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1. ABSTRACT 

Equations are provided for calculating boiling point, density, refractive index, critical 
temperature, pressure and density, acentric factor, surface tension and solubility parameter of 
single carbon number (SCN) hydrocarbon groups for C6-C50 existing in crude oils and 
hydrocarbon-plus fractions. Results show good consistency among various properties and 
improvement over the values previously reported. These methods should enhance equation-of- 
state (EOS) predictions when experimental data are lacking. 

2. INTRODUCTION 

In predicting various thermodynamic properties of petroleum mixtures necessary to design of 
processes for both production and refining of crude oils, accurate knowledge of basic physical 
properties such as molecular weight, boiling point and critical constants is important. Most 
available correlations for prediction of such parameters are based on properties of light 
hydrocarbons (< C20) and their application to heavy fractions leads to significant errors. 

Katz and Firoozabadi [1] presented a generalized set of boiling point, specific gravity and 
molecular weight for the petroleum fractions from C6 through C45. Whitson [2] found 
inconsistency in the Katz and Firoozabadi tabulated molecular weight data (for hydrocarbon 
fractions C22 through C45) after analyzing and comparing these data with sources from which 
they were developed. Whitson modified the original tabulated physical properties by employing 
Riazi and Daubert [3] correlations to extrapolate data from C22 to C45. He also tabulated 
critical properties and acentric factors of C6 through C45. Later Ahmed [4] correlated these 
data through 5-term polynomials in terms of carbon number of SCN groups. 

Correlation of Riazi-Daubert [3] used by Whitson are based on physical properties of pure 
hydrocarbons from C5 to C20. However, these correlations when applied to heavier compounds 
may lead to significant errors. Perhaps the best way to obtain properties of narrow-cut 
petroleum fractions is through "pseudocompound method" using the paraffirdnaphthene]aromatic 
(PNA) content of the mixture and pure hydrocarbon properties as described by Daubert [5]. The 
main objective of this work is to present simple equations for accurate estimation of basic 
physical properties of SCN groups from C6 through C50. 

3. TECHNICAL DEVELOPMENT 

As described by Whitson [2], boiling point, specific gravity and molecular weight of SCN groups 
reported by Katz and Firoozabadi from C6 through C22 are accurate and show internal  
consistency. These data may be used as the basis for estimation of these and other properties 
for heavier SCN groups. 
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Propert ies  of narrow-cut  petroleum fractions such as a SCN group may be es t imated using 
proper t ies  of pure  hydrocarbons from paraffin, naph thene  and aromatic  groups wi th  PNA 
composition in the following form 

0 = XpOp + XnO n + XaO a (1) 

where  Xp, Xn, and x a are the fraction of paraffins, naphthenes ,  and aromatic content  of the  
mixture.  0 is physical property of the mixture to be estimated. 0p, O n and 0 a are the  same 
property for pure hydrocarbons from paraffin, naphthene and aromatic groups having the same 
molecular weight as the mixture. These properties can be est imated from molecular weight (M) 
by 

0 = 0~, - exp(a - bM c ) (2) 

where 0 is a property such as Tb and 0oo is the limiting value for tha t  property as M ~ oo. 
This equation is based on the equation originally proposed by Kreglewski and Zwolinski [6] for 
properties of n-alkanes. It can be shown that  different properties of homologous hydrocarbon 
groups are well predictable by eq. 2 especially for compounds from C20 through C50. Constants  
in eq. 2 for basic properties of n-alkanes, n-alkylcyclopentanes and n-alkylbenzenes are given in 
Tables 1, 2 and 3, respectively. 

Table 1 
Physical properties of n-alkanes 

Property 
0 

Tb 
S 

d20 
I 

Carbon 
number 
range 

-Pc 

C5-C40 
C5-C19 
C5-C40 

oo 

C5-C20 

1070 
0.85 

0.859 

Constants in eq. 2 

6.98291 
92.22793 
88.01379 

0.02013 
89.82301 
85.7446 

86.62167 

2/3 
0.01 
0.01 
0.01 

% deviation 

0.04 
0.12 
0.04 

0.002 C5-C40 0.2833 87.6593 
Tbr= Tb/T c C5-C20 1.15 -0.41966 0.02436 0.58 0.027 

0 4.65757 0.13423 0.5 0.78 

1.5x10-6 d e C5-C20 0.26 -3.50532 2.38 0.83 
-o) C5-C20 0.3 -3.06826 -1.04987 0.2 1.2 
a C5-C20 33.2 5.29577 0.61653 0.32 0.25 

Data Source: Tb, n, and d are taken from TRC [71. All other properties are taken from API [8]. 

Unit: T b and Tc are in *K., d and dc are in g/cm 3, Pc is in bar and a is in dyne/cm. 

Original boiling point (Tb) ,  specific gravity (S) and molecular weight (M) data  reported by 
Katz and Firoozabadi from C6 - C22 are given in Table 4. Methods recommended by Riazi and 
Dauber t  [9] have been used to est imate PNA composition of these SCN groups and they are also 
given in Table 4. Equat ions 1 and 2 with Tables 1-4 are the basis for calculation of all basic 
properties of SCN groups from C6 - C50. 

Boiling point and specific gravi ty from Table 4 are related to carbon number  (Nc) of SCN 
groups by following relations: 

T b = 1090 - exp(6.9955 - 0.11193N 2/3) (3) 
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Table 2 
Physical properties of n-alkylcyclopentanes 

Property 
0 

Carbon 
number 

range 

Tbr = Tb/T c 
-Pc 

oo 

C5-C18 

Constants in eq. 2 

a 

T b C6-C41 1028  6.95649 0.02239 
S C7-C25 0.853 97 .72532  95.73589 

d20 C5-C41 0.857 85.1824 83.65758 
I C5-C41 0.283 87.55238 86.97556 

1.2 0.06765 0.13763 

C6-C18 7.25857 1.13139 

-d c C6-C20 -0.255 -3.18846 0.1658 
.~ C6-C20 0.3 - 8 . 2 5 6 8 2  -5.33934 

C6-C25 14.17595 30.6 7.02549 

c 

2/3 
0.01 
0.01 
0.01 
0.35 
0.26 
0.5 
0.08 

0.12 

Table 3 
Physical properties of n-alkylbenzenes 

% deviation 

0.05 
0.02 
0.04 

0.003 
0.25 
0.9 
0.11 
0.54 

0.3 

Property 
0 

T b 
-S 

Carbon number 
range 

C6-C42 
C6-C20 

0oo 
1015 

-0.8562 

Constants in eq. 2 

6.91062 
224.7257 

b 

0.02247 
218.518 

-d20 C6-C42 -0.854 238.791 232.315 
-I -0.2829 137 .0918  135.433 

Tbr = Tb/T c 1 .03  - 0 . 2 9 8 7 5  0.06814 
0 9.77968 3.07555 

-0.22 
0 

30.4 

-Pc 

C6-C42 
C6-C20 
C6-C20 
C6-C20 
C6-C20 

-1.43083 
-14.97 

1.98292 C6-C20 

-de 
-(D 

0.12744 
-9.48345 

-0.0142 

c 

2/3 
0.01 
0.01 
0.01 
0.5 
0.15 
0.5 
0.08 

1.0 

% deviation 

0.14 
0.1 

0.037 
0.008 
0.12 
0.7 
0.8 
0.68 

1.7 
, 

S = 1.07 - exp(3.65097 - 3.8864N 0"1) (4) 

Equations 3 and 4 reproduce values of Tb and S from Table 4 with average deviations of 0.2% 
(I°K) and 0.1%, respectively. Tb is also related to molecular weight by eq. 2 using da ta  given 
in Table 4. 

T b = 1080 - exp(6.97996 - 0.01964M 2/3) (5) 

Equation 5 can be rearranged for est imating molecular weight from Tb. Equations 3 and 4 are 
used to generate a set of Tb and S data for SCN from C6 to C50. These data  are shown in Table 
5. Molecular weights are calculated by eq. 5 using Tb calculated from eq. 3. Molecular weights 
given in Table 5 for SCN from C23 - C45 differ with those reported by Whitson. M and S given 
in Table 5 are related through eq. 2 by: 

S = 1.07 - exp(3.56073 - 2.93886M 0"1) (6) 
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This equation predicts S within 0.4% for SCN from C6-C50. Ifeq. 2 is applied to specific gravity 
with values of M from Whitson's table, an average error of 1% is obtained indicating that  Tb, S, 
M data in Table 5 shows better consistency than those reported by Whitson for SCN for C23 - 
C45. One good simple relation for molecular weight of SCN groups is given below which is in 
good agreement with experimental data as shown by Pedersen et al. [10]. 

Table 4 
Boiling point~ specific gravity~ molecular weight and PNA composition of SCN groups 

SCN Tb/'K S (60/60) M Xp 
PNA composition 
I Xn I Xa 

[+ :[,,+| a(.~la ;~ PII:P.P ~m It+. ~Iloy£t 
If :b"P iwP&,- ~,~+ +X.'~£ a I  I:9 d l  t~ I+ 
I +' :I+,i, , w _ ~  m+ ,+w,1:+,'- IIII ,+l,,.+,.[~ p.m ~+~+ 
I,+ ,gt[. tw_z~: p+ +II,"II, ,+]I,,++ ,+~++, 
+lit ,,I,+p tW.t:P t~  ,J~[.-~ dtl,'&+ ~)l,,'~."i + 

rrt fp pll::[tz tI.-'.p ~ ] ~  ~1I,,.~.] ,~ j : "  
i~ ~tJt tIKll, ItS ,]~b~ dKltp dK~,r 

+ .I,It I ,w:e~: ',t"+ I [ ] I I  ~ I"OLe'P'G 

t~p+b ~x~+:+: [t]~'+ 

~ ~ ~ ~ ~ I ~ l ~ ] ~ I I  ~ml++~ 
Tb, S and M are taken from Katz-Firoozabadi (1978). 
PNA compositions are predicted through methods recommended by Riazi and Daubert [9]. 

M = 14Nc- 4 (7) 

Molecular weights of SCN groups for C6 through C45 from Table 4, Table 5 and eq. 7 are shown 
in Fig. 1. As it is seen from this figure, new values of molecular weights given in Table 5 are in 
better agreement with eq. 7. 

Equations 1 and 2 together with Tables 1-4 are used to estimate various physical properties 
of SCN groups from C6 through C22 and then these calculated properties are used in eq. 2 to 
obtain the constants for SCN fractions. These constants are given in Table 6. Physical 
properties of SCN groups from C6 through C50 generated from eq. 2 with constants in Table 6 
are presented in Table 5. Data on liquid solubility parameters (G) used to obtain the constants 
in Table 6 for eq. 2 are those recommended by Won [11]. These data have been also used by 
Pedersen et al. [10] and are correlated to molecular weight in the following form 

G = 5.30789 + 0.48649 In M (8) 

Equation 8 predicts 5 with an error of 1% while eq. 2 with constants in Table 6 predicts G with 
an average deviation of 0.1%. 

In calculation of critical temperature from eq. 2, calculated Tb should be divided by calculated 
reduced boiling point (Tbr). Equation 2 with constants given in Table 6 predicts critical pressure 
of 1.013 bar (1 atm) for molecular weight of 1382 (Nc=99). At this molecular weight calculated, 
Tbr is 0.996 which is very close to unity, the value expected for the compound with atmospheric 
critical pressure. These predictions show internal consistency among Tb, Tc and Pc for very 
heavy fractions. As there is no experimental data for critical properties of heavy fractions, direct 
evaluation of values reported in Table 5 for critical properties and acentric factor is not possible. 
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However, estimated values of boiling point through eqs. 1-2 and Tables 1-3 are compared with 
the original and accurate values of Katz-Firoozabadi [1] data. As shown in Fig. 2, values of 
boiling point from eqs. 1-2 are very close to those reported by Katz and Firoozabadi. 
Evaluation of values of critical properties reported in Table 5 can be made through prediction of 
directly measurable thermodynamic properties. However, a comparison between values of Tc 
given in Table 5 with those reported by Whitson [2] and values calculated through Kesler-Lee 
correlations [12] is presented in Fig. 3. Whitson data for critical properties are based on Riazi- 
Daubert [3] correlations. Both Kesler-Lee and Riazi-Daubert correlations become unreliable for 
compounds heavier than C20. 

Table 5 
Recommended values for physical properties of single carbon number fractions. 

 IIIUUIIUIni 

m I n n n n n n B B I ~ ' ~ l B K  

I I  I ~ i I . i i  I O ~ i  i ~ . i  I , ~ I ~  ~ n ~ n  n 
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Figure 1. Molecular weight of SCN fractions. 

Table 6 
Constants in 2 for various of SCN 

Property Constants in eq. 2 
0 

:1 

o 

T b 1080 
S 1.07 

d20 1.05 
I 

Tbr= Tb/Tc 
"Pc 

used. 

-d c 
-(0 

(3 

a 

6.97996 
3.56073 
3.80258 

b 

0.01954 
2.93886 
3.12287 

0.34 2.30884 2.96508 
1.2 -0.34742 0.02327 
0 6.34492 0.7239 

-0.22 -3.2201 0.0009 
0.3 -6.252 -3.64457 

30.3 17.45018 9.70188 
8.6 2.29195 0.54907 

O~ dev .*  

C 

2/3 0.4 
0.1 0.07 
0.1 0.1 
0.1 0.1 
0.55 0.15 
0.3 1% 
1.0 0.05 
0.1 1.4 
0.1 1 

0.3 0.1 

g i v e n  111 

Units: 8 is in [cal/cm3]l/2; for other parameters units are given in Table 1. 
the values originally 

To summarize, a set of data for various basic physical properties of SCN groups from C6 
through C50 are reported. These values show improvement over the values of physical properties 
previously reported in the literature. Equations are also provided to estimate these properties 
when the only available information is molecular weight. Based on preliminary evaluation of 
proposed equations, improvement on equation-of- state predictions for heavy petroleum fractions 
and crude oils is expected. However, some extensive analysis of PVT calculations for reservoir 
fluids is needed to show the performance of proposed methods. This would be the next phase of 
this work. 
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Figure 2. Estimated boiling point of SCN fractions. 
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Figure 3. Critical temperature  of SCN fractions. 

4. NOMENCLATURE 

a,b,c 
dc 

d20  
I 

= cons tants  specific for each property in eq. 2 
= critical densi ty  [g/cm 3] 

= l iquid densi ty  at  20 °C [g/cm 3] 

= refractive index pa ramete r  [(n2-1)/(n2+2)] 

50 
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M 
n 

N¢ 
Pc 
S 
Tb 
Tbr 
Tc 

= molecular weight 
= sodium D-line refractive index of liquid at 20 °C and i atm. 
= carbon number  
= critical pressure [bar] 
= specific gravity at 60F/60F 
= normal boiling point [K] 
= reduced boiling point [Tb/T c] 
= critical temperature  [K] 

Greek Letters: 

0 
0~ 
CO 
(~ 

5 

= a property such as Tb, Pc 
= limiting value of 0 as M -~ 
= acentric factor 
= surface tension at 25°C [dyne&m] 
= liquid phase solubility parameter  [(cal/cm3) 0"5] 
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