-8shows a comparison between Tait and AK equations for five 

components with different reduced temperatures from 0.95 up to 1, the 

deviation of molar volume calculated by Tait equation at Tr = 0.95 is very 

high and when Tr = 0.99 Tait equation did not give any results as shown in 

ethylene at Tr = 0.9915 and propane at Tr = 0.9901, while the deviation of 

molar volume of Aalto and Kiskinen equation is still satisfactory. 

 

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

AK Equation Tait Equation 
 Component T (K) Tr Vexp. 

(cm3/mol) Vcal. 
(cm3/mol)

% 
Dev. 

Vcal. 
(cm3/mol) 

% 
Dev. 

51.08228 52.1923 2.178 49.74623 2.61 270 0.95609 51.081908 52.3543 1.876 49.94479 2.812 
50.986266 52.9585 3.872 37.9942 25.478 276 0.9773 50.704524 52.7640 4.066 37.65484 25.733 
50.983706 54.8896 8.327 --------- ------ 

1 Ethylene 

280 0.9915 51.554065 55.1383 6.957 --------- ------ 
126.52212 124.5788 1.535 124.2132 1.824 
125.48621 123.748 1.384 123.1405 1.869 
124.58542 122.980 1.287 122.1327 1.968 
123.14409 121.5995 1.254 120.2836 2.322 

2 n-Pentane 444.26 0.9459 

122.55850 120.974 1.292 119.43079 2.552 
134.97315 136.4531 1.100 132.7790 1.621 
111.24984 110.6236 0.5585 108.4972 2.469 3 n-Butane 410.92 0.9664 
102.13509 102.8316 0.6863 101.0492 1.058 
109.87136 107.0222 2.593 83.0519 24.403 
108.24826 105.6009 2.445 81.1504 25.033 
106.87487 104.3969 2.318 79.4658 25.645 4 1-Butene 410.92 0.9793 

104.68992 102.4522 2.137 76.59412 26.837 
121.17063 122.0069 0.6901 --------- ------ 
111.17999 109.0138 1.948 ---------- ----- 
111.04003 108.6902 2.116 ----------- ------- 
107.07622 104.1725 2.711 ----------- ------- 

5 Propane 366.15 0.99012 

102.90310 97.60979 5.143 ----------- ------- 
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 In order to illustrate this fact, figures were drawn of molar volumes 

against pressure for five components. Figure 3.4 for ethylene, figure 3.5 for n-

pentane, figure 3.6 for n-butane, figure 3.7 for 1-butene and figure 3.8 for 

propane.These figures show that when the pressures increase the deviation  

increases also especially for Tr = 0.95 and higher, as in fig.3.6 and 3.7. The 

results of AK equation are much better than those by Tait equation. Thus 

Aalto and Kiskinen equation is used to calculate molar volume of compressed 

liquids up to Tr = 1, with very satisfactory deviations, Thus it can be 

considered that AK equation is the best equation in this range of Tr.  
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Figure 3.4 Ethylene at reduced temperature 
over 0.95  
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Figure 3.5 n- Pentane at reduced temperature 
0.95 

Figure 3.6  n-Butane at reduced temperature 
0.9664 
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Figure 3.7 1-Butane at reduced temperature 
0.97935 

Figure 3.8 Propane at reduced temperature 
0.99012 
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3.3 Summary of the Investigation  

 The following steps of investigation were carried out: 

1- Soave- Redlich- Kwong (SRK) equation was used for calculating molar 

volume of compressed liquids for example n-heptane, isobutane and 

propylene experimental data. It was found that Average Absolute 

Percent Deviation (AA%D) is 5.643 for 91 data point. 

2- Peng- Robinson (PR) equation was also used to calculate molar volume 

of compressed liquids for example n-heptane, isobutane and propylene 

experimental data. It was found that Average Absolute Percent 

Deviation (AA%D) is 3.559 for 91 data point. 

3- Lee- Kesler (LK) equation again was employed for the same purpose as 

the authors claimed that their equation is suitable for prediction of 

molar volume of compressed liquids [19], and the (AA%D) was 

10.0188 for 42data point of 1-butene and n-nonane. 

4- Tait equation was once more used to calculate molar of volume 

compressed liquids for all experimental data. It was found that the 

(AA%D) is 0.73378 for pure non polar molar volume of compressed 

liquids and for all the 241 data point. 

5- Aalto and Keskinen (AK) equation was once again used to calculate the 

molar volume of compressed liquids for all experimental data. It was 

found that the (AA%D) is 0.62876 for pure non polar molar volume of 

compressed liquids for all the 241 data point. 

6- Comparison of Tait and AK equations at Tr < 0.95 and Tr > 0.95.  
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3.4 Sample of Calculation of Volume of Compressed liquid for Pure 

Components by Aalto and Kiskinen equation 

 

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

atm. 

 For n-Decane                  Tc = 617.7 K            Pc = 20.922 atm 

                                           ωSRK = 0.4916             V* = 619.2 cm3/mol 
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To calculate the vapor pressure using Wagner equation: 

where  
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The Constants of Wagner equation  

A = -8.56523             B = 1.97756 

 C = -5.81971             D = -0.29982 
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Using HT method to calculate saturated molar volume: 
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The experimental molar volume = 198.74654 cm3/mol 
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3.5 Improvement of Tait equation for Polar component of pure liquids 

in this work 

 Soave- Redlich- Kowng, and  Peng- Robinson equations were use to 

calculate the molar volume of compressed liquids for polar components but 

the results were not good, for example the (AA%D) for water calculated by 

SRK, and PR are 11.872, 25.674 and for ammonia 20.281, 12.359 

respectively, as shown in table 3-9. 

 

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

No. Component No. of  Data 
Point 

(AA%D)SRK  
equation 

(AA%D)PR 
equation 

1 Water 24 11.872 20.281 

2 Ammonia  20 25.674 12.359 

 Over All % dev.  44 18.145 16.6801 
 

 

 Although AK method seemed to be better than Tait equation and other 

equations which were used for predication of molar volume of compressed 

liquids; we think there is still room for improving Tait equation for the polar 

components because Tait equation used for nonpolar and slightly polar 

component, while AK equation used for nonpolar component only. 

For polar compounds the improvement was made by calculating the 

molar volume of compressed liquids and comparing it with the actual value, 

considering each parameters in Tait equation as constant except the pressure P 

and vapor pressure Pvp parameters. The new development was to replace the 

pressure with reduced pressure Pr and vapor pressure with reduced saturated 

pressure Prs, and thus Tait equation can be written as: 
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With modification of this work becomes: 
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 The equation (3-1) gives good results with Average Absolute Percent 

Deviation (AA%D) of 2.1529 for 63 data points of three components. Table 

3-4 summarizes the comparison of AA%D for molar volumes by using Tait 

equation, AK equation and the modification of Tait equation for all 63 data 

point. 

 

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

 Equations AA%D of 63 data point 

1 Tait equation  4.1163 

2 AK equation  10.3157 

3 Modified of Tait  
in this work 

2.1529 

     

 

Figures 3.9, 3.10 show the deviation from experimental data with the 

five equations for each polar compound (Water, Ammonia, and Acetone), 

Peng- Robinson show highest deviation from the experimental curve and 

followed by Aalto and Kiskinen equation, then Soave- Redlich- Kowng 

equation Tait equation, and modified Tait equation of this work which gives 

the least deviation than all the others.   
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Figure 3.10 the deviation of molar volume of 

Ammonia for different equations 

Figure 3.9 the deviation of molar volume of 

Water for different equations
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Figure 3.11 the deviation of molar volume of 

Acetone for different equations 
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3.6 Sample of calculation for Polar Compounds by 

 Modified Tait equation  

  

 Calculation of molar volume for Water at 433.15 K and 98.691 atm. 

For Water                     

  Tc = 647.37  K          Pc = 218.307 atm 

 ωSRK = 0.3852          ZRA = 0.2338 
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    The constants of Wagner equation  

 A = -7.76451              C = -2.77580 

 B = 1.45838                D = -1.23303 
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The constants a-k can be taken from chapter two 
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The experimental molar volume =19.71453 cm3/mol  
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3.7 Applications to Mixtures  

3.7.1 Teja equation 

 Teja equation which was derived to calculate the compressibility factor 

for mixture. It is tested primarily on hydrocarbons for both vapor and liquid 

phases for calculating molar volume of mixture. Teja method needs to 

evaluate the compressibility factor for two reference pure fluids which 

combined binary systems, therefore the two compressibility factors ZR1, and 

ZR2 can be calculated from any equation of state for pure compressed liquids 

like Tait equation or Aalto and Kiskinen equation but at the same reduced 

temperature Trm and reduced pressure Prm of the mixture. The Teja equation: 

 

                        ( )
( )

( ) ( )
( ) ( )( )12

12

1
1 RR

RR

R
R ZZZZ −

−

−
+=

ωω
ωω                              (2-102) 

 

3.7.2 Investigation to the Mixtures 

 Two methods where used to calculate molar volumes of compressed 

liquid mixtures, there are Teja equation and Tait equation. 

1. In this work we have two lines to calculate the molar volume of 

compressed liquid mixtures by using Teja with Tait equation or Teja 

equation with AK equation. 

 

2. Tait equation which was developed to calculate the molar volume of 

mixtures by using mixing rules of HBT and with any of the two 

equations for evaluating saturated liquid mixtures are: 

a. Hankinson- Thomson method  

                     
( ) ( )[ ]δω RSRKR

S VV
V
V

−=
∗

10
                                  (2-72) 
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b. Rackett equation  

                                   
( )[ ]7/211 rT

RA
c

c
s Z

P
RT

V −+=                                           (2-20) 

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

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

 

Table 3-11: The Mixtures Molar volume Data 

 Mixture Systems No. of 
compositions

No. of 
data point 

Data 
Reference 

1 Propane- Benzene 6 24 [47] 

2 Methane- n-Pentane  3 22 [50] 

3 Acetone-1- Butene 5 25 [47] 

4 Propane- Acetone 2 30 [47] 

5 Propane-n- Decane  3 24 [49] 

6 Propane- 1- Butene 4 42 [48] 

7 Methane- Propane  3    24 [51] 

 Σ 26 192  
 

 The following steps were tried: 

1- Using Teja equation as it is with Tait equation to determine the molar 

volume of compressed liquid for pure component references 1and 2 at 

the same Tr & Pr as of the mixture and then calculating the molar 

volume of compressed liquid mixtures. The Average Absolute Percent 

Deviation of 168 data point (AA%D) is 6.07305. 

2- Using Teja equation as it is with Aalto and Keskinen equation to 

determine the molar volume of compressed liquid for pure component 

references 1 and 2 at the same Tr & Pr as of mixture and then 

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

5.8160. 

3- Using Tait equation as it is with HBT mixing rule to determine molar 

volume compressed of liquid mixtures. The (AA%D) of 192 is 5.5034. 

4- Using Tait equation as it is with HBT mixing rule to determine the 

molar volume of compressed liquid mixtures, except that the equation 

which used to determine the mean saturated liquid molar volume was 

replaced with Teja equation with two references 1&2 at the same Tr & 

Pr as of the mixture, but this method failed to give good results.  

5- Using the two equations of state  which represented by Soave- Redlich- 

Kwong and Peng- Robinson equations with mixing rules but this step 

gave a large deviations from the experimental data.  

 

3.8 Development Method for Mixture in this work: 

 As the five methods tried above did not lead to any successful results, a 

new approach consists of using Tait equation for predicting the molar volume 

of pure component to develop it for mixture by using mixing rules. 

 In this work using the HBT mixing rules as written in chapter two as 

they are except the equation of estimating saturated liquid densities for 

mixtures. Rackett equation  was used with a new mixing rules different from 

the mixing rule which written in chapter two and this difference was made by 

replacing the parameters in Rackett equation which are the critical 

temperature,  critical pressure, and compressibility factor with pseudo critical 

temperature, critical pressure, and pseudo  critical compressibility factor using 

HBT mixing rules, so equation (2-20) represent the Racket equation before 

the modifications, while equation (3-2) represented the modified of this work: 
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where Trm = T/Tcm. 

The modification of Rackett equation mixing rule which derived for 

determining molar volume of compressed liquid for mixtures gives Average 

Absolute Percent Deviation (AA%D) of 4.9386 which is lower than the other 

methods. 

 Table 3-12 shows a comparison of over all Average Absolute Percent 

Deviation for molar volumes of 7 mixtures of compressed liquids by various 

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

Equation used AA%D of 192 data point  

Teja- Tait 6.07305 

Teja- AK 5.8160 

Tait mixing rule 5.5034 

Tait modified mixing rule 4.9386 
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 3.9 Sample of Calculation for Mixture of Liquid 

 Calculation of the molar volume for mixture of 90 mol% Propane with 

10 mol% Benzene at 310.927 K and 680.272 atm. 

Data required: 

Compound Propane Benzene 

x 0.9 0.1 

Tc (K) 369.8 562.2 

Pc (atm) 41.944 48.26 

ωSRK 0.1532 0.2137 

V* (cm3/mol) 200.1 256.4 

 

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

                               ∗

∗∑∑
=

m

i j
cijijji

cm V

TVxx
T  

( ) 2/1

cjjciicijij TVTVTV ∗∗∗ =     

           ( ) ( )( ) ( )[ ]
8584.103278

4.2561.01.2009.0 2/1

=
××=     

 
( )∑∑ ∗∗∗∗∗ ++=

2
2 2/1

22112122
2

211
2

1 2
i

j CCCCCijijji TVTVxxTVxTVxTVxx  

   

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

23.79969
8584.1032781.09.02

2.5624.2561.0

8.3691.2009.0
2

2

=
××+
××+

××=

 

 

















+= ∑ ∑∑ ∗∗∗∗

i i
ii

i
iiiim VxVxVxV

3/13/2
3

4
1

    

 
( ) ( )∑ ×+×=∗ 4.2561.01.2009.0iiVx       



  
 

 63

             373.205 cm=  
 

( ) ( ) 3/23/23/2
4.2561.01.2009.0 ×+×=∑ ∗

i
iiVx     

                38257.34 cm=          
 

( ) ( ) 3/13/13/1
4.2561.01.2009.0 ×+×=∑ ∗

i
iiVx         

                388893.5 cm=  
 

[ ]88893.58257.34373.2054/1 ××+=∗

mV  
      35209.205 cm=  
 

KTCm 105.389
5209.205

23.79969
==  

 
2211 SRKSRKSRKiiSRKm xxx ωωωω +==∑   

                               ( ) ( )
15925.0

2317.01.01532.09.0
=

×+×=   

 
                             SRKmcmZ ω08.0291.0 −=       

                                          
( )

27826.0
15925.0080.0291.0

=
×−=

 

  
                               

                           ( ) ( ) ( ) atmPCm 2292.43
5209.205

105.389057.8227826.0
=

××
=  

79908.0
105.389
927.310

===
cm

rm T
TT  

By generalizing Riedel vapor pressure equation: 

        ( ) ( )10log RmSRKRmRm PPP ω+=  

 

( )

( )

6

1

0

log736.96/0.360.35

86601.4

07608141.0log8031817.5

rmrmrm

Rm

rmRm

TTT

P

TP

+−−=

=

+=

α

β

α

 



  
 

 64

                ( ) ( )
368427.0

79908.079908.0log736.9679908.0/0.360.35 6

−=
+−−=     

 
 αβ 03721754.0log += rmT    

             ( ) ( )
1111205.0

368427.003721754.079908.0log
−=

−+=     

 
 ( ) ( ) 54071.01111205.086601.41 −=−×=RmP  

 ( ) ( ) ( )368427.007608141.079908.0log8031817.50 −×+=RmP   

         593309.0−=  
 
 ( )54071.015925.0593309.0log −×+−=RmP  
                          679418.0−=    

               

209209.02292.43
2292.43

209209.0

209209.0

×=

===

=

sm

sm

cm

sm
Rm

Rm

P

P
P
P

P

P

                                        

                     atm043965.9=  
 

 
( )

( ) ( )( )2

2

15925.014188.115925.0250047.079594.4exp

exp

×+×+=

++=

e

hgfe SRKSRK ωω
 

             6344.129=     

( ) ( ) ( ) ( )ττττβ edbaPc ++++−= 3/23/11     

rT−=1τ       

( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) 3/4

3/23/1

79908.018569.15779908.011102.135

79908.0145326.6279908.01070217.91

−×+−×−

+−×+−×−+−=cPβ

atm2216.139=β  

 ( ) ( )79908.00344483.00861488.0 ×+=c  

            2101634.9 −×=   
 



  
 

 65

  






















+

+
−=

sm
sm P

P
cVV

β

β
ln1  

                               ( )[ ]7/211 rmT
cm

cm

cm
sm Z

P
RT

V −+=  

                                              ( ) ( ) ( )[ ]79908.01127826.0
2292.43

105.389057.82 −+×
=  

                                              molcm /54432.91 3=  

                                     

















+
+

×−×= −

04396.92216.139
272.6802216.139ln1016346.9154432.91 2v  

 molcm /20242.77 3=  

 
The experimental molar volume =77.47534 cm3/mol 
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3.10 DISCUSSION  
 The usual method available for predicting the molar volume of 

compressed liquids for pure components and mixtures is by using the 

equation of state: 

 

1- Lee- Kesler equation was used to calculate the molar volume of 

compressed liquid. The results that are shown in chapter three indicate 

that this equation worked only in the gas phase and not for liquids, and 

especially for compressed liquid the reason for this is that the values of 

the compressibility factors for compounds in liquid phase are usually 

much smaller than those in the vapor phase, and any small error in the 

compressibility factor causes a large error in molar volume. The 

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

 

2- Soave- Redlich- kowng equation and Peng- Robinson equation were 

used also to calculate the molar volume of compressed liquids. The 

results shown that the error was high but less than that of Lee- Kesler 

equation. This is also can be explained as it is due to the sensitivity of 

small values of compressibility values Z. For 91 data point of three 

components (n-heptane, isobutane, and propylene) AA%D are 5.643 

and 3.559 for SRK and PR equations respectively. 

 

3- By applying Tait equation to calculate the molar volume of compressed 

liquid for pure compounds. It seems as shown in table 3-7 that 

this equation works very nicely with very much less deviations 

from experimental data than the equations mentioned above. 

Mainly for pure components at Tr up to 0.95 and dose not work 
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at Tr higher than 0.95. This is because of the parameter which 

exists in Tait equation and that is β, where β is a function of 

temperature and when Tr = 0.95 and higher, the sign of β is 

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









+
+

sP
P

β
βln  where the value of Ps is very small in comparison 

with the value of the whole term which becomes negative and 

when applying (ln) to this term it becomes zero, and this dose not 

give any result in this case. The effect of reduced pressure Pr on 

the deviation of  Tait equation the deviation from experimental 

data was not so large as compared with the effect of reduced 

temperature above 0.95 as shown in tables 3-6, 3-7. Figures 3.12, 

3.13   shown the effect of Tr and Pr on n-pentane and 1-butene. 
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                            Figure 3.12 n- Pentane at reduced temperature 0.95 
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Figure 3.13 The effect of Pr on Tait equation at 

Tr less than 0.95 for 1-Butene 
 

 

4- For pure components AK equation proves to be the best equation for 

calculating the compressed volume of pure liquid than all other 

equations used in this work. It shows the least deviations from 

experimental data. Thus very satisfactory results obtained at Tr up to 

one and Pr > 30. Figures 3.14 and 3.15 show the effect of Tr and Pr  on 

molar volumes of n-pentane, and 1-butene using AK equation. 
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                          Figure 3.14 n- Pentane at reduced temperature 

0.95 on AK equation 
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 Figure 3.15 The effect of Pr on AK equation at 

     Tr less than 0.95 for 1-Butene 
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Table 3-13 shows the summarized results obtained for the eleven pure 

compressed liquid components calculated both by Tait and AK equations. As 

seen from the table, the over all percent deviation of 241 data points of 11 

pure compressed liquids using Aalto and Keskinen equation, is 0.62876 % for 

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

 

 

Table 3-13: Summary of Results of Pure Components 

No. Component 
No. of 

Point 

Tait 

Equation 

AK 

Equation 

1 n- Pentane 25 0.9195 0.5129 

2 n-Nonane 24 0.7076 1.2366 

3 Propylene 19 0.2323 0.2243 

4 n-Octane 23 1.6118 0.8511 

5 Isobutane 27 0.3778 0.2731 

6 n-Heptane 26 0.8365 0.4523 

7 Ethylene 20 0.3358 1.3126 

8 1-Butene 18 0.944 0.8410 

9 n-Butane 21 0.7240 0.4879 

10 n-Decane 19 1.2894 0.1633 

11 Propane 19 0.8803 0.5807 

 Over All %Av.Dev. 241 0.73378 0.62876 
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 For polar component of compressed liquids Tait equation shows better 

results (more accuracy) than AK, SRK, and PR equations.  

Table 3-14 shows the results obtained for the three polar components 

for compressed liquids calculated by SRK, PR, AK, Tait equations and also 

by the proposed modified Tait equation in this work. The table shows the over 

all deviation of 63 data points for 3 polar components for compressed liquids 

for the five equations. The AA%D in our proposed modified Tait equation is 

2.1529 % for molar volume of compressed liquid. Comparing these results 

with those in table 3-4 shows that our proposed method improves the 

accuracy for molar volume of compressed liquids by 15.9921% as compared 

with Soave- Redlich- Kowng equation for 44 data points and 14.527% as 

compared with Peng- Robinson for the same number of data points, it is also 

improves the accuracy for molar volume of compressed liquid by 8.1682% 

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

  

Table 3-14: Results of Pure Polar Compounds 

 
Component No. of 

Point 
SRK 

AA%D 
PR 

AA%D 

AK 

AA%D 

Tait 

AA%D 

This work 

AA%D 

Ammonia 20 11.872 20.281 3.067 1.1514 1.155 

Water 24 25.674 12.359 18.0778 4.0900 2.125 

Acetone 19 ------ ------ 8.1414 6.0587 3.2387 

Over All 
%Av.Dev. 63 18.145 16.6801 10.3157 4.1163 2.1529 
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 There are four methods used to calculate the molar volumes of 

compressed liquid mixtures. 

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

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

saturated density in Tait equation. 

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

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

calculate the saturated density in Tait equation. 

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

compressed liquid for mixtures with Tait equation to calculate the 

compressibility factor of the reference fluids R1, R2. 

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

compressed liquid for mixtures with AK equation to calculate the 

compressibility factor of the reference fluids R1, R2. 

Comparing these results with those in table 3-11 shows that our 

proposed method improves the accuracy for molar volume of compressed 

liquid mixtures by 1.1344 % as compared with Teja- Tait method for the same 

number of data points. It is also improve the accuracy of molar volume of 

compressed liquid by 0.8774 % as compared with Teja- AK method. It further 

improves the accuracy for molar volume Vmix. by 0.6817 % as compared with 

Tait equation mixing rules by using Vs for HT method for the same data 

points. Table 3-15 shows comparison of the percent deviation of molar 

volumes of 7 binary mixtures of compressed liquids by Teja- Tait, Teja- AK, 

Tait mixing rule methods and our proposed method. It is seen from table that 

when using Teja-Tait method for methane- propane system does not gives any 

results and that was because of the value of Tr of propane which equal to 0.99 

so that Tait equation proved that in this case did not work. The table indicates 

that the accuracy was increased considerably by our proposed method 
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especially for molar volume compressed liquid mixtures. The over all percent 

accuracy has been increased by 4.9386 for molar volume of mixtures of 192 

data points of mixtures of compressed liquids by our proposed method 

compared to of these three other methods. 

 
  

TTaabbllee  33--1155::  SSuummmmaarryy  ooff  RReessuullttss  ooff  MMiixxttuurreess  
  

TTaaiitt  MMiixx..  RRuullee..  

NNoo  MMiixxttuurree  SSyysstteemmss  
NNoo..  
ooff  

DDaattaa  
AAAA%%DD    
VVssHHTT  

AAAA%%DD  
  ((TThhiiss  wwoorrkk))    
VVss  RRaacckkeetttt  

AAAA%%DD  
TTeejjaa  ((TTiiaatt))  

AAAA%%DD  
TTeejjaa  ((AAKK))  

11  PPrrooppaannee--BBeennzzeennee  2244  11..11998822  11..00994455  00..669955  22..44111166  
22  MMeetthhaannee--nn--PPeennttaannee  2222  22..002244  11..44994477  00..66445533  00..88002266  
33  AAcceettoonnee--11--BBuutteennee  2255  22..55330044  66..88996699  55..44669922  66..99881144  
44  PPrrooppaannee--AAcceettoonnee  3300  99..444488  99..884433  88..00993322  77..77330022  
55  PPrrooppaannee--nn--DDeeccaannee  2244  22..66005555  11..99663366  99..660000  88..66113344  
66  PPrrooppaannee--11--BBuutteennee  4422  88..22550033  88..000011  99..00335500  88..33006666  
77  MMeetthhaannee--PPrrooppaannee  2244  99..448855  1111..007799  ----------------------  33..229966  
  OOvveerr  AAllll  AAAA%%DD    119922  55..55003344  44..99338866  66..0077330055  55..88116600  

  
  

    
 

 To show the comparison between the four methods for evaluating the 

molar volumes of compressed liquid mixtures. Figure 3.16 shows the 

`deviation from the experimental data and it seems that the curve that 

represents the modification of the Rackett equation when applied for mixtures 

is the nearest curve to the experimental. 
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Figure 3.16 Comparison between four methods for 
Propane-n-Decane System 
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CHAPTER FOUR 
4.1 CONCLUSION 

1. Using equations of state to calculate the molar volume of 

compressed liquids it is found that equations (Lee- Kesler, SRK, 

PR) are not suitable to use for calculation of compressed liquid 

volume for pure components or mixtures since they produce large 

deviation from experimental data, as shown in the results of using 

these equation shown in table 4-1. 

 

 

 

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

Equation No. of 
point AA%D 

Lee- Kesler 42 10.0185 

SRK 91 5.643 

PR 91 3.559 

 

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

volume of compressed liquid which gave relatively low deviations. 

 

3. Tait equation is good for calculating molar volume of compressed 

liquids at Tr up to 0.95 while AK equation is satisfactory at Tr up to 

one. Aalto and Kiskinen equation reduces the maximum deviation 

of 26.837% to 2.137% as the effect of Tr and reduces the maximum 

deviation from 1.659% to 1.398% as the effect of Pr, so as shown 

in table 4-2 for 1-butene with different reduced pressures and 

temperatures. 
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Table 4-2: Comparison between Tait and AK for Tr < 0.95 and Pr <10 for 

1-Butene. 

Tait AK Tait AK 
Pr 

AA%D AA%D 
Tr 

AA%D AA%D 

10.2878 1.508 1.426 24.403 2.593 

12.0024 1.643 1.515 24.033 2.445 

13.7171 1.636 1.448 25.645 2.318 

15.431 1.659 1.398 

0.9793 

26.837 2.137 

 

      3. Anew correlation has been developed to predict molar volume of 

pure polar liquids. This correlation is a modification of Tait equation for 

compressed liquids. The modification was made by replacing the pressure 

with reduced pressure and the term of vapor pressure with reduced 

saturated pressure as follows: 

                            







+
+

−=
rs

r
s P

PcVV
β
βln1                                   (3-1) 

 The new correlation seems to be superior to Tait, SRK, PR, AK 

equations. The over all AA%D for 63 points of three polar pure 

compounds obtained from this correlation was 2.1529 % in comparison 

with those obtained from SRK, PR, Tait, and AK where they are 18.1456 

%, 16.6802 %, 4.1163%, and 10.3157% respectively. 

 

4. Applying Rackett equation for saturated liquids of pure 

components to the mixtures by using pseudo critical temperature, 

pressure, and compressibility factor for mixture, so that Rackett 

equation becomes: 
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V −+=                             (3-2) 

 This new method was compared with HT equation for saturated 

liquid volume mixtures, and the over all AA%D of 192 points of 7 binary 

mixtures is 4.9386 % for Tait equation mixing rules by using the 

modified Rackett equation of this work.         

 

4.2 Recommendation   

 For those who would carry future studies on related subject, the 

following recommendations may be considered: 

1. Applying the polar correlation for other polar compounds. 

2. . Applying those methods to study other thermodynamic properties 

of compressed liquids such as enthalpy and entropy. 

3. Studying the possibility of applying this method to ternary 

compressed liquid mixtures. 
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(A-1) 

  Appendix A: Some Properties of Pure Components 
Table A-1-1: Properties of Pure Component 

No. Component Tc (K) 
 Pc 

(bar) 
ω ωSRK 

     V* 

(cm3/mol) 
ZRA 

1 n- Pentane 469.7 33.7 0.251 0.2522 311.3 0.2684 

2 n-Nonane 594.6 22.9 0.445 0.4478 552.9 0.2543 

3 Propylene 364.9 46.0 0.144 0.1455 182.9 0.2779 

4 n-Octane 568.8 24.9 0.398 0.3998 490.4 0.2571 

5 Isobutane 408.2 36.5 0.183 0.1825 256.8 0.2754 

6 n-Heptane 540.3 27.4 0.349 0.3507 430.4 0.2604 

7 Ethylene 282.4 50.4 0.089 0.0882 131.0 0.2815 

8 1-Butene 419.6 40.2 0.191 0.1921 237.7 0.2736 

9 n-Butane 425.2 38.0 0.199 0.2008 254.4 0.2730 

10 n-Decane 617.7 21.2 0.489 0.4916 619.2 0.2507 

11 Propane 369.8 42.5 0.153 0.1532 200.1 0.2766 

12 Ammonia 405.5 113.5 0.250 0.2620 70.1 0.2465 

13 Water 647.3 221.2 0.344 0.3852 43.6 0.2338 

14 Acetone 508.1 47.0 0.304 0.3149 208.0 0.2477 

15 Benzene 562.2 48.9 0.212 0.2137 256.4 0.2698 

16 Methane 190.4 46.0 0.011 0.0074 99.4 0.2892 

 

 
 
 
 
 
 



(A-2) 

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

 
No. Component a b c d 

1 n- Pentane -7.28936 1.53679 -3.08367 -1.02456 

2 n-Nonane -8.24480 1.57885 -4.38155 -4.04412 

3 Propylene -6.64231 1.21857 -1.81005 -2.48212 

4 n-Octane -7.91211 1.38007 -3.80435 -4.50132 

5 Isobutane -6.95579 1.50090 -2.52717 -1.49776 

6 n-Heptane -7.67468 1.37068 -3.53620 -3.20243 

7 Ethylene -6.32055 1.16819 -1.55935 -1.83552 

8 1-Butene -6.88204 1.27051 -2.26284 -2.61632 

9 n-Butane -6.88709 1.15157 -1.99873 -3.13003 

10 n-Decane -8.56523 1.97756 -5.81971 -0.29982 

11 Propane -6.72219 1.33236 -2.13868 -1.38551 

12 Ammonia 45.327 4104.67 -5.146 615. 

13 Water -7.76451 1.45838 -2.77580 -1.23303 

14 Acetone -7.45514 1.20200 -2.43926 -3.35590 

15 Benzene -6.98273 1.33213 -2.62863 -3.33399 

16 Methane -6.00435 1.18850 -0.83408 -1.22833 
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1166  440088..116633  441100..992277  112244..7722004488  112244..1133004488  00..44773300  
1177  444422..117766  441100..992277  112233..7777446655  112233..1133332211  00..55118822  
1188  447766..119900  441100..992277  112222..2299445566  112222..2200111111  00..00776633  
1199  554444..221177  441100..992277  112211..4433225500  112200..5500118855  00..77666633  
2200  661122..224444  441100..992277  111199..9999111177  111188..9988336622  00..88339966  
2211  551100..220044  444444..226611  112266..5522221122  112244..2211332200  11..88224499  
2222  554444..221177  444444..226611  112255..4488662211  112233..1144005511  11..88669922  
2233  557788..223311  444444..226611  112244..5588554422  112222..1133227755  11..996688  
2244  664466..225588  444444..226611  112233..1144440099  112200..2288336666  22..332222  
2255  668800..227722  444444..226611  112222..5555885500  111199..4433007799  22..555522  

%%aavveerraaggee  ddeevviiaattiioonn==  00..99119955  %%  
  
    
    
  
  
  
  
  

((BB--  22))



TTaabbllee  BB--22--11::  nn--NNoonnaannee  
    

NNoo..  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//  mmooll))  

VV  ccaallcc..((AAKK))  
((ccmm33//  mmooll))  %%DDeevviiaattiioonn  

11  5544..442211  331100..992277  118800..7722662277  117799..77447722  00..55441177  
22  6688..002277  331100..992277  118800..4411441144  117799..44114466  00..55554400  
33  8855..003344  223388..770055  118833..2222333355  116666..66008822  99..006688  
44  110022..004400  223388..770055  118822..8844887799  116666..33775511  99..000099  
55  111199..004477  334444..226611  118855..6655880011  118844..669977  00..55117766  
66  113366..005544  334444..226611  118855..1155885599  118844..22665599  00..44882211  
77  113366..005544  336600..992277  118800..5522996655  118877..66114455  33..992244  
88  115533..006611  336600..992277  118877..9900553388  118888..99773399  00..55668866  
99  117700..006688  337777..559944  119911..0022667733  119900..004455  00..55113399  
1100  118877..007744  337777..559944  119900..4400224466  118899..55550022  00..44447766  
1111  220044..008811  339944..226611  119922..8899995544  119922..33889988  00..22664422  
1122  223388..009955  339944..226611  119911..6655110000  119911..33553366  00..11555511  
1133  227722..110088  441100..992277  119944..1144880088  119933..449933  00..33337744  
1144  227722..110088  442277..559944  119977..2266994444  119966..6622  00..33229911  
1155  330066..112222  441100..992277  119922..8899995544  119922..44556633  00..22229977  
1166  334400..113366  442277..559944  119944..7777223355  119944..33446633  00..22118877  
1177  440088..116633  444444..226611  119955..3399666633  119944..99444422  00..22331155  
1188  447766..1199  446600..992277  119966..0022009900  119955..33447755  00..33443355  
1199  554444..221177  446600..992277  119933..5522338811  119933..338811  00..00773388  
2200  554444..221177  447777..559944  119966..6644551177  119955..66990088  00..44885533  
2211  661122..224444  447777..559944  119944..7777223355  119933..77992288  00..55002299  
2222  661122..224444  449944..226611  119977..2266994444  119966..11666699  00..55228866  
2233  668800..227722  449944..226611  119944..7777223355  119944..33661177  00..22110088  
2244  668800..227722  551100..992277  119977..2266994444  119966..99990033  00..11441144  

%%  aavveerraaggee  ddeevviiaattiioonn  ==  11..22336666%%  
  

  
  

  

((BB--33))



  
TTaabbllee  BB--22--22::  nn--NNoonnaannee  ((TTaaiitt  EEqquuaattiioonn))  

  

NNoo..  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//  mmooll))  

VV  ccaallcc..((TTiitt))  
((ccmm33//  mmooll))  %%DDeevvaattiioonn  

11  5544..442211  331100..992277  118800..7722662277  117799..7766998833  00..55229922  
22  6688..002277  331100..992277  118800..4411441144  117799..4422004488  00..55550077  
33  8855..003344  223388..770055  118833..2222333355  118822..2222661144  00..55444422  
44  110022..004400  223388..770055  118822..8844887799  118811..7766555566  00..55992244  
55  111199..004477  334444..226611  118855..6655880011  118844..6644003322  00..55448811  
66  113366..005544  334444..226611  118855..1155885599  118844..1155559955  00..55441155  
77  113366..005544  336600..992277  118800..5522996655  118877..6622004466  00..44882222  
88  115533..006611  336600..992277  118877..9900553388  118877..0099778899  00..44229977  
99  117700..006688  337777..559944  119911..0022667733  119900..1144339955  00..44662211  
1100  118877..007744  337777..559944  119900..4400224466  118899..5599449977  00..44224411  
1111  220044..008811  339944..226611  119922..8899995544  119922..7700224466  00..11002211  
1122  223388..009955  339944..226611  119911..6655110000  119911..5555005500  00..00444433  
1133  227722..110088  441100..992277  119944..1144880088  119944..0099884455  00..00225555  
1144  227722..110088  442277..559944  119977..2266994444  119977..8899550088  00..33117711  
1155  330066..112222  441100..992277  119922..8899995544  119922..9977117777  00..00337744  
1166  334400..113366  442277..559944  119944..7777223355  119955..4477111166  00..33558877  
1177  440088..116633  444444..226611  119955..3399666633  119966..8811001100  00..77223333  
1188  447766..1199  446600..992277  119966..0022009900  119988..0099779977  11..00559966  
1199  554444..221177  446600..992277  119933..5522338811  119955..9955331166  11..225555  
2200  554444..221177  447777..559944  119966..6644551177  119999..3300553377  11..33552277  
2211  661122..224444  447777..559944  119944..7777223355  119977..1177338800  11..223322  
2222  661122..224444  449944..226611  119977..2266994444  220000..3388008800  11..55777722  
2233  668800..227722  449944..226611  119944..7777223355  119988..2255779977  11..778899  
2244  668800..227722  551100..992277  119977..2266994444  220011..2222779933  22..000066  

            %%  aavveerraaggee  ddeevviiaattiioonn==00..77007766%%  
  
  
  
  
  
  
  
  
  
  
  

((BB--44))



  
TTaabbllee  BB--33--11::  PPrrooppyylleennee  

  

NNoo..  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..((AAKK))  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  6688..002277  331100..992277  8833..6699559933  8833..4411668888  00..33333344  
22  110022..004400  331100..992277  8822..0011666644  8811..9900664455  00..11334433  
33  4477..440088  229999..881166  8822..5500998811  8811..4477330088  11..225566  
44  110088..884433  229944..226611  7788..2288335500  7788..1155003344  00..11770000  
55  8855..003344  332277..559944  8877..6666000044  8877..5533228855  00..11445500  
66  6600..995522  229933..1155  7799..3399447700  7799..33990055  00..00552288  
77  6611..992255  333333..1155  9911..4477443333  9911..5544336677  00..00775588  
88  6622..889911  332233..1155  8877..6666662299  8877..5500115511  00..11887799  
99  6688..002277  332277..559944  8899..0088333388  8888..774433  00..33882200  
1100  7722..556644  227733..1155  7755..1144334422  7755..2211997722  00..11001155  
1111  8822..224444  330033..1155  8800..9922441166  8800..8855996688  00..00779966  
1122  8855..003344  331100..992277  8822..8822881199  8822..66223366  00..22447700  
1133  8899..001133  228833..1155  7766..5511005577  7766..6611004433  00..11330055  
1144  9999..665599  331133..1155  8822..5500998811  8822..5544669922  00..00444499  
1155  110022..004400  229944..226611  7788..2288335500  7788..3344114422  00..00773399  
1166  110055..444422  229933..1155  7777..9922114422  7788..0033336677  00..11444400  
1177  110066..442288  333333..1155  8877..6666662299  8888..00114499  00..33997766  
1188  110088..884433  227777..559944  7755..2222445588  7755..22119977  00..0066449900  
1199  113322..555577  227733..1155  7733..8822662211  7744..0077888877  00..222244  

%%  aavveerraaggee  ddeevviiaattiioonn  ==  00..222244%%  
  

  
  
  
  
  
  
  
  

((BB--55))



  
TTaabbllee  BB--33--22::  PPrrooppyylleennee  ((TTaaiitt  EEqquuaattiioonn))  

  

  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  6688..002277  331100..992277  8833..6699559933  8833..7799552255  00..11118866  
22  110022..004400  331100..992277  8822..0011666644  8822..1133994499  00..11449977  
33  4477..440088  229999..881166  8822..5500998811  8822..7788990055  00..33338844  
44  110088..884433  229944..226611  7788..2288335500  7788..3333002200  00..00559944  
55  8855..003344  332277..559944  8877..6666000044  8877..6600779988  00..00559944  
66  6600..995522  229933..1155  7799..3399447700  8800..8822883344  00..44445588  
77  6611..992255  333333..1155  9911..4477443333  7799..7744886666  00..11662244  
88  6622..889911  332233..1155  8877..6666662299  9911..6622229911  00..1166880088  
99  6688..002277  332277..559944  8899..0088333388  8877..8811336611  00..11770066  

1100  7722..556644  227733..1155  7755..1144334422  7755..441177773300  00..33665500  
1111  8822..224444  330033..1155  8800..9922441166  8811..1177339944  00..33008866  
1122  8855..003344  331100..992277  8822..8822881199  8822..9922443399  00..11116611  
1133  8899..001133  228833..1155  7766..5511005577  7766..8800003366  00..33778877  
1144  9999..665599  331133..1155  8822..5500998811  8822..7777880066  00..33225511  
1155  110022..004400  229944..226611  7788..2288335500  7788..5544557766  00..33334499  
1166  110055..444422  229933..1155  7777..9922114422  7788..2211997766  00..33882288  
1177  110066..442288  333333..1155  8877..6666662299  8877..7799662266  00..11448822  
1188  110088..884433  227777..559944  7755..2222445588  7744..0055119955  00..33005577  
1199  113322..555577  227733..1155  7733..8822662211  7755..3300223366  00..11003344  

%%  aavveerraaggee  ddeevviiaattiioonn==  00..22332233  %%  
  

  
  
  
  
  
  
  
  
  
  
  

      

((BB--66))



    
TTaabbllee  BB--44--11::  nn--OOccttaannee  

  
  PP((aattmm))  TT((KK))  VV  eexxpp..  

((ccmm33//mmooll))  
VV  ccaallcc..((AAKK))  
((ccmm33//  mmooll))  %%DDeevviiaattiioonn  

11  5500  773344..1155  220066..55331144  220066..55552266  00..00110022  
22  110000  449988..1155  220099..77229999  220099..008866  00..33006622  
33  110000  552233..1155  222200..22339922  221199..55333311  00..33220066  
44  115500  449988..1155  220044..00118833  220033..11889944  00..44006622  
55  115500  552233..1155  221122..88114422  221111..66774455  00..55335555  
66  220000  447733..1155  119922..99337788  119922..44335522  00..22660044  
77  220000  554488..1155  221155..00998888  221133..00335511  00..99559944  
88  225500  337733..1155  117700..00991144  117700..887766  00..44661122  
99  225500  442233..1155  117799..44558844  117799..88997777  00..22444477  
1100  330000  339988..1155  117733..11775577  117733..99111177  00..44224499  
1111  330000  444488..1155  118822..33114422  118822..33774433  00..00332299  
1122  110000  447733..1155  220011..00448833  220000..55334455  00..22555555  
1133  115500  447733..1155  119966..55993322  119966..00441177  00..22880055  
1144  220000  447733..1155  119922..99337788  119922..44335522  00..22660044  
1155  220000  449988..1155  119999..55663333  119988..66662244  00..44551144  
1166  225500  449988..1155  119955..77993366  119955..00007733  00..22448877  
1177  330000  449988..1155  119922..55995511  119911..99558866  00..33330044  
1188  110000  552233..1155  222200..22339922  221199..55333311  00..33220066  
1199  115500  552233..1155  221122..88114422  221111..66774455  00..55335555  
2200  220000  552233..1155  220077..22116688  220055..99886655  00..55993377  
2211  220000  554488..1155  221155..00998888  221133..00335511  00..99559944  
2222  225500  554488..1155  220099..55001144  118866..443322  1111..001111  
2233  330000  554488..1155  220055..00446644  220044..229955  00..33666600  

%%  aavveerraaggee  ddeevviiaattiioonn  ==  00..88551111  %%  
  
  

  
  
  

((BB--77))



  
  TTaabbllee  BB--44--22::  nn--OOccttaannee  ((TTaaiitt  EEqquuaattiioonn))  

  
  

  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..  
((ccmm33//  mmooll))  %%DDeevviiaattiioonn  

11  5500  773344..1155  220066..55331144  220088..9988113344  11..118866  
22  110000  449988..1155  220099..77229999  221144..3388669933  22..222211  
33  110000  552233..1155  222200..22339922  222255..9966009900  22..660000  
44  115500  449988..1155  220044..00118833  220088..6688111100  22..228866  
55  115500  552233..1155  221122..88114422  221188..0011339944  22..444455  
66  220000  447733..1155  119922..99337788  119966..4466110011  11..882266  
77  220000  554488..1155  221155..00998888  221144..5544330066  00..22558822  
88  225500  337733..1155  117700..00991144  117700..3388008866  00..11771177  
99  225500  442233..1155  117799..44558844  118800..9955772255  00..88441133  

1100  330000  339988..1155  117733..11775577  117733..8866555544  00..33996677  
1111  330000  444488..1155  118822..33114422  118844..7700553377  11..331122  
1122  110000  447733..1155  220011..00448833  220044..3311447700  11..662244  
1133  115500  447733..1155  119966..55993322  220000..0033332277  11..774499  
1144  220000  447733..1155  119922..99337788  119966..4466115511  11..882266  
1155  220000  449988..1155  119999..55663333  220044..1111111199  22..227788  
1166  225500  449988..1155  119955..77993366  220000..2299775588  22..330000  
1177  330000  449988..1155  119922..55995511  119977..0022556600  22..330000  
1188  110000  552233..1155  222200..22339922  222255..9966227711  22..559988  
1199  115500  552233..1155  221122..88114422  221188..0011886622  22..444455  
2200  220000  552233..1155  220077..22116688  221111..9988661111  22..330011  
2211  220000  554488..1155  221155..00998888  221144..5544330066  00..225588  
2222  225500  554488..1155  220099..55001144  220088..0011992255  00..77007766  
2233  330000  554488..1155  220055..00446644  220022..7700333344  11..114422  

%%  aavveerraaggee  ddeevviiaattiioonn  ==  11..66111188  %%  
  

  
  
  
  
  
  
  
  

((BB--88))



  
TTaabbllee  BB--55--11::  IIssoobbuuttaannee  

  
  PP((aattmm))  TT((KK))  VV  eexxpp..  

((ccmm33//mmooll))  
VV  ccaallcc..((AAKK))  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  5544..442211  331100..992277  110055..77556699  110066..115566  00..33777733  
22  6688..002277  331100..992277  110055..11444477  110055..66224444  00..44556622  
33  8855..003344  331100..992277  110044..444455  110055..66224444  00..55440099  
44  110022..004400  331100..992277  110033..88229999  110044..44339988  00..55887744  
55  111199..004477  331100..992277  110033..22558811  110033..99005555  00..66227700  
66  113366..005544  331100..992277  110022..88119977  110033..44001166  00..55665599  
77  117700..006688  331100..992277  110011..88882255  110022..44669911  00..55775577  
88  220044..008811  331100..992277  110011..0011449944  110011..66118866  00..55997766  
99  223388..009955  331100..992277  110000..11444477  110000..88334488  00..66889900  
1100  113366..005544  334444..226611  110099..99337755  111100..11774411  00..22115522  
1111  117700..006688  334444..226611  110088..33119900  110088..66227722  00..22884455  
1122  220044..008811  334444..226611  110077..00002299  110077..22664411  00..22444411  
1133  223388..009955  334444..226611  110055..88991177  110066..00445533  00..11445500  
1144  227722..110088  334444..226611  110044..88779900  110044..99443355  00..00661144  
1155  330066..112222  334444..226611  110033..88885566  110033..99338866  00..00550099  
1166  334400..113366  334444..226611  110033..00775500  110033..00115566  00..00557766  
1177  440088..116633  334444..226611  110011..66115533  110011..33770055  00..22440099  
1188  447766..1199  334444..226611  110000..33000022  9999..9933992222  00..33559988  
1199  117700..006688  337777..559944  111166..66991144  111166..99662233  00..22332211  
2200  220044..008811  337777..559944  111144..66888822  111144..77449977  00..00553355  
2211  223388..009955  337777..559944  111122..88884400  111122..88668833  00..00113399  
2222  227722..110088  337777..559944  111111..33006600  111111..22339933  00..00559988  
2233  330066..112222  337777..559944  110099..88112299  110099..88008800  00..00339933  
2244  334400..113366  337777..559944  110088..66442299  110088..55337722  00..00997733  
2255  440088..116633  337777..559944  110066..22559955  110066..33664455  00..00998877  
2266  447766..119900  337777..559944  110044..55339955  110044..55662233  00..00221177  
2277  554444..221177  337777..559944  110022..99110077  110033..00331188  00..11117766  

%%  aavveerraaggee  ddeevviiaattiioonn  ==    00..22773311%%  

((BB--99))



  
TTaabbllee  BB--55--22::  IIssoobbuuttaannee  ((TTaaiitt  EEqquuaattiioonn))  

  
  PP((aattmm))  TT((KK))  VV  eexxpp..  

((ccmm33//mmooll))  
VV  ccaallcc..  

((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  5544..442211  331100..992277  110055..77556699  110066..2266334422  00..44778888  
22  6688..002277  331100..992277  110055..11444477  110055..6666221199  00..4499770033  
33  8855..003344  331100..992277  110044..444455  110044..9955778899  00..44991122  
44  110022..004400  331100..992277  110033..88229999  110044..2299997722  00..44552244  
55  111199..004477  331100..992277  110033..22558811  110033..6688119944  00..0011005511  
66  113366..005544  331100..992277  110022..88119977  110033..0099999933  00..227722  
77  117700..006688  331100..992277  110011..88882255  110022..0022881199  00..11442299  
88  220044..008811  331100..992277  110011..0011449944  110011..0055996699  00..00444433  
99  223388..009955  331100..992277  110000..11444477  110000..1177662299  00..0033115566  
1100  113366..005544  334444..226611  110099..99337755  111100..2222888855  00..22665533  
1111  117700..006688  334444..226611  110088..33119900  110088..6600444444  00..22663355  
1122  220044..008811  334444..226611  110077..00002299  110077..1188880099  00..1177228888  
1133  223388..009955  334444..226611  110055..88991177  110055..9933224444  00..0044112211  
1144  227722..110088  334444..226611  110044..88779900  110044..8800446699  00..0077005588  
1155  330066..112222  334444..226611  110033..88885566  110033..7788111144  00..11000055  
1166  334400..113366  334444..226611  110033..00775500  110022..8844443300  00..22223388  
1177  440088..116633  334444..226611  110011..66115533  110011..1177991188  00..44229922  
1188  447766..1199  334444..226611  110000..33000022  9999..773311993388  00..556666  
1199  117700..006688  337777..559944  111166..66991144  111166..3377772299  00..22669911  
2200  220044..008811  337777..559944  111144..66888822  111144..1177558866  00..44446677  
2211  223388..009955  337777..559944  111122..88884400  111122..2299881122  00..55118877  
2222  227722..110088  337777..559944  111111..33006600  111100..6666110033  00..55779944  
2233  330066..112222  337777..559944  110099..88112299  110099..2200997799  00--..55551155  
2244  334400..113366  337777..559944  110088..66442299  110077..9900663388  00..66776688  
2255  440088..116633  337777..559944  110066..22559955  110055..6644111155  00..55882200  
2266  447766..119900  337777..559944  110044..55339955  110033..7711770099  00..77881155  
2277  554444..221177  337777..559944  110022..99110077  110022..0044444488  00..8844110011  

%%  aavveerraaggee  ddeevviiaattiioonn==  00..33777788%%  

((BB--1100))



  
TTaabbllee  BB--77--11::  nn--HHeeppttaannee  

  

  PP((aattmm))  TT  ((KK))  VV  EExxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..((AAKK))  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  113366..005544  227777..559944  114411..4455996666  114411..44880022  00..00114455  
22  115533..006611  227777..559944  114411..2200999966  114411..22440077  00..00221177  
33  117700..006688  227777..559944  114422..6644557788  114411..00009933  11..114477  
44  118877..007744  227777..559944  114400..7711005544  114400..77884455  00..00552255  
55  220044..008811  227777..559944  114400..4466008833  114400..55665577  00..00774466  
66  5544..442211  331100..992277  114488..4455114499  114422..77779922  33..882211  
77  6688..002277  331100..992277  114488..1133993366  114422..55339922  33..778800  
88  8855..003344  331100..992277  114477..7766447799  114477..88779977  00..00777777  
99  110022..004400  331100..992277  114477..3322778811  114477..55229988  00..11337711  
1100  111199..004477  331100..992277  114477..0011556677  114477..11996611  00..11222277  
1111  223388..009955  334444..226611  115500..4444991166  115500..5533  00..00553377  
1122  227722..110088  334444..226611  114499..7700000033  114499..88665588  00..11110077  
1133  330066..112222  334444..226611  114488..9955009911  114499..22335511  00..11990088  
1144  334400..113366  334444..226611  114488..4455114499  114488..66333388  00..11222288  
1155  440088..116633  337777..559944  115511..8822225577  115522..11999999  00..22448855  
1166  447766..1199  337777..559944  115500..3388667733  115500..88772255  00..33222299  
1177  554444..221177  337777..559944  114499..1133881199  114499..66552211  00..33444455  
1188  661122..224499  337777..559944  114477..8888996655  114488..55221188  00..44227744  
1199  227722..110088  441100..992277  116600..8877444477  116600..77669955  00..00665522  
2200  330066..112222  441100..992277  115599..6688883366  115599..66663355  00..00115555  
2211  334400..113366  441100..992277  115588..5566446677  115588..66330099  00..00441177  
2222  440088..116633  441100..992277  115566..6622994433  115566..77550011  00..00777700  
2233  447766..1199  447777..559944  116644..7744449955  116644..44003333  00..22007744  
2244  554444..221177  447777..559944  116622..5566000000  116622..33116633  00..11449999  
2255  661122..224499  447777..559944  116600..6688771199  116600..44886677  00..11224477  
2266  668800..227722  447777..559944  115588..8877668811  115588..88661122  00..00009988  

%%aavveerraaggee  ddeevviiaattiioonn  ==  00..44552233  %%  
  
  

((BB--1111))



  
TTaabbllee  BB--77--22::  nn--HHeeppttaannee  ((TTaaiitt  EEqquuaattiioonn))  

  

  PP((aattmm))  TT  ((KK))  VV  EExxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  113366..005544  227777..559944  114411..4455996666  114400..0044000077  11..00003355  
22  115533..006611  227777..559944  114411..2200999966  113399..7722773311  11..00449966  
33  117700..006688  227777..559944  114422..6644557788  113399..4422220055  11..00991111  
44  118877..007744  227777..559944  114400..7711005544  113399..1122330022  11..112288  
55  220044..008811  227777..559944  114400..4466008833  113388..8833002244  11..11660077  
66  5544..442211  331100..992277  114488..4455114499  114477..3399880044  00..77009966  
77  6688..002277  331100..992277  114488..1133993366  114477..0044552266  00..773388  
88  8855..003344  331100..992277  114477..7766447799  114466..6611660011  00..777777  
99  110022..004400  331100..992277  114477..3322778811  114466..1199990000  00..77666622  
1100  111199..004477  331100..992277  114477..0011556677  114455..7799334477  00..88331133  
1111  223388..009955  334444..226611  115500..4444991166  114488..7733229988  11..11440077  
1122  227722..110088  334444..226611  114499..7700000033  114477..9933116600  11..11881133  
1133  330066..112222  334444..226611  114488..9955009911  114477..1177000055  11..119955  
1144  334400..113366  334444..226611  114488..4455114499  114466..4444444466  11..335511  
1155  440088..116633  337777..559944  115511..8822225577  115500..4400004400  00..993366  
1166  447766..1199  337777..559944  115500..3388667733  114488..9911335511  00..997799  
1177  554444..221177  337777..559944  114499..1133881199  114477..5555221111  11..006633  
1188  661122..224499  337777..559944  114477..8888996655  114466..2299667700  11..00777711  
1199  227722..110088  441100..992277  116600..8877444477  116600..4444886666  00..22664466  
2200  330066..112222  441100..992277  115599..6688883366  115599..2277555533  00..22558855  
2211  334400..113366  441100..992277  115588..5566446677  115588..1177775500  00..22444411  
2222  440088..116633  441100..992277  115566..6622994433  115566..1177222222  00..22991199  
2233  447766..1199  447777..559944  116644..7744449955  116666..1100006611  00..88222288  
2244  554444..221177  447777..559944  116622..5566000000  116633..6699559999  00..66998888  
2255  661122..224499  447777..559944  116600..6688771199  116611..5544666699  00..55334499  
2266..  668800..227722  447777..559944  115588..8877668811  115599..6600336655  00..44557744  

%%aavveerraaggee  ddeevviiaattiioonn  ==  00..88336655%%  
  

((BB--1122))



  
TTaabbllee  BB--77--11::  EEtthhyylleennee  

  

  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..((AAKK))  
((ccmm33//mmooll))  %%  DDeevviiaattiioonn  

11  7766..006622  111100  4433..0055115555  4433..3366991166  00..77337777  
22  9911..443388  111100  4422..9999222255  4433..3322881177  00..99776633  
33  111144..223366  111100  4422..9900992222  4433..2277001133  00..88441111  
44  119922..114444  112200  4433..5511999944  4433..8855557799  00..77771177  
55  221199..112266  113300  4444..1188000055  4444..5588883333  00..99224411  
66  228877..776677  114400  4444..7777888855  4455..2222551133  00..99996666  
77  332211..888855  115500  4455..4466556611  4455..9977116677  11..111133  
88  334499..111144  116600  4466..1188551144  4466..7755445544  11..223322  
99  443388..449999  117700  4466..5566443322  4477..3300777799  11..559966  
1100  449900..442211  118800  4477..1155773388  4477..9966113366  11..770044  
1111  555500..552255  119900  4477..7755004444  4488..5522559911  11..662244  
1122  661166..772288  220000  4488..0011220011  4488..9977553388  22..000066  
1133  667722..990044  221100  4488..5500558800  4499..3366999922  11..778811  
1144  770099..993377  222200  4499..0088001133  4499..7777999988  11..442255  
1155  777777..331100  223311  4499..5577995555  5500..0011220044  00..88772233  
1166  881100..553300  224400  5500..0022771155  5500..3366666666  00..66778866  
1177  887744..333355  225500  5500..3377998866  5500..7700884466  00..66552222  
1188  991199..881122  226600  5500..7744669933  5511..3377111188  11..223300  
1199  998811..002211  227700  5511..0077996677  5522..1199777722  22..118888  
2200  991199..881122  227700  5511..0077996677  5522..5566000077  22..889988  
                                                                                                                  %%aavveerraaggee  ddeevviiaattiioonn  ==  11..331122  %%  

  
  

  
  
  
  
  
  
  

((BB--1133))



  
TTaabbllee  BB--77--22::  EEtthhyylleennee  ((TTaaiitt  EEqquuaattiioonn))  

  

  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..  
((ccmm33//mmooll))  %%  DDeevviiaattiioonn  

11  7766..006622  111100  4433..0055115555  4433..3322113311  00..662266  
22  9911..443388  111100  4422..9999222255  4433..2266113388  00..66225588  
33  111144..223366  111100  4422..9900992222  4433..1177339911  00..66117755  
44  119922..114444  112200  4433..5511999944  4433..6622443355  00..223399  
55  221199..112266  113300  4444..1188000055  4444..2288114422  00..22229944  
66  228877..776677  114400  4444..7777888855  4444..7777118855  00..00115566  
77  332211..888855  115500  4455..4466556611  4455..4411669988  00..11006688  
88  334499..111144  116600  4466..1188551144  4466..1100770099  00..116699  
99  443388..449999  117700  4466..5566443322  4466..4488770044  00..11665599  
1100  449900..442211  118800  4477..1155773388  4477..0044662266  00..22334466  
1111  555500..552255  119900  4477..7755004444  4477..5555449988  00..44009922  
1122  661166..772288  220000  4488..0011220011  4488..0011445500  00..00009955  
1133  667722..990044  221100  4488..5500558800  4488..5511664422  00..00221188  
1144  770099..993377  222200  4499..0088001133  4499..1111225599  00..00665533  
1155  777777..331100  223311  4499..5577995555  4499..5588008800  00..00003366  
1166  881100..553300  224400  5500..0022771155  5500..0077777722  00..11002211  
1177  887744..333355  225500  5500..3377998866  5500..4422227755  00..00885511  
1188  991199..881122  226600  5500..7744669933  5500..2200552266  11..00667733  
1199  998811..002211  227700  5511..0077996677  4499..7744662233  22..6611  
2200  991199..881122  227700  5511..0077996677  5500..2200552266  11..006677  
                                                                                                                                  %%aavveerraaggee  ddeevviiaattiioonn  ==  00..33335588  %%  

  
  
  
  
  
  
  
  

((BB--1144))



  
TTaabbllee  BB--88--11::  11--BBuutteennee  

  

  PP((aattmm))  TT  ((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..((AAKK))  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  5544..442211  331100..992277  9966..8888665566  9966..550077  00..33991177  
22  6688..002277  331100..992277  9966..4444995577  9966..1111229933  00..33449900  
33  8855..003344  331100..992277  9955..9955001166  9955..6655446633  00..33007799  
44  110022..004400  331100..992277  9955..4455009944  9955..2222665599  00..22335500  
55  111199..004477  331100..992277  9955..0011339955  9944..8822332255  00..22000077  
66  113366..005544  331100..992277  9944..5577669966  9944..4444007777  00..11443399  
77  115533..006611  334444..226611  110000..7755770033  9999..7788991111  11..115588  
88  117700..006688  334444..226611  110000..1133229966  9999..2211881188  00..99113355  
99  118877..007744  334444..226611  9999..5500886699  9988..6677880066  00..88334477  
1100  220044..008811  334444..226611  9988..9944668855  9988..1166553311  00..77889988  
1111  223388..009955  334444..226611  9977..9944880022  9977..2211112277  00..77552211  
1122  227722..110088  334444..226611  9977..0077440044  9966..3333885522  00..77557766  
1133  330066..112222  337777..559944  110011..8888009922  110000..66887788  11..117711  
1144  334400..113366  337777..559944  110000..8888220099  9999..5522668833  11..334433  
1155  440088..116633  337777..559944  9999..1199665566  9977..77881111  11..442266  
1166  447766..119900  337777..559944  9977..6699883311  9966..2211779922  11..551155  
1177  554444..221177  337777..559944  9966..2266224499  9944..8866884488  11..444488  
1188  661122..224444  337777..559944  9955..0011339955  9933..6688554488  11..339988  

%%  aavveerraaggee  ddeevviiaattiioonn  ==  00..88441100  %%  
  

  
  
  
  
  
  
  
  
  

((BB--1155))



  
TTaabbllee  BB--88--22::  11--BBuutteennee  ((TTaaiitt  EEqquuaattiioonn))  

  

  PP((aattmm))  TT  ((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..  
((ccmm33//mmooll))  %%    DDeevviiaattiioonn  

11  5544..442211  331100..992277  9966..8888665566  9966..5522770055  00..33771100  
22  6688..002277  331100..992277  9966..4444995577  9966..0088002288  00..33882288  
33  8855..003344  331100..992277  9955..9955001166  9955..5555009933  00..44116600  
44  110022..004400  331100..992277  9955..4455009944  9955..0055006633  00..44119933  
55  111199..004477  331100..992277  9955..0011339955  9944..5577557788  00..44661111  
66  113366..005544  331100..992277  9944..5577669966  9944..1122554422  00..44777744  
77  115533..006611  334444..226611  110000..7755770033  9999..88004466  00..99445522  
88  117700..006688  334444..226611  110000..1133229966  9999..1199332233  00..99338844  
99  118877..007744  334444..226611  9999..5500886699  9988..6611772255  00..88995599  
1100  220044..008811  334444..226611  9988..9944668855  9988..0077227722  00..88883344  
1111  223388..009955  334444..226611  9977..9944880022  9977..0066555577  00..99000099  
1122  227722..110088  334444..226611  9977..0077440044  9966..1155009988  00..99550088  
1133  330066..112222  337777..559944  110011..8888009922  110000..66444499  11..221133  
1144  334400..113366  337777..559944  110000..8888220099  9999..5577553322  11..229955  
1155  440088..116633  337777..559944  9999..1199665566  9977..66999999  11..550088  
1166  447766..119900  337777..559944  9977..6699883311  9966..0099227799  11..664433  
1177  554444..221177  337777..559944  9966..2266224499  9944..6688667744  11..663366  
1188  661122..224444  337777..559944  9955..0011339955  9933..443377  11..665599  

%%  aavveerraaggee  ddeevviiaattiioonn==  00..994444  %%  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

((BB--1166))



  
TTaabbllee  BB--99--11::  nn--BBuuttaannee  

  

NNoo..  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..((AAKK))  
((ccmm33//mmooll))  %%  DDeevviiaattiioonn  

11  6688..002277  331100..992277  110011..1199990099  110011..77669955  00..55663366  
22  110022..004400  331100..992277  110000..1188331166  110000..88553377  00..66669922  
33  113366..005544  331100..992277  9999..2277660000  110000..00440055  00..77770000  
44  6688..002277  332277..559944  110055..3377668844  110055..11663344  00..22002255  
55  334400..113366  332277..559944  9988..2266001155  9988..22997744  00..00337799  
66  668800..227722  332277..559944  9933..4455332277  9933..44229955  00..00225544  
77  111199..004477  334444..226611  110055..8844336600  110066..77227799  00..88335544  
88  115533..006611  334444..226611  110044..5500110066  110055..44554422  00..99112200  
99  118877..007744  334444..226611  110033..4411225511  110044..33220077  00..88778822  

1100  6688..002277  336600..992277  111133..8866669911  111133..55774499  00..22556644  
1111  334400..113366  336600..992277  110033..1122994466  110022..553344  00..55777733  
1122  668800..227722  336600..992277  9966..776611990099  9966..1111995566  00..66663388  
1133  113366..005544  337777..559944  111133..5533559999  111133..88994422  00..33115544  
1144  117700..006688  337777..559944  111111..5577666655  111111..99001111  00..22990077  
1155  220044..008811  337777..559944  111100..1166114499  111100..118899  00..00225500  
1166  6688..002277  339944..226611  112266..1166550044  112266..77005588  00..44228866  
1177  334400..113366  339944..226611  110088..3377333333  110088..00339933  00..33008822  
1188  668800..227722  339944..226611  110000..2255778822  110000..11331199  00..11225566  
1199  6688..002277  441100..992277  113344..9966772255  113366..44772255  11..111155  
2200  334400..113366  441100..992277  111111..2244449988  111100..66226666  00..55555588  
2211  668800..227722  441100..992277  110022..1133006633  110022..88335588  00..66990044  

                                                                                                                        %%aavveerraaggee  ddeevviiaattiioonn    ==    00..44887799  %%  
  

  
  

  
  
  
  

((BB--1177))



  
TTaabbllee  BB--99--22::  nn--BBuuttaannee  ((TTaaiitt  EEqquuaattiioonn))  

  
  PP((aattmm))  TT((KK))  VV  eexxpp..  

((ccmm33//mmooll))  
VV  ccaallcc..  

((ccmm33//mmooll))  %%  DDeevviiaattiioonn  

11  6688..002277  331100..992277  110011..1199990099  110011..6688441155  00..44779922  
22  110022..004400  331100..992277  110000..1188331166  110000..6611335599  00..44229966  
33  113366..005544  331100..992277  9999..2277660000  9999..6644996655  00..33776633  
44  6688..002277  332277..559944  110055..3377668844  110055..2233113388  00..11337766  
55  334400..113366  332277..559944  9988..2266001155  9977..5577997700  00..66990088  
66  668800..227722  332277..559944  9933..4455332277  9922..4444338833  11..00772288  
77  111199..004477  334444..226611  110055..8844336600  110066..8800008866  00..99004433  
88  115533..006611  334444..226611  110044..5500110066  110055..4422332222  00..888822  
99  118877..007744  334444..226611  110033..4411225511  110044..2200551144  00..77666644  
1100  6688..002277  336600..992277  111133..8866669911  111133..9988555522  00..11008822  
1111  334400..113366  336600..992277  110033..1122994466  110022..5522995544  00..00558811  
1122  668800..227722  336600..992277  9966..776611990099  9955..997777882255  00..88110000  
1133  113366..005544  337777..559944  111133..5533559999  111144..0077220055  00..44772211  
1144  117700..006688  337777..559944  111111..5577666655  111122..0033992244  00..44114466  
1155  220044..008811  337777..559944  111100..1166114499  111100..3300556644  00..11330088  
1166  6688..002277  339944..226611  112266..1166550044  112266..5599776666  00..33442288  
1177  334400..113366  339944..226611  110088..3377333333  110077..6611773344  00..669977  
1188  668800..227722  339944..226611  110000..2255778822  9988..9966555588  11..228888  
1199  6688..002277  441100..992277  113344..9966772255  113322..7777990066  11..662211  
2200  334400..113366  441100..992277  111111..2244449988  110088..4499772266  22..446699  
2211  668800..227722  441100..992277  110022..1133006633  110011..004499228866  11..005588  

            %%aavveerraaggee  ddeevviiaattiioonn    ==    00..77224400%%  

  
  
  
  
  
  

((BB--1188))



  
TTaabbllee  BB--1100--11::  nn--DDeeccaannee    

  

NNoo..  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc((AAKK))  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  5544..442211  331100..992277  119966..2211337722  119966..44335566  00..11113300  
22  6688..002277  331100..992277  119955..8855884422  119955..00886655  00..11116644  
33  8855..003344  331100..992277  119955..4411444455  119955..66774455  00..00668800  
44  110022..004400  331100..992277  119944..9977003333  119955..22884411  00..11660099  
55  111199..004477  331100..992277  119944..6611550033  119944..99111144    00..11552222  
66  113366..005544  331100..992277  119944..2255997733  119944..55553377  00..11551133  
77  115533..006611  331100..992277  119933..9999332255  119944..22009911  00..11111122  
88  117700..006688  331100..992277  119933..6633779955  119933..88775599  00..11222288  
99  118877..007744  331100..992277  119933..2288226666  119933..55553311  00..11339999  
1100  220044..008811  331100..992277  119933..0011661188  119933..22339966  00..11115577  
1111  223388..009955  334444..226611  119988..7700009966  119988..77665544  00..00332244  
1122  227722..110088  334444..226611  119988..2255668844  119988..00662244  00..00998800  
1133  330066..112222  334444..226611  119977..5544662244  119977..33992255  00..00777788  
1144  334400..113366  334444..226611  119966..2211338866  119966..77551177  00..22774411  
1155  440088..116633  334444..226611  119944..9977003333  119955..55445566  00..22995500  
1166  447766..119900  334444..226611  119933..9900444433  119944..44224499  00..22668833  
1177  554444..221177  334444..226611  119922..8833885533  119933..33775599  00..22778866  
1188  661122..224444  334444..226611  119911..8866114466  119922..33888866  00..22774477  
1199  668800..227722  334444..226611  119900..9977332211  119911..44554499  00..22552222  

%%aavveerraaggee  ddeevviiaattiioonn  ==  00..1166333333  %%  
      
    

  

  

  

  

  
((BB--1199))



  
TTaabbllee  BB--1100--22::  nn--DDeeccaannee  ((TTaaiitt  EEqquuaattiioonn))  

  

  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc..  
((ccmm33//mmooll))  %%  DDeevviiaattiioonn  

11  5544..442211  331100..992277  119966..2211337722  119944..22005588  11..003322  
22  6688..002277  331100..992277  119955..8855884422  119933..88558833  11..00221111  
33  8855..003344  331100..992277  119955..4411444455  119933..44332233  11..001144  
44  110022..004400  331100..992277  119944..9977003333  119933..00115511  11..000022  
55  111199..004477  331100..992277  119944..6611550033  119922..66006633  11..003322  
66  113366..005544  331100..992277  119944..2255997733  119922..22005566  11..005577  
77  115533..006611  331100..992277  119933..9999332255  119911..88112288  11..112233  
88  117700..006688  331100..992277  119933..6633779955  119911..44227744  11..114400  
99  118877..007744  331100..992277  119933..2288226666  119911..00449933  11..115555  
1100  220044..008811  331100..992277  119933..0011661188  119900..66778811  11..221111  
1111  223388..009955  334444..226611  119988..7700009966  119966..11113399  11..330011  
1122  227722..110088  334444..226611  119988..2255668844  119955..22996622  11..449933  
1133  330066..112222  334444..226611  119977..5544662244  119944..55009933  11..553377  
1144  334400..113366  334444..226611  119966..2211338866  119933..77550088  11..225555  
1155  440088..116633  334444..226611  119944..9977003333  119922..33111188  11..336633  
1166  447766..119900  334444..226611  119933..9900444433  119900..99665544  11..551155  
1177  554444..221177  334444..226611  119922..8833885533  118899..77000044  11..662277  
1188  661122..224444  334444..226611  119911..8866114466  118888..55007766  11..774488  
1199  668800..227722  334444..226611  119900..9977332211  118877..33779911  11..888822  

%%aavveerraaggee  ddeevviiaattiioonn  ==  11..22889944  %%  
  

  

  

  

  

  

((BB--2200))



  

  TTaabbllee  BB--1111--11::  PPrrooppaannee  

NNoo..  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc((AAKK))  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  9900..004400  330033..1155  8866..7799992200  8866..7788770088  00..00113399  
22  112255..9955  330033..1155  8855..3333776699  8855..5533992222  00..22336611  
33  111199..8899  330033..1155  8855..22003377  8855..7733882277  00..33772211  
44  5544..882277  331188..1155  9933..0000556699  9922..5566668888  00..44771188  
55  7744..334433  331188..1155  9911..2299119922  9911..3333778866  00..00550033  
66  9922..445522  331188..1155  9900..6633551144  9900..3366008866  00..33002266  
77  113322..550088  331188..1155  8888..2255885599  8888..5522005555  00..22996688  
88  6688..332244  334488..1155  110022..55444411  110044..00338877  11..445577  
99  7766..114422  334488..1155  110011..88880077  110022..99552299  11..005522  
1100  8899..227711  334488..1155  110000..22559911  110011..33331177  11..006699  
1111  110088..886699  334488..1155  9988..1133992299  9999..2266777733  11..114499  
1122  112277..111133  334488..1155  9977..3355992211  9977..6633005533  00..22778866  
1133  114444..119999  334488..1155  9955..5522442266  9966..2288558811  00..77997722  

%%aavveerraaggee  ddeevviiaattiioonn  ==  00..55880077  %%  
      

  
  

  
  
  
  
  
  
  
  
  
  
  
  
  

((BB--2211))



  
  

TTaabbllee  BB--1111--22::  PPrrooppaannee  ((TTaaiitt  EEqquuaattiioonn))  
  

NNoo..  PP((aattmm))  TT((KK))  VV  eexxpp..  
((ccmm33//mmooll))  

VV  ccaallcc((AAKK))  
((ccmm33//mmooll))  %%DDeevviiaattiioonn  

11  9900..004400  330033..1155  8866..7799992200  8866..8811332222  00..00221111  
22  112255..9955  330033..1155  8855..3333776699  8855..4444339944  00..11224455  
33  111199..8844  330033..1155  8855..4422003377  8855..1166996644  00..22993355  
44  5544..882277  331188..1155  9933..0000556699  9922..7755550033  00..22669955  
55  7744..334433  331188..1155  9911..2299119922  9911..4444661188  00..11774433  
66  9922..445522  331188..1155  9900..6633551144  9900..3388444488  00..22776655  
77  113322..550088  331188..1155  8888..2255885599  8888..4411111166  00..11779911  
88  6688..00332244  334488..1155  110022..55444411  110033..0099225511  00..55334477  
99  7766..114422  334488..1155  110011..88880077  110011..9911881199  00..00336677  

1100  8899..227711  334488..1155  110000..22559911  110000..2200442266  00..00554488  
1111  110088..886699  334488..1155  9988..1133992299  9988..0088331111  00..00446688  
1122  112277..111133  334488..1155  9977..3355992211  9966..4433229988  00..99447700  
1133  114444..119999  334488..1155  9955..5522442266  9955..0099557733  00..44443377  

                                                                                                                      %%aavveerraaggee  ddeevviiaattiioonn  ==    00..22226666  %%  

  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  ((BB--2222))



  
TTaabbllee  BB--1122--11::  AAmmmmoonniiaa  

  

TTaaiitt  EEqquuaattiioonn  MMooddiiffiieedd  TTaaiitt  
EEqquuaattiioonn  

NNoo..  PP((aattmm))  TT((KK))  VVeexxpp..  
((ccmm33//mmooll))  VVccaall..((TTaaiitt))  

((ccmm33//mmooll))  
%%  

DDeevvii..  

VVccaallcc..  
((MMoodd..TTaaiitt))  
((ccmm33//mmooll))  

%%  
DDeevvii..  

11  228833..11  225533..1155  2255..11227755  2255..3399666666  11..007711  2244..9955003377  00..77009944  
22  446699..55  225533..1155  2244..7744660044  2255..33993377  22..661177  2244..6688996655  00..22332244  
33  665544..99  225533..1155  2244..44775522  2255..3399007766  33..774400  2244..4455555522  00..00884499  
44  884411..44  225533..1155  2244..1199559944  2255..33887788  44..992255  2244..2244008877  00..11881122  
55  11002277..99  225533..1155  2244..0000117788  2255..3388448855  55..776622  2244..004433770000  00..11770011  
66  446699..55  227733..1155  2255..55116688  2266..4477337788  33..556677  2255..5588997799  00..11005511  
77  665544..99  227733..1155  2255..22226633  2266..4466999955  44..992299  2255..3300552233  00..33009911  
88  11002277..99  227733..1155  2244..66557744  2255..4466222255  33..226644  2244..8811448811  00..66333377  
99  11440000..55  227733..1155  2244..1166552288  2255..4455445588  55..333355  2244..4400448844  00..99886677  
1100  11558877..22  227733..1155  2233..9955223399  2244..1155007755  00..88228811  2244..2222220044  11..11221133  
1111  884411..44  229988..1155  2255..88225588  2266..0066996655  00..99444422  2244..222222004433  11..33111133  
1122  11002277..99  229988..1155  2255..55007733  2266..1166331133  22..557711  2255..887733003300  11..442299  
1133  11221144..11  229988..1155  2255..11666677  2255..55774466  11..662200  2255..661100000011  11..775566  
1144  11558877..22  229988..1155  2244..6644555566  2244..7744661144  00..44008811  2255..114499996622  22..004411  
1155  11777733..66  229988..1155  2244..44113399  2255..00440055  22..556666  2244..9944667733  22..117788  
1166  665544..99  331133..1155  2266..9944447744  2277..22224422  11..003377  2277..2288557799  11..226611  
1177  884411..44  331133..1155  2266..4477997799  2277..2211666644  22..778822  2266..990011882299  11..558899  
1188  11221144..11  331133..1155  2255..77118855  2266..22001166  11..887788  2266..226644000033  22..111166  
1199  11440000..55  331133..1155  2255..33994499  2266..1199441111  33..114477  2255..9999225588  22..334488  
2200  11774422..11  331133..1155  2244..99440011  2255..1188004444  00..99663366  2255..5555449911  22..446611  

%%aavveerraaggee  ddeevviiaattiioonn                                    22..66997788%%                                        11..11551144%%  
  
  
  
  
  
  

((BB--2233))



    
TTaabbllee  BB--1133--11::  WWaatteerr  

  

TTaaiitt  EEqquuaattiioonn  MMooddiiffiieedd  TTaaiitt  
EEqquuaattiioonn  

NNoo..  PP((aattmm))  TT((KK))  VVeexxpp..  
((ccmm33//mmooll))  VVccaall..((TTaaiitt))  

((ccmm33//mmooll))  
%%  

DDeevvii..  

VVccaallcc..  
((MMoodd..TTaaiitt))  
((ccmm33//mmooll))  

%%  
DDeevvii..  

11  4499..334455  333333..1155  1188..2266773399  1166..3388558811  1166..443333  1177..4444443399  44..55005533  
22  4499..334455  335533..1155  1188..4488115588  1166..8822770088  55..669955  1177..88332255  33..551122  
33  4499..334455  337733..1155  1188..7733771177  1177..3300883344  33..992255  1188..2244992233  22..660044  
44  4499..334455  339933..1155  1199..0033559933  1188..3377668877  33..446622  1188..6699888811  11..777700  
55  4499..334455  441133..1155  1199..3388115533  1199..1166118877  22..116655  1199..1188664488  11..000066  
66  9988..669911  442233..1155  1199..7711445533  1188..8866006677  44..333311  1199..7711886699  00..00221100  
77  9988..669911  445533..1155  2200..1155773311  1199..5533778888  33..007722  2200..3300441144  00..77228844  
88  9988..669911  447733..1155  2200..6666330033  2211..1177884477  22..449944  2200..9955338844  11..440077  
99  9988..669911  449933..1155  2211..2244880044  2211..5599779944  22..111177  2211..6688227799  22..004466  
1100  9988..669911  551133..1155  2211..9933556633  2222..5511885544  22..665577  2222..5511220011  22..662277  
1111  114488..003388  553333..1155  2222..5588990011  2233..4477117766  33..990077  2233..1177117766  22..557799  
1122  114488..003388  555533..1155  2233..5555001166  2244..44996622  44..001177  2244..6611003377  33..222288  
1133  114488..003388  333333..1155  1188..1155003344  1177..3399882255  44..114433  1177..4444442244  33..889900  
1144  114488..003388  335533..1155  1188..3355773399  1177..7788005555  33..114422  1177..8833223333  22..886600  
1155  114488..003388  337733..1155  1188..5599331144  1188..1199003399  22..116666  1188..2244990044  11..885500  
1166  114488..003388  339933..1155  1188..8899119922  1188..6633117777  11..337777  1188..66998866  11..002233  
1177  114488..003388  441133..1155  1199..2211995555  1199..11009966  00..55771188  1199..1188662233  00..11773333  
1188  229966..007766  443333..1155  1199..4477669922  1199..7744119911  11..336600  1199..7711881111  11..223388  
1199  229966..007766  445533..1155  1199..8888337722  2200..1199773322  22..008800  2200..3300334455  22..111111  
2200  229966..007766  447733..1155  2200..3344227700  2200..9900994422  22..778855  2200..9955229999  33..000000  
TTaa  229966..007766  449933..1155  2200..8866110088  2211..3399005588  33..449966  2211..6688117744  33..993333  
2222  229966..007766  551133..1155  2211..4455550066  2222..1155778866  44..220077  2222..5511006666  44..992200  
2233  449933..446611  553333..1155  2211..6666002255  2233..4466885599  88..334488  2222..7744000099  44..998855  
2244  449933..446611  555533..1155  2222..4444551144  2244..66005588  99..662266  2233..66773399  55..447744  
                                    %%aavveerraaggee  ddeevviiaattiioonn                                    44..00990000%%                                        22..112255%%  

  

((BB--2244))



    
    TTaabbllee  BB--1144--11::  AAcceettoonnee  
        

TTaaiitt  EEqquuaattiioonn  MMooddiiffiieedd  TTaaiitt  
EEqquuaattiioonn  

NNoo..  PP((aattmm))  TT((KK))  VVeexxpp..  
((ccmm33//mmooll))  VVccaall..((TTaaiitt))  

((ccmm33//mmooll))  
%%  

DDeevvii..  
VVccaallcc..  

((MMoodd..TTaatt))  
((ccmm33//mmooll))  

%%  
DDeevvii..  

11  110022..004400  331100..9922  8822..0022991122  7755..7722773333  77..668822  7766..77337722  66..445511  
22  111199..004477  331100..9922  8811..22880000  7755..5566773388  77..002288  7766..7733332211  55..559933  
33  113366..005544  331100..9922  8800..5599333300  7755..4411007788  66..443300  7766..7722992222  44..779944  
44  115533..006611  331100..9922  8800..0033114466  7755..2255774422  55..996655  7766..7722552233  44..113311  
55  117700..006688  331100..9922  7799..4466996611  7755..1100777744  55..448888  7766..7722112244  33..445588  
66  118877..007744  331100..9922  7788..9977002200  7744..9955998866  55..007788  7766..7711772255  22..885522  
77  220044..008811  331100..9922  7788..5533332211  7744..8811554433  44..773344  7766..7711332277  22..331177  
88  220044..008811  334444..2266  8855..3333777766  7788..4477008888  88..004466  8811..0022444488  55..005533  
99  223388..009955  334444..2266  8833..9900119933  7788..1100550077  66..990099  8811..0011332288  33..444422  

1100  227722..110088  334444..2266  8822..5599009977  7777..77555555  55..885544  8811..0000221111  11..992233  
1111  330066..112222  334444..2266  8811..5522997711  7777..4422008866  55..003399  8800..9999009944  00..66660088  
1122  334400..113366  334444..2266  8800..5599333300  7777..0099998855  44..333344  8800..99779988  00..44779955  
1133  440088..116633  334444..2266  7788..9977002200  7766..4499446655  33..113344  8800..9955775555  22..551166  
1144  447766..1199  334444..2266  7777..5599668800  7755..9933227711  22..114444  8800..9933553366  44..330022  
1155  223388..009955  337777..5599  9911..3399331188  8822..2222997711  1100..002266  8866..2299446655  55..557788  
1166  227722..110088  337777..5599  8899..4455779944  8811..7766442222  88..66000033  8866..2277777733  33..555544  
1177  330066..112222  337777..5599  8877..7777224411  8811..3322332211  77..334477  8866..2266008833  11..772222  
1188  334400..113366  337777..5599  8866..2277441166  8800..9900442266  66..222244  8866..2244339977  00..00335500  
1199  440088..116633  337777..5599  8833..9966443366  8800..1122440044  44..557733  8866..2211003344  22..667744  
                                    %%aavveerraaggee  ddeevviiaattiioonn  66..00558877  %%  33..22338877  %%  
  

((BB--2255))
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Appendix C: Results for Mixtures of Liquids 

Table C-1-1: Propane- Benzene System 

Tait Mixing. rule 
Vs (HT) 

Tait Mixing rule 
Vs (Rackett) No. P(atm) T(K) x(propane) Vcalc. 

(cm3/mol) 
% 

Devi. 
Vcalc. 

(cm3/mol) 
% 

Devi. 
1 54.412 510.927 0.2 138.5936 3.786 138.5875 2.250 
2 68.027 510.927 0.2 131.0534 0.4889 131.0507 0.4868 
3 85.034 510.927 0.2 125.1112 1.955 125.1057 1.959 
4 102.040 510.927 0.2 120.9062 3.600 120.9009 3.604 
5 204.081 444.261 0.5 106.1055 1.243 106.0321 1.311 
6 238.095 444.261 0.5 104.108 1.383 104.0359 1.451 
7 272.108 444.261 0.5 102.3904 1.436 102.3196 1.505 
8 306.122 444.261 0.5 100.8839 1.586 100.814 1.654 
9 340.136 410.927 0.6 95.75082 0.6003 95.76463 0.5860 
10 408.163 410.927 0.6 93.8539 0.7033 93.86744 0.6889 
11 476.190 410.927 0.6 92.23795 0.9076 92.25125 0.8933 
12 544.217 410.927 0.6 90.83035 0.9584 90.84344 0.9441 
13 136.054 377.594 0.7 98.17892 0.7178 98.23621 0.6598 
14 153.061 377.594 0.7 97.32323 0.7055 97.38002 0.6475 
15 187.074 377.594 0.7 95.80588 0.7361 95.86178 0.6782 
16 204.081 377.594 0.7 95.12619 0.7341 95.18169 0.6761 
17 272.108 344.261 0.8 87.64199 0.9979 87.72417 0.9050 
18 306.122 344.261 0.8 86.83108 1.076 86.9125 0.9840 
19 340.136 344.261 0.8 86.08667 1.0095 86.1674 0.9167 
20 408.163 344.261 0.8 84.7592 1.044 84.83868 0.9514 
21 476.190 310.927 0.9 79.29034 0.7755 79.40058 0.6376 
22 544.217 310.927 0.9 78.41338 0.7878 78.52239 0.6499 
23 612.244 310.927 0.9 77.61974 0.7730 77.72766 0.6191 
24 680.272 310.927 0.9 76.89497 0.7491 77.00188 0.6111 

% Average Deviation 1.198% 1.0945% 
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Table C-2-1: Methane- n- Pentane System 

Tait Mixing. rule 
Vs (HT) 

Tait Mixing rule 
Vs (Rackett) No. P(atm) T(K) x(methane) Vcalc. 

(cm3/mol)
% 

Devi. 
Vcalc. 

(cm3/mol) 
% 

Devi. 
1  310.927 0.4635 96.89481 2.874 92.36395 7.416 

2  102.040 0.4635 95.87576 3.260 91.39246 0.6603

3 136.054 119.047 0.4635 94.95507 3.294 90.51497 1.535 

4 153.061 310.927 0.4635 94.11549 3.254 89.7145 1.573 

5 187.074 310.927 0.4635 92.63006 3.227 88.29852 1.599 

6 204.081 310.927 0.4635 91.96593 3.150 87.66546 1.673 

7 221.088 310.927 0.4635 91.34505 3.120 87.07362 1.702 

8 187.074 344.261 0.2933 106.3686 2.314 102.7085 1.205 

9 204.081 344.261 0.2933 105.654 2.208 102.0186 1.308 

10 221.088 344.261 0.2933 104.983 2.178 101.3707 1.337 

11 238.095 344.261 0.2933 104.3507 2.184 100.7601 1.331 

12 255.102 344.261 0.2933 103.7527 2.086 100.1827 1.426 

13 272.108 344.261 0.2933 103.1856 2.056 99.63507 1.455 

14 289.115 344.261 0.2933 102.6462 2.013 99.11429 1.496 

15 221.088 377.594 0.1262 118.8417 0.8130 116.7111 0.9942

16 238.095 377.594 0.1262 118.1396 0.8429 116.0216 0.9649

17 255.102 377.594 0.1262 117.4745 0.8697 115.3685 0.9385

18 272.108 377.594 0.1262 116.843 0.8508 114.7482 0.9572

19 289.115 377.594 0.1262 116.2415 0.8977 114.1575 0.9111

20 306.122 377.594 0.1262 115.6674 0.9332 113.5938 0.8762

21 323.129 377.594 0.1262 115.1184 1.027 113.0546 0.7840

22 340.136 377.594 0.1262 114.5924 1.069 112.5379 0.7419

% Average Deviation                 1.4947                2.024 
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Table C-3-1: Acetone-1- Butene System 

Tait Mixing. rule 
Vs (HT) 

Tait Mixing rule 
Vs (Rackett) 

No. P(atm) T(K) x(acetone)
Vcalc. 

(cm3/mol)
% 

Devi. 
Vcalc. 

(cm3/mol) 
% 

Devi. 
1 54.421 310.927 0.1 94.14078 1.113 93.76574 1.507 

2 68.027 310.927 0.1 93.7531 1.067 93.37961 1.4611

3 85.034 310.927 0.1 93.29107 1.032 92.91942 1.427 

4 102.040 310.927 0.1 92.85181 0.9743 92.48191 1.368 

5 119.047 310.927 0.1 92.43314 0.9592 92.0649 1.353 

6 136.054 310.927 0.3 87.75936 2.780 87.27512 3.317 

7 153.061 344.261 0.3 92.6436 3.320 92.20723 3.775 

8 170.068 344.261 0.3 92.22105 3.130 91.78667  3.586 

9 187.074 344.261 0.3 91.81716 2.982 91.38468 3.439 

10 204.081 344.261 0.3 91.43031 2.813 90.99965 3.271 

11 238.095 344.261 0.5 86.54399 4.127 86.01237 4.716 

12 272.108 344.261 0.5 85.99931 3.664 85.47103 4.256 

13 306.122 377.594 0.5 89.99633 3.955 89.54727 4.434 

14 340.136 377.594 0.5 89.34027 3.498 88.89449 3.980 

15 408.163 377.594 0.5 88.15114 2.616 87.71129 3.102 

16 476.19 377.594 0.7 83.42191 3.306 82.89547 3.916 

17 544.217 377.594 0.7 82.62334 2.539 82.10194 3.154 

18 612.244 377.594 0.7 81.89043 1.665 81.3739 2.285 

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

Tait Mixing. rule 
Vs (HT) 

Tait Mixing rule 
Vs (Rackett) 

No. P(atm) T(K) x(acetone) Vcalc. 
(cm3/mol)

% 
Devi. 

Vcalc. 
(cm3/mol) 

% 
Devi. 

1 54.421 310.927 0.2411  77.19515 13.707 76.63651 14.332

2 68.027 310.927 0.2411 77.02897 13.105 76.47153 13.734

3 85.034 310.927 0.2411 76.82633 11.693 76.27036 13.104

4 102.040 344.261 0.2411 81.00441 16.122 80.47042 16.675

5 119.047 344.261 0.2411 80.73021 15.200 80.1904 15.759

6 136.054 344.261 0.2411 80.46519 14.355 79.93476 14.920

7 153.061 377.594 0.2411 85.1701 17.564 84.7058 18.013

8 170.068 377.594 0.2411 84.80445 16.402 84.34214 16.858

9 187.074 377.594 0.2411 84.45385 15.394 83.99345 15.855

10 204.081 410.927 0.2411 89.70026 17.751 89.35144 18.071

11 238.095 410.927 0.2411 88.74446 15.533 88.39935 15.861

12 272.108 410.927 0.2411 87.7718 13.956 87.53545 14.290

13 306.122 444.261 0.2411 92.09634 14.527 91.88847 14.719

14 340.136 444.261 0.2411 91.00163 13.230 90.79624 13.426

15 408.163 444.261 0.2411 89.09711 11.352 88.896 11.552

16 119.047 310.927 0.6289 81.06502 3.524 80.74188 3.909 

17 136.054 310.927 0.6289 80.72697 3.135 80.40517 3.526 

18 153.061 310.927 0.6289 80.40289 2.869 80.08239 3.256 

19 170.068 344.261 0.6289 85.41502 4.385 85.15656 4.675 

20 187.074 344.261 0.6289 84.96273 4.020 84.70564 4.310 

21 204.081 344.261 0.6289 84.53315 3.621 84.27736 3.913 

22 238.095 360.927 0.6289 86.44992 3.832 86.23264 4.073 
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23 272.108 360.927 0.6289 85.56039 3.071 85.34535 3.315 

24 306.122 360.927 0.6289 84.75066 2.401 84.53764 2.646 

25 340.136 377.594 0.6289 86.43063 2.362 86.2459 2.570 

26 408.163 377.594 0.6289 84.85537 1.359 84.67401 1.569 

27 476.19 377.594 0.6289 83.50124 0.6254 83.32277 0.8378

% Average Deviation   

 

   

Table C-5-1: Propane- n-Decane System 

Tait Mixing. rule 
Vs (HT) 

Tait Mixing rule 
Vs (Rackett) 

No. P(atm) T(K) x(propane) Vcalc. 
(cm3/mol)

% 
Devi. 

Vcalc. 
(cm3/mol) 

% 
Devi. 

1 54.421 277.594 0.3 160.7673 2.723 153.5688 1.875 

2 68.027 277.594 0.3 160. 4608 2.732 153.276 1.867 

3 85.034 277.594 0.3 160.0856 2.697 152.9176 1.9006

4 102.040 277.594 0.3 159.719 2.626 152.5674 1.968 

5 119.047 277.594 0.3 159.3605 2.602 152.225 1.991 

6 136.054 277.594 0.3 159.0098 2.541 151.89 2.049 

7 153.061 277.594 0.3 158.6666 2.485 151.5621 2.103 

8 170.068 277.594 0.3 158.3305 2.433 151.2411 2.153 

9 102.040 310.927 0.6 133.8852 3.908 126.1547 2.091 

10 119.047 310.927 0.6 133.41 3.891 125.707 2.106 

11 136.054 310.927 0.6 132.9514 3.837 125.2749 2.157 

12 153.061 310.927 0.6 132.5082 3.795 124.8572 2.198 

13 170.068 310.927 0.6 132.0794 3.763 124.4548 2.226 

14 187.074 310.927 0.6 131.6642 3.947 124.062 2.295 
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15 204.081 310.927 0.6 131.2616 3.629 123.6826 2.354 

16 238.095 310.927 0.6 130.4916 3.531 122.9571 2.446 

17 272.108 344.261 0.9 100.4467 1.644 97.38593 1.453 

18 306.122 344.261 0.9 99.42879 1.576 96.39906 1.518 

19 340.136 344.261 0.9 98.49932 1.533 95.49792 1.560 

20 408.163 344.261 0.9 96.85226 1.468 93.90104 1.623 

21 476.19 344.261 0.9 95.42511 1.297 92.51737 1.788 

22 544.217 344.261 0.9 94.16601 1.236 91.29664 1.848 

23 612.244 344.261 0.9 93.03943 1.179 90.20439 1.903 

24 680.272 344.261 0.9 92.02032 1.448 89.21633 1.642 

% Average Deviation                 2.6055                   1.9636 

 

 

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

Tait Mixing rule 
Vs (Rackett) 

No. P(atm) T(K) x(propane) Vcalc. 
(cm3/mol) 

% 
Devi. 

1 54.421 310.927 0.1705 91.14168 1.9350 

2 68.027 310.927 0.1705 90.45409 1.921 

3 85.034 310.927 0.1705 89.66541 1.892 

4 102.040 310.927 0.3315 89.93923 1.514 

5 119.047 310.927 0.3315 89.32596 1.544 

6 136.054 310.927 0.3315 88.7532 1.516 

7 153.061 310.927 0.6905 90.95559 9.763 

8 170.068 310.927 0.6905 90.50934 9.701 

9 187.074 310.927 0.6905 90.08445 9.665 
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10 204.081 310.927 0.8174 90.75063 12.281 

11 238.095 310.927 0.1874 90.01443 12.161 

12 272.108 310.927 0.8174 89.3341 12.068 

13 170.068 344.261 0.1705 93.47635 2.7007 

14 187.074 344.261 0.1705 92.64415 2.685 

15 204.081 344.261 0.1705 91.8766 2.693 

16 238.095 344.261 0.3315 91.65034 1.149 

17 272.108 344.261 0.3315 90.52154 1.075 

18 306.122 344.261 0.3315 89.5093 1.097 

19 340.136 344.261 0.6905 91.63121 9.429 

20 408.163 344.261 0.6905 90.15931 9.516 

21 476.190 344.261 0.6905 88.8795 9.559 

22 544.217 344.261 0.8174 88.94516 12.044 

23 612.244 344.261 0.8174 87.94789 12.102 

24 680.272 344.261 0.8174 87.04225 11.975 

25 102.040 377.594 0.3315 98.42941 10.148 

26 119.047 377.594 0.3315 95.71278 10.645 

27 136.054 377.594 0.3315 93.48198 11.058 

28 153.061 377.594 0.6905 105.3403 9.409 

29 170.068 377.594 0.6905 104.1724 9.389 

30 187.074 377.594 0.6905 103.1126 9.379 

31 204.081 377.594 0.8174 103.1308 12.331 

32 238.095 377.594 0.8174 101.5135 12.258 

33 272.108 377.594 0.8174 100.0988 12.183 

34 340.136 377.594 0.6905 88.45822 2.759 

35 408.163 377.594 0.6905 85.84253 3.469 
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36 476.190 394.261 0.6905 83.65979 4.045 

37 544.217 394.261 0.8174 91.69257 8.375 

38 612.244 394.261 0.8174 90.15498 8.131 

39  394.261 0.8174 88.78365 7.963 

% Average Deviation                       8.001 

 

 

Table C-7-1: Methane- Propane System 

Tait Mixing. rule 
Vs (HT) 

Tait Mixing rule 
Vs (Rackett) 

No. P(atm) T(K) x(propane)
Vcalc. 

(cm3/mol)
% 

Devi. 
Vcalc. 

(cm3/mol) 
% 

Devi. 

1 54.421 277.594 0.5 81.69807 49.216 83.82961 47.891

2 68.027 277.594 0.5 77.7422 28.429 79.77055 26.562

3 85.034 277.594 0.5 74.5263 7.384 76.47072 4.966 

4 102.040 277.594 0.5 72.21651 6.254 74.10066 3.809 

5 119.047 277.594 0.5 70.41273 6.241 72.24982 3.794 

6 136.054 277.594 0.5 68.93268 6.817 70.73116 4.386 

7 153.061 277.594 0.5 67.67765 7.102 69.44339 4.679 

8 170.068 277.594 0.5 66.58817 7.247 687.32548 4.827 

9 204.081 310.927 0.3 74.70554 6.435 76.18725 4.580 

10 238.095 310.927 0.3 73.03078 6.784 74.47927 4.935 

11 272.108 310.927 0.3 71.60926 7.043 73.02955 5.199 

12 306.122 310.927 0.3 70.37428 7.3702 71.77007 5.533 

13 340.136 310.927 0.3 69.28255 7.668 70.65669 5.837 

14 408.163 310.927 0.3 68.618 6.453 68.75523 6.266 
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15 476.19 310.927 0.3 65.86225 8.258 67.16855 6.438 

16 544.217 310.927 0.3 64.52724 8.446 65.80708 6.630 

17 272.108 344.261 0.1 78.37868 9.739 79.19823 8.795 

18 306.122 344.261 0.1 76.94735 10.095 77.75193 9.155 

19 340.136 344.261 0.1 75.68273 10.396 76.47409 9.459 

20 408.163 344.261 0.1 73.52429 10.977 74.29308 10.046

21 476.190 344.261 0.1 71.72423 11.348 72.4742 10.421

22 544.217 344.261 0.1 70.18031 11.688 70.91413 10.765

23 612.244 344.261 0.1 68.82863 12.077 69.54832 11.158

24 680.272 344.261 0.1 67.62656 12.426 68.33369 11.510

% Average Deviation                  11.0793                     9.485 

 



 الخلاصة 
 

أن التنبѧѧوء بالقيمѧѧة الصѧѧحيحة لحجѧѧم السѧѧوائل المضѧѧغوطة لѧѧه أهميѧѧة آبيѧѧرة فѧѧي   

أن التجѧѧارب العمليѧѧة  . الحسѧѧابات التصѧѧميمية وبعѧѧض التطبيقѧѧات الصѧѧناعية الأخѧѧرى     

حسѧابها  لحساب حجم السائل المضغوط تكون مكلفة جدا ولهذا فقد تحول الأهتمام الѧى              

 للسѧوائل النقيѧة   Aalto and Kiskinenعادلѧة  لѧذلك أسѧتعمل م  ، مѧن معѧادلات الحالѧة   

 . مع طریقة الخلطTaitمعلدلة  للمواد القطبية وأستخدام Taitوتعدیل معادلة 

فѧѧي هѧѧذه الدراسѧѧة أسѧѧتعملت خمѧѧس مѧѧن معѧѧادلات الحالѧѧة بهѧѧدف حسѧѧاب حجѧѧم       

، Taitمعادلѧѧة  ، Aalto and Kiskinenمعادلѧة  : السѧائل النقѧي الغيѧر قطبѧي وهѧي     

مѧع معادلѧة   ، Soave- Redlich- Kwongمعادلѧة  ،  Peng- Robinsonمعادلѧة  

Lee-Kesler .    ىѧѧѧѧرق علѧѧѧѧذه الطѧѧѧѧت هѧѧѧѧد جربѧѧѧѧوائل   ٢٤١وقѧѧѧѧة للسѧѧѧѧة مختبریѧѧѧѧنقط 

 Aalto and Kiskinenالمضغوطة النقية وقѧد وجѧد أن معادلѧة                             

 . هي أفضل من المعادلات الأخرى

طابقت مع النتائج المختبریѧة فقѧد آѧان     تAalto and Kiskinen  من أستخدام معادلة

 ٠‚٦٢٧٦ نقطѧѧة آѧѧان  ٢٤١حѧѧد عشѧѧر مرآѧѧب نقѧѧي مѧѧع   المعѧѧدل المطلѧѧق للانحѧѧراف لا 

 .لحجوم السوائل النقية

:  معѧѧادلات مѧѧن معѧѧادلات الحالѧѧة وهѧѧي     ٤أمѧѧا للمѧѧواد القطبيѧѧة فقѧѧد اسѧѧتخدمت      

 Aalto معادلة، Peng- Robinsonمعادلة ، Soave- Redlich- Kwongمعادلة

and Kiskinen ةѧѧو معادل Tait .  ىѧѧت علѧѧد جربѧѧرق قѧѧذه الطѧѧة ٦٣هѧѧة مختبریѧѧنقط 

هѧѧѧي الافضѧѧѧل مقارنѧѧѧة  Tait للسѧѧѧوائل القطبيѧѧѧة المضѧѧѧغوطة وقѧѧѧد وجѧѧѧد أن معادلѧѧѧة    

 لتحسѧين دقتهѧا وذلѧك مѧن         Taitلѧذلك أجѧري تعѧدیل علѧى معادلѧة           . بالمعادلات الاخرى 

ر مѧѧع الضѧѧغط   هѧѧي الضѧѧغط و ضѧѧغط البخѧѧا  Taitخѧѧلال ابѧѧدال متغيѧѧرین فѧѧي معادلѧѧة    

 : وآما یليالمتبقي وضغط البخار المتبقي
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النتائج المستحصلة من أستخدام هѧذه الطریقѧة تطابقѧت مѧع النتѧائج المختبریѧة فقѧد آѧان                    

 للحجѧم   ٢‚١٥٢٩ نقطѧة آѧان      ٦٣المعدل المطلق للانحراف لثلاث مرآبات قطبيѧة مѧع          

 .المضغوط

مضغوطة هناك طریقتين قѧد أسѧتخدمت لحسѧاب حجѧوم المخѧاليط             لخليط من السوائل ال   

 .مع معادلات الخلط Tait ومعادلة Tejaالمضغوطة وهي معادلة 

 

للخلائѧѧѧѧط مѧѧѧѧع أسѧѧѧѧتخدام طریقѧѧѧѧة  Taitلأمكانيѧѧѧѧة أسѧѧѧѧتمراریة تطبيѧѧѧѧق معادلѧѧѧѧة    

Hankinson- Brobst- Thomson (HBT)  ةѧѧѧویر معادلѧѧѧع تطѧѧѧط مѧѧѧللخلائ 

Rackettى الѧѧا علѧѧي لتطبيقهѧѧذه  خلѧѧذلك هѧѧيط ولѧѧبعة للخلѧѧوم المشѧѧدل الحجѧѧاب معѧѧط لحس

 : المعادلة یمكن آتابتها آما یلي
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 ٢٩١هذه الطریقة تطابقت مع النتѧائج المختبریѧة فقѧد آѧان المعѧدل المطلѧق للانحѧراف                   

أن هѧѧذه الطریقѧѧة المقترحѧѧة قѧѧد  . 4.9386 خلѧѧيط ثنѧѧائي وجѧѧد أنѧѧه  ٧نقطѧѧة مѧѧأخوذة مѧѧن  

 . دقة آثيرا ویمكن اعتبارها طریقة مقبولة جداحسنت ال



 شكر
 

أود أن أعبر عن خالص شكري و تقديري للمشرف الأستاذ الدآتور محمود عمر عبد              

 . لما قدمه لي من معلومات و وقت وفير و متابعة خلال فترة البحث االله

 
سѧѧم الهندسѧѧة  ققاسѧѧم جبѧѧار محمѧѧد السѧѧليمان رئѧѧيس   أقѧѧدم شѧѧكري الѧѧى الاسѧѧتاذ الѧѧدآتور   

  .الكيمياوية لمساعدته لي وتشجيعي

 
إلى أعز من في الوجود إلى أبي و أمѧي و جميѧع    أن أتقدم بالشكر و الامتنان    ولا أنسى 

 .أفراد عائلتي فلهم جزيل الشكر و التقدير
 



 ايجاد معادلة مصححة للمتغيرات P- V- T للسوائل 

 المضغوطة في ضغط عالي

 
 
 
 
 

 رسالة

 مقدمة الى آلية الهندسة في جامعة النهرين

 وهي جزء من متطلبات نيل درجة ماجستير علوم

 في الهندسة الكيمياوية
   
 

 

 من قبل

 نور صبيح مجيد القزاز

 ٢..٢  في الهندسة الكيمياوية بكالوريوس

 

 

 ١٤٢٦      ربيع الأول                                                      

 ٢٠٠٥                              نيسان                                   


