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DEVELOPMENT OF A METHOD FOR EVALUATING CARBON DIOXIDE 
MISCIBLE FLOODING PROSPECTS 

ABSTRACT 

Research was undertaken to develop a method of evaluating 
reservoirs as prospects for carbon dioxide flooding. Evaluation was to 
be based on a determination of miscibility pressure and displacement 
efficiency under idealized conditions. To reach the objective, project 
work was divided into five areas. 

i) Conducting of phase-equilibrium studies of carbon dioxide with 
synthetic oils. 

ii) Application of an equation of state to simulate the phase 
behavior of carbon dioxide - oil systems. 

iii) Conducting of linear displacements of crude oils and 
synthetic oils by carbon dioxide in a slim-tube apparatus. 

iv) Application of the equation of state, the phase-behavior data 
and slim-tube data to develop a method of screening reservoirs for 
carbon dioxide flooding based on determination of minimum miscibility 
pressure and displacement efficiency. 

v) Development of a one-dimensional mathematical model, based on 
the equation of state, for application in conjunction with the results 
of parts i to iv. 

Bubble point phase-behavior data were taken for binary and ternary 
systems containing carbon dioxide. The phase behavior was adequately 
simulated with the Soave-Redlich-Kwong (SRK) equation of state when 
suitable interaction coefficients were used. Addition of water to the 
C02-hydrocarbon system reduced the bubble point due to absorption of CO 
into the water phase. However, when absorption of C02 was accounte 
for, phase behavior on a water-free basis was essentially unchanged from 
the case when no water was in the system. 
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Several displacements were conducted in a slim-tube apparatus. For 
ternary systems (COz plus two hydrocarbon components), measured MMP 
values were in good agreement with values predicted based on known phase 
behavior. The presence of immobile water in these displacements had 
negligible affect on M M P .  Miscibility pressures were measured for a 
number of Kansas crude oils and were found to be a function of API 
gravity, decreasing as API gravity increased. MMP also increased with 
temperature and decreased when lower molecular weight hydrocarbons (C4-  
Ch) were added to the crude. 

The proposed screening method is based on the generation of pseudo- 
ternary phase-behavior diagrams for carbon dioxide-crude oil systems. 
The diagrams are used for estimation of MMP and for estimation of 



brs 
displacement efficiency when applied with an appropriate mathematical 
model. 

To test the method, the SRK equation of state was used to generate 
pseudo-ternary diagrams for two oils described in the literature and 
three Kansas crudes studied in this project. For the literature oils, 
calculations were based on reported compositions. The Kansas oil 
compositions were estimated from ASTM D-86 and true boiling point 
distillation curves. Literature sources were used in conjunction with 
the estimated compositions to calculate required physical properties for 
generation of the ternary diagrams. 

The pseudo-ternary diagrams were applied to predict ?4MP values for 
the five crude oil systems and a comparison was made to values obtained 
from slim-tube displacements for the same oils. The best agreement was 
obtained when a linear range of interaction coefficients was used in the 
SRK equation of state. Th? smallest coefficient value was assigned to 
C 5  and the largest to Ci5 .  When a suitable set of interaction 
coefficients was used in t e equation of state, the MMP was correctly 
predicted for a given crude. The dependence of MMP on temperature was 
also described satisfactorily. It was not, however, possible to model 
adequately all of the oils studied with a single set of interaction 
coefficients. The value of the smallest coefficient (assigned t o  Cs)  
had to be adjusted to produce a satisfactory prediction of MYP. 

The method was relatively insensitive to the specifications of the 
pseudo components in the pseudo-ternary representation. Also, the 
method was not very sensitive $0 the interaction coefficient value 
assigned t o  the heavy component (C25) .  

Finally, the slim-tube displacement results were simulated 
mathematically using a modification of a model reported in the 
literature. The model was based on the use of the pseudo-ternary 
diagrams to describe phase behavior. The model, in general, did a good 
job of describing displacement performance in a slim-tube apparatus, 
however history matching was required. 
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CHAPTER 1 

INTRODUCTION 

1.1 Objective 

The ultimate objective of this project was to develop an effective 
method for evaluating petroleum reservoirs as prospects for carbon- 
dioxide miscible flooding. The method was to provide estimates of 
miscibility pressure plus expected displacement efficiency. Further, 
the method was to be based on fluid property-reservoir data that are 
normally available or can be easily obtained. 

1.2 Project Organization 

The project was organized into areas having the following work 
goals. 

1. 

2. 

3.  

4. 

5 .  

Make phase-equilibrium studies of carbon dioxide with synthetic 
oils. One purpose 9f the synthetic o i l  studies was t o  assess 
the impact of known paraff inic-naphthenic-aromatic (PNA) 
components and relative compositions on the phase equilibrium of 
carbon dioxide-rich systems. A second purpose was to provide 
data for determination of the constants of an equation-of-state 
model. Additionally, phase behavior on Synthetic oils was to be 
determined in the presence of fresh water. 

"Fine-tune" the coefficients of an appropriate equation of state 
t o  predict, within engineering precision, the phase behavior of 
carbon dioxide with hydrocarbons and water as reported in the 
technical literature, plus that determined in part 1 above. 

Make linear displacements/extractions of both synthetic and 
actual reservoir oils with carbon dioxide in slim-tubes packed 
with porous media. 

Use the phase-behavior data, equation of state and slim-tube 
results to develop a method of screening reservoirs as potential 
prospects for carbon dioxide flooding and to test existing 
correlations of miscibility pressure. 

Develop a linear-displacement, compositional mathematical model 
based on the equation of state. The model was to be used to 
simulate results from the slim-tube experiments and to comple- 
ment the development of the screening method. 

1.3 Background 

Carbon dioxide is most effective in oil-displacement when applied a in so-called amic miscible or multi-contact miscible (MCM) pro- 
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cesses. In t h e s e  processes ,  d i sp l aced  and d i s p l a c i n g  f l u i d s  are not  
misc ib l e  upon f i r s t  con tac t .  Rather ,  m i s c i b i l i t y  is developed through 
composition mod i f i ca t ion  t h a t  r e s u l t s  from r e p e t i t i v e  equ i l ib r ium 
c o n t a c t s  between t h e  phases.  

1.3.1 Appl ica t ion  of Pseudo-Ternary Diagrams t o  Descr ibe 

A u s e f u l  way t o  v i s u a l i z e  t h e  development of m s c i b i l i t y  i s  t o  
employ t h e  pseudo-ternary concept of Benham, e t  a l .  ’ Refer t o  t h e  
t e r n a r y  system dep ic t ed  on Figure  1-1 f o r  which phase behavior  is shown 
a t  cons tan t  temperature  and pressure .  C 0 2  i s  one component and t h e  
c rude  o i l  is d iv ided  i n t o  two pseudo components: l i g h t  and in t e rmed ia t e  
hydrocarbons (C5-Cl2) and t h e  ba lance  of t h e  oil (C13 ). 

M i s c i b i l i t y  Development 

+ 

The binodal  curve  i s  made up of t h e  dew po in t  and bubble po in t  
curve which meet a t  t h e  c r i t i ca l  po in t .  The binodal  curve enc loses  a 
two-phase reg ion  wherein vapor- l iquid equi l ibr ium t i e  l i n e s  are shown. 
The convergence of t h e  t i e  l i n e s  a t  t h e  c r i t i ca l  po in t ,  i.e., t h e  
t angen t  t o  t h e  b inodal  curve a t  t h e  c r i t i ca l  po in t ,  is termed t h e  
c r i t i ca l  t ie  l i n e .  The ex tens ion  of t h i s  c r i t i ca l  t i e  l i n e  t o  t h e  
c rude-o i l  b a s e l i n e  forms r eg ions  of i n t e r e s t  f o r  dynamic m i s c i b l e  
displacement .  

A crude  o i l  o f  such composition t h a t  i t  is l o c a t e d  t o  t h e  r i g h t  of 
t he  c r i t i ca l  t i e - l i n e  ex tens ion  (po in t  OOC f o r  example) would develop 
dynamic m i s c i b i l i t y  w i th  i n j e c t e d  C02. In  such a displacement ,  t h e  gas 
phase would be enr iched  by having i t s  composition progress  towards t h e  
c r i t i c a l  point .  Af t e r  a s u f f i c i e n t  number of c o n t a c t s  t h e  enr iched  gas  
phase would become misc ib l e  with t h e  c rude  o i l  of composition OOC. 

Conversely,  i f  t h e  o r i g i n a l  c rude  o i l  composition were l o c a t e d  t o  
t h e  l e f t  of t h e  c r i t i ca l  t i e - l i n e  ex tens ion ,  then enrichment of t h e  g a s  
phase by e x t r a c t i o n  of  hydrocarbons would cease be fo re  m i s c i b i l i t y  w a s  
achieved.  

The development of  m i s c i b i l i t y  under dynamic c o n d i t i o n s  i s  c l e a r l y  
dependent on opera t ing  p res su re ,  temperature  and composition of t h e  
r e s i d e n t  c rude  o i l  and i n j e c t e d  f l u i d .  For a g iven  f l u i d  system (crude  
o i l  and i n j e c t e d  f l u i d )  and temperature ,  t h e  minimum pres su re  a t  which 
m i s c i b i l i t y  can  be  achieved through m u l t i p l e  c o n t a c t s  is r e f e r r e d  t o  as 
t h e  minimum m i s c i b i l i t y  p re s su re  (MMP). This i s  a primary des ign  
v a r i a b l e .  It i s  t y p i c a l l y  measured f o r  a s p e c i f i c  f l u i d  system i n  a 
slim-tube displacement  appa ra tus  . The slim-tube equipment used i n  
t h i s  s tudy  i s  desc r ibed  in Chapter 3. 

16 

Another parameter of i n t e r e s t  i n  t h i s  work i s  t h e  maximum misci- 
b i l i t y  compositon (MMC) de f ined  in Figure  1-1. For a g iven  system, a t  a 
s p e c i f i e d  temperature  and p res su re ,  t h e  MMC i s  def ined  as t h e  maximum 
composition of t h e  heavy f r a c t i o n  of t h e  oil f o r  which m i s c i b i l i t y  can + be achieved. 
pseudo component. 

In t h e  f i g u r e ,  t h e  MMC is 0.378 mole f r a c t i o n  of t h e  C13 
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FIGURE 1-1: Pseudo Ternary Diagram Showing Phase Behavior of a C02-Crude 
O i l  sys tem.  
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1.3.2 Existing Correlations for Minimum Miscibility Pressure (MMP) 
Several methods for defining the MMP from experimental slim-tube 

data and for predicting the MMP of COz-oil systems have been 
developed. These correlations are reviewed in chronological order. 

In 1974, H o l m  and Josendal logically reasoned that the 
achievement of high oil recoveries is evidence of miscible displace- 
ment. They defined "miscibility displacement pressure'' as "that 
pressure where more than 80% of oil in place is recovered at C 0 2  
breakthrough and more than 94% is recovered ultimately from a slim-tube 
displacement. At this pressure, a sufficient volume of the extracted 
hydrocarbons is present at the displacement front to maintain the 
residual oil saturation at a minimum value throughout the flood path". 

They developed a correlation to predict MMP as a function of 
temperature and the C5+ molecular weight (MIJ) of the oil. The predicted 
MMP increases with temperature in a linear fashion. At a set tempera- 
ture, the MYP increases slightly as the C5+ MW varies from 180 to 240. 

Holm and Josendal16 determined that the presence of solution gas in 
the oil had a negligible effect on the MMP. They theorized that the 
solution gas was initially stripped from the oil by C 0 2  and moved ahead 
of the displacement front. Dynamic miscibility is then developed by the 
extraction of C5+ hydrocarbons by the COz. 

In the 1976 NPC report," a MMP prediction method is proposed based 
on reservoir temperature and the API gravity of the o i l .  The 
correlation does a fairly poor job of predicting MMP. 

In 1980, Yellig and M e t ~ a l f e ~ ~  offered a definition for the 
experimental slim-tube MMP. At a constant temperature, slim-tube 
displacements were conducted at different pressures, typically five, and 
the recovery at 1.2 pore volumes (PV) of CO injected was plotted versus 
pressure. 
which were "equal to or very near the maximum final recovery obtained in 
a series of tests". This is shown in Figure 1-2 where the MMP is 
located at the "break point" in the recovery curve and approximately 
determined by the intersection of the immiscible and miscible recovery 
slopes. They also studied the appearance of transition-zone fluids and 
took as a n  indication of a Mal process color gradations from dark oil to 
a yellow fluid. 

Miscible displacements were def 1 ned to have final recoveries 

Yellig and M e t ~ a l f e ~ ~  determined experimental MMP's for a set of 
four recombined oils over the temperature range of 95' to 192'F. They 
mixed the same West Texas C7+ composition (MW = 201) with varying 
proportions of C1 and C2'cg. They concluded that the recombined oil 
composition had no effect on MMP at low temperature and little effect at 
high temperature. They then developed a correlation that predicts the 
MMP as a function of temperature only and relates MMP linearly with 
temperat with a slope of 15 psi/'F. Additionally, Yellig and 
MetcalfetSereported that for highly volatile recombined reservoir fluids 
the bubble-point pressure of the oil may be higher than the predicted 
MMP. In this case, the predicted MMP is set equal to the bubble-point 
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p r e s s u r e  of t h e  o i l .  They reasoned t h a t  t h e  MMP must be a t  least as 
g r e a t  as t h e  bubble-point p re s su re  of t h e  o i l  because t h e  o i l  must be 
s i n g l e  phase a t  t h e  sl im-tube test  p res su re .  

In  1980, Johnson and Pollin" developed a c o r r e l a t i o n  which t h e y  
claimed p r e d i c t s  t h e  MMP f o r  a wide v a r i e t y  of s t o c k  t a n k  o i l s  
andrecombined r e s e r v o i r  f l u i d s  with pure and d i l u t e d  C02.  They s t u d i e d  
a t o t a l  of 25 systems, i nc lud ing  15 s t o c k  t a n k  o i l s ,  4 recombined 
r e s e r v o i r  f l u i d s  and 6 pure and mixed alkanes.  They de f ined  t h e  
experimen 1 MMP i n  a f a s h i o n  s i m i l a r  t o  t h a t  of Y e l l i g  and 
Metcalf e. & They picked t h e  M?4P as t h e  "break point"  i n  t h e  recovery 
v e r s u s  p r e s s u r e  cu rve  f o r  a series of sl im-tube displacements.  However, 
f o r  recovery they  p l o t t e d  t h e  " e f f e c t i v e  1 PV recovery" de f ined  as t h e  
average of t h e  breakthrough and u l t i m a t e  r e c o v e r i e  In t h e i r  work on 
C02-alkane ( C10-C20) systems, Johnson and P o l l i n l "  discovered a c l o s e  
c o r r e l a t i o n  between t h e  experimental  MMP and t h e  C02-alkane c r i t i ca l  
pressure.  For pure C 0 2 ,  t h e  c o r r e l a t i o n  i n d i c a t e s  t h a t  MMP i n c r e a s e s  
wi th  temperature,  o i l  molecular weight and t h e  p a r a f f i n i c  n a t u r e  of t h e  
o i l  . 

In 1982, Holm and Josendal'' developed a new c o r r e l a t i o n  based on 
t h e  solvency of C 0 2  as i n d i c a t e d  hy i t s  d e n s i t y ,  and t h e  weight pe rcen t  
of C S - C ~ ~  hydrocarbons i n  the  C5+ f rac t ion  of the  o i l .  They cont inued 
t o  d e f i n e  W as t h a t  p re s su re  where 80% of t h e  o i l  i s  recovered a t  
breakthrough and 94% i s  recovered u l t i m a t e l y .  They claimed t h a t  " t h e  
d i f f e r e n t  d e f i n i t i o n s  of MMP have r e s u l t e d  i n  small but not fundamental 
d i f f e r e n c e s  i n  t h e  MMP c a l c u l a t e d  by t h e  d i f f e r e n t  expe r imen ta l i s t s " .  

According t o  Holm and Josendal ,17 t h e  d e n s i t y  of C 0 2  has  a marked 
e f f e c t  on i t s  s o l v e n t  power. I n i t i a l  hydrocarbon e x t r a c t i o n  beg ins  i n  
t h e  d e n s i t y  range of 0.25 t o  0.35 g/cc.  The d e n s i t y  r equ i r ed  t o  produce 
B mult i -contact  m i s c i b l e  displacement i s  somewhat h ighe r  and a f u n c t i o n  
of o i l  composition. The a u t h o r s  a l s o  s t a t e d  t h a t  t h e  C g - C i i f r a c t I o n  of 
t h e  o i l  a f f e c t s  t h e  MMP, t h e  h ighe r  t h e  C5-C12 con ten t  t e lower t h e  
MMP. In  f a c t ,  most of t h e i r  evidence supported t h e  no t ion  t h a t  C5-C12 
c o n t e n t  i s  a c r i t i c a l  f a c t o r .  

Holm and Josendal17 a l s o  examined t h e  e f f e c t  of t h e  type  of 
hydrocarbons on m i s c i b l e  displacement .  They replaced t h e  400-850'F 
f r a c t i o n  of a p a r a f f i n i c  Farnsworth o i l  w i t h  a n  equa l  weight of t h e  400- 
850'F f r a c t i o n  of a more aromatic  (and napthenic)  Wilmington Ford o i l .  
Both f r a c t i o n s  had similar b o i l i n g  p o i n t  ranges.  The '#brid" o i l  
produced a higher  recovery.  Therefore,  Holm and Josenda l  concluded 
t h a t  more aromatic  o i l s  produce lower MMP's than  p a r a f f i n i c  o i l s .  

This new method a g a i n  omits s o l u t i o n  gas  as a f a c t o r .  They claimed 
" t h i s  is  c o n s i s t e n t  w i th  t h e  work of Y e l l i g  and M e t ~ a l f e ~ ~  s u b j e c t  t o  
t h e  q u a l i f i c a t i o n  t h a t  i f  t h e  bubble-point p re s su re  of t h e  o i l  is 
g r e a t e r  t han  t h e  p r e d i c t e d  MMP, then  t h e  MMP i s  set  equa l  t o  t h e  bubble- 
point  p r e s s u r e  ." 

In 1983, Alston,  e t  a l e 2  p resen ted  a new c o r r e l a t i o n  f o r  e s t i m a t i n g  
t h e  MMP f o r  l i v e  o i l s  and impure C 0 2  streams. Their  c r i t e r i o n  f o r  slim- 
tube  m i s c i b i l i t y  was chosen t o  be 90% recovery a t  a gas  breakthrough, 
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with no two-phase flow evident in the sight glass. The predicted MMP 
increases with temperature and C5+ molecular weight. Also, the MMP is 
affected by the molar amounts of constituents such-as N2 and H2S. They 
also presented an additional correlation to account for impure CO2 
streams. 

1.4 Approach and Scope of Work 

The approach and scope of work in this project generally involved 
the tasks listed under Project Organization (Section 1.2). In this 
report, work under Tasks 1 and 2 is described in Chapter 2. Work 
related to Tasks 3, 4 and 5 is described in Chapters 3, 4 and 5, 
respectively. 

The general approach taken in development of a method of evaluation 
of potential C02 miscible displacement candidates focused on phase- 
behavior and application of pseudo-ternary diagrams. The Soave-Redlich- 
Kwong (SRK) equation of state was used to make phase-behavior calcula- 
tions. Some experimental bubble-point pressure data were taken on 
hinary and ternary systems as a means of checking the equation of state 
and developng information and interaction coefficients required for the 
calculations (Tasks 1 and 2). The effect of a water phase on phase 
behavior was also checked experimentally using binary systems (Task 2). 

Slim-tube displacements were conducted with simple hydrocarbon 
systems and with a number of crude oils (Task 3).  This was done to 
provide miscibility pressure data for use in conjunction with phase- 
behavior calculations. 

The approach taken for prediction of ideal performance of a C02 
miscible displacement (Task 4) was to use the equation of state to 
generate pseudo-ternary diagrams for a CO2-oi1 system. Generation of 
pseudo-ternary diagrams provided, first of all, a method of prediction 
of M P .  Also,  when used in conjunction with a mathematical model, the 
pseudo-ternary information provided a basis for performance calculations 
at miscibility and near-miscibility conditions (Task 5). This approach 
was thus thought t o  yield more information than application of the 
correlations for MMP. Also, work required was .significantly less than 
that for application of a fully compositional mathematical model of the 
process. Data required on the crude oil or hydrocarbon systems for the 
calculations consisted of measured compos€tions or estimated composi- 
tions based on distillation curves. 

The approach was tested on five crude oil systems for which 
compositional or distillation data and slim-tube measurements of MMP 
were available. The approach was found to be promising although not 
completely successful. It was possible to predict MMP values for the 
crude oils. However, to accomplish this, interaction coefficients 
required in the SRK equation of state had to be modified from crude to 
crude. That is, it was not possible to predict the behavior for all 
five crudes using a single set of coefficients. 
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CHAPTER 2 

PHASE BEHAVIOR MEASUREMENTS AND CALCULATIONS 

2.1 In t roduc t ion  

The scope of t h e  p r o j e c t  involves  t h e  use  of an  equa t ion  of s t a t e  
t o  model t h e  phase behavior  of carbon dioxide-hydrocarbon systems. The 
Soave-Redlich Kwong (SRK) equat ion  of  s t a t e  was s e l e c t e d  f o r  t h i s  
purpose. To support  t h e  a p p l i c a t i o n  of t h e  model, i t  was d e s i r a b l e  t o  
o b t a i n  a l i m i t e d  amount of phase-behavior d a t a  with carbon d iox ide  and 
r e l a t i v e l y  s imple hydrocarbon systems. 

There were t h r e e  main ob ' ject ives  of t h e  phase-behavior s t u d i e s .  
The f i r s t  was t o  make bubble-point p re s su re  measurements and then apply  
t h e s e  d a t a  t o  " f i n e  tune" t h e  i n t e r a c t i o n  parameters  i n  t h e  SRK equa t ion  
of state.  It was planned t h a t  t h i s  work would form t h e  b a s i s  f o r  
a p p l i c a t i o n  of t h e  model t o  s imula ted  and r ea l  crude o i l  systems. S ince  
s i g n i f i c a n t  l i t e r a t u r e  d a t a  e x i s t e d  f o r  C02-paraff inic  hydrocarbons,  
exper imenta l  measurements in t h i s  work focused on COZ-aromatic and CO2- 
naphthenfc systems. 

A second o b j e c t i v e  was t o  e v a l u a t e  t h e  e f f e c t  on phase behavior  of 
an immobile water phase.  While i t  i s  reasonable  t o  assume, based on 
g e n e r a l  knowledge of t h e  phase behavior  of carbon dioxide-hydrocarbon 
systems, t h a t  t h e  presence of immobile water would not  s i g n i f i c a n t l y  
a f f e c t  t h e  phase behavior ,  t h i s  had no t  been v e r i f i e d .  Therefore ,  phase 
behavior  measurements were made i n  t h e  presence of water. 

A t h l r d  o b j e c t i v e  was t o  examine t h e  e f f e c t  of p a r a f f i n i c ,  
naphthenic  and aromat ic  hydrocarbon type  on t h e  achievement of 
m i s c i b i l i t y  i n  carbon dioxide-hydrocarbon systems. Crude o i l s  are  
mixtures  of t h e s e  tl5ee hydrocarbon types  and t h e i r  d i s t r i b u t i o n  v a r i e s  
from crude  t o  c rude  . On t h e  average,  30 t 50 volume percent  of t h e  
crude is  non-paraff inic .  Holm and Josendal l '  repor ted  d a t a  from s l i m -  
tube  displacement  experiments  i n d i c a t i n g  t h a t  crude o i l  con ta in ing  a 
more aromatic  mid-range f r a c t i o n  gave a s l i g h t l y  increased  o i l  recovery  
when compared t o  d a t a  acqui red  on c rude  o i l  con ta in ing  l e s s  aromatics. 
This impl ies  a r educ t ion  i n  MMP as t h e  o i l  is  enr iched  i n  a romat ics .  
However, t h e  l i m i t e d  r e s u l t s  r epor t ed  i n  t h e  l i t e r a t u r e  are unclear  on 
t h i s  po in t  and it w a s  deemed u s e f u l  t o  o b t a i n  a d d i t i o n a l  d a t a .  

Computer programs f o r  t h e  SRK equa t ion  of s t a t e  were a v a i l a b l e  t o  
t h e  p r o j e c t  through t h e  Kurata Low Temperature Thermodynamics Laboratory 
a t  t h e  Univers i ty .  New exper imenta l  d a t a  were taken  and t h e s e  d a t a  f a l l  
i n t o  t h r e e  gene ra l  c a t e g o r i e s :  

i) Bubble-point p re s su res  of C02-hydrocarbon b ina ry  mixtures  i n  
which aromatic  and naphthenic  hydrocarbons were used. 

ii) Bubble-point p re s su re  r educ t ion  of  C02-hydrocarbon mixtures  i n  
t h e  presence of water. 

8 
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iii) Bubble-point pressures and densities of C02-hydrocarbon 
ternary mixtures which contain paraffinic, naphthenic, or aromatic 
components 

This chapter describes the materials, equipment and procedures. 
Interaction parameters obtained using the SRK equation of state are 
presented and the effect of an immobile water phase on bubble-point 
pressure reduction is discussed. 

2.2 Apparatus, Procedure and Materials 

2.2.1 Materials and Experimental Conditions 
To meet Objective 1 as stated earlier, several C02-hydrocarbon 

binary systems were used for the measurement of pressure-composition 
data at fixed temperatures. The hydrocarbons used were aromatic and 
naphthenic components. The systems were C02-toluene, C02-ethylbenzene, 
C02-propylbenzene, Co2-cyclopentane, CO cyclohexane and CO - 
indicated earlier, sufficient data for paraffinic hydrocarbons exist in 
the literature. Data taken in this work, along with literature data, 
were used to calculate interaction parameters in the SRK equation of 
state. 

methylcyclohexane. Temperatures were 140 2- F, 170'F and 200'F. 2s 

To reach Objective 2, pressure-composition data were taken for C02- 
n-butane in the presence of fresh water at 160'F. Finally, for 
Objective 3,  bubble-point pressure data were taken at 160'F and about 
1400 psia on ternary systems comprised of carbon dioxide, n-butane and 
n-decane; carbon dioxide, n-butane and n-butylcyclohexane; and carbon 
dioxide, n-butane and n-butylbenzene, and on one five-component system 
comprised of carbon dioxide, n-butane, n-decane, n-butylcyclohexane and 
n-butylbenzene where the three hydrocarbons of carbon number 10 were 
combined in the molar ratio of 5:4:1, respectively. 

The experimental d e s i g n  procedures of Howat and S w i f  were used 
to select a priori the number and compositional locations for the data 
of the three ternary systems such that the interaction parameters for 
the SRK equation of state would be adequately defined €or the purpose of 

SRK coefficients and mixing rules were from GrabosM and 
this w0ft;15 and critical co tants for the chemical compounds of Daubert 
interest were from Reid, et al. 9'3 

The average uncertainties in results are i10 psi, iO.l'F and i0.004 
in mole fraction. 

All of the hydrocarbons used in this work were purchased from 
Phillips Petroleum Company Special Products Division, Borger, Texas, 
and they were pure grade with a purity of at least 99.0%. The carbon 
dioxide was bought from Matheson Company, Joliet, Illinois. The 
specified purity of the carbon dioxide is 99.99% minimum. To avoid 
rusting and pitting of the equilibration cells and the feed lines, the 
water used in these experiments was distilled and deionized. It was 
supplied by the Department of Biochemistry of the University of Kansas, 
Lawrence, Kansas. 
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A 2.2.2 Apparatus 
The major i t e m s  i n  t h e  exper imenta l  equipment were: i) t h e  

volumetr ic  meter ing system, ii) t h e  test system, and iii) t h e  gas  
chroma tograph. 

The volumetr ic  meter ing system was used t o  in t roduce  known amounts 
of tes t  materials i n t o  t h e  c 11s of t h e  test system. This equipment has  
been descr ibed  by Laurance . A schematic  diagram of t h e  equipment i s  
shown as Figure 2-1. 

2 f  

The test system was used t o  measure t h e  pressure-volume behavior  of 
known mixtures  (schematic  diagram i n  Figure 2-2). It c o n s i s t s  of two 
s t a i n l e s s  s tee l  cel ls  of  approximately 200 cm3 i n t e r n a l  volume each. A t  
one end of each c e l l  i s  a movable p i s t o n  d r iven  by hydrau l i c  o i l  from a 
Sprague o i l  pump. By t h i s  means, t h e  volume of t h e  cel ls  can be 
va r i ed .  An i n d i c a t o r  rod a t t ached  t o  the  p i s t o n  l o c a t e s  t h e  r e l a t i v e  
p o s i t i o n  of t h e  p i s t o n  i n s i d e  t h e  cel ls .  Through measurement of t h e  
he ight  of t h e  i n d i c a t o r  rod wi th  a v e r n i e r  he ight  scale, changes i n  t h e  
volume of t h e  ce l l s  can  be  determined p r e c i s e l y .  The movable p i s t o n  and 
a s t a t i o n a r y  plug a t  t h e  o t h e r  end of t h e  cel ls  are f i t t e d  with Viton 0- 
r i n g s  (V709-9, s i z e  2-214). 

Both cel ls  are a t t ached  t o  a metal b racke t  on a h o r i z o n t a l  p i v o t  
t h a t  passes  through two se l f - a l ign ing  ball bear ings .  This enables  t h e  
cells  and t h e i r  c o n t e n t s  t o  be r o t a t e d  about  a h o r i z o n t a l  axis. The 
r o t a t i o n  he lps  t o  m i x  t h e  c o n t e n t s  of t h e  cel ls  and al lows sampling of 
two d i f f e r e n t  phases ,  i f  t hey  c o e x i s t ,  depending on t h e  p o s i t i o n  of t h e  
ce l l s .  

Two p res su re  t r a n s d u c e r s  were used t o  measure t h e  p re s su res  of t h e  
con ten t s  of t h e  two cells.  Each c e l l  has  i t s  own t ransducer .  The 
p res su re  t r ansduce r s  were suppl ied  by Consol idated Electrodynamics 
Corporation. They are of types  4-356-0001 and CEC 1000-04 and both have 
p r e s s u r e  ranges  of 0-5000 ps i .  The t r ansduce r s  were c a l i b r a t e d  a g a i n s t  
a R u s k  Dead Weight Gage, se r ia l  #14459 wi th  p i s t o n  8B3-377. 

For p a r t  of t h e  work, a P a r o s c i e n t i f i c  Digiquartzm p r e s s u r e  
t r ansduce r  (Model 73K-002, Se r i e s  9917) was i n s t a l l e d  on one of t h e  
cells. Its range w a s  0-3000 p s i a .  Together  wi th  i t s  p res su re  computer 
(Model 600), t h i s  t r ansduce r  provided t h e  c a p a b i l i t y  of d i r e c t  p r e s s u r e  
ou tpu t  i n  any chosen u n i t .  It e l imina ted  t h e  procedure of re- 
c a l i b r a t i n g  t h e  CEC t r ansduce r s  before  and a f t e r  each run. This  
r e s u l t e d  i n  a t  least a one-third sav ings  i n  time f o r  each exper imenta l  

An F&M Model 720 d u a l  column programmed gas  chromatograph was used 
f o r  composi t ional  a n a l y s i s .  It was equipped wi th  a thermal  c o n d u c t i v i t y  
d e t e c t o r  and a Honeywell E l e c t r o n i c  s t r i p  c h a r t  r eco rde r  wi th  a range of 
-0.20 t o  +l.OO m i l l i v o l t s .  A d i g i t a l  i n t e g r a t o r  suppl ied  by Columbia 
S c i e n t i f i c  I n d u s t r i e s ,  Model CSI 38 w a s  a l s o  connected t o  t h e  output  of 
t h e  thermal  c o n d u c t i v i t y  d e t e c t o r .  The carr ier  gas  was helium. 
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The chromatographic columns were packed wi th  PORAPAK QS, mesh range - 

120-150. Each column w a s  two ( 2 )  meters long with an i n t e r n a l  d iameter  
of 1.5 mm. 

A g a s  sampling va lve  (Model V-6-UHTaHC) and a l i q u i d  sampling va lve  
(Model FSV-4-UTaHC) were used t o  i n j e c t  samples of t h e  mixtures  i n t o  t h e  
chromatograph. Both were suppl ied  by Valco Ins t ruments  Company and can 
ope ra t e  a t  p re s su res  up t o  3000 p s i a .  Direct sampling reduces e r r o r s  
(such as i n c o n s i s t e n t  sample  s i z e ,  e t c . )  t h a t  may occur by i n j e c t i n g  
samples i n t o  a chromatograph wi th  a sy r inge .  

Addi t iona l  in format ion  about t h e  equipment i s  g iven  by Ezekwe12 and 
8 Cramer . 

2.2.3 Procedure 
To prepare  a mixture ,  carbon d iox ide  was added t o  the  v a r i a b l e  

volume c e l l  a t  known temperature ,  p re s su re  and volume. The d a t a  of  
Angus, e t  al.4 were used t o  c a l c u l a t e  t h e  mass of carbon d iox ide  
present .  The prescr ibed  amounts of hydrocarbons were then  i n j e c t e d  i n t o  
t h e  c e l l  from high-pressure,  v a r i a b l e  volume c e l l s  housed in a separate,  
o i l - f i l l e d  thermosta t  he ld  a t  a prescr ibed  temperature.  These c a l i h r a t -  
ed v a r i a b l e  volume ce l l s  served a s  b u r e t t e s  t o  add \mown wlumes  of 
hydrocarbons d i sp laced  a t  a cons t an t  r e fe rence  pressure .  For t h e  n- 
butylcyclohexane and n-butylbenzene, r e f e r e n c e  d e n s i t i e s  t o  conver t  from 
volume t o  mass were measured a t  1250 p s i a  and 100°F: 46.75 l bm/ f t3  f o r  
n-butylcyclohexane and 53.3 lbm/f t3 f o r  n-butylbenzene. D e n s i t i e s  f o r  
displacement of o t h e r  hydrocarbons were obtained from t h e  l l t e r a t u r e .  

Bubble-point p re s su res  f o r  t h e  va r ious  mixtures  were determined by 
t h e  pressure-volume i n t e r s e c t i o n  method. The c ross - sec t iona l  area of 
t h e  v a r i a b l e  volume c e l l  was cons t an t ,  t h u s  t h e  method reduced t o  
measuring p res su re  a s  a func t ion  of p i s t o n  p o s i t i o n  in t h e  c e l l .  The 
p i s t o n  p o s i t i o n  was determined t o  f O . O O 1  inch.  Cramer* g i v e s  d e t a i l s  on 
t h e  procedure used t o  g e t  bubble poin t  p re s su res  from t h e  p r e s s u r e  
ve r sus  p i s t o n  p o s i t i o n  da ta .  

The exper imenta l  procedure used i n  t h e  de te rmina t ion  of t h e  e f f e c t  
of water on t h e  bubble-point p re s su res  of C02-hydrocarbon systems w a s  
similar t o  t h e  procedure used i n  t h e  a c q u i s i t i o n  of i so thermal  P-x 
da t a .  The major d i f f e r e n c e  w a s  t h a t  a f t e r  t h e  bubble-point p re s su re  of 
t h e  C02-hydrocarbon mixture  had been measured, incrementa l  amounts of 
water were i n j e c t e d  i n t o  t h e  cel l .  The bubble-point p re s su re  of t h e  
composite mixture  was then  measured again.  

A i t i o n a l  d e t  11s about t h e  experimental  procedure are given by 
Ezekw3' and Cramer 8 . 

2.3 Experimental  Resu l t s  

The exper imenta l  r e s u l t s  are r epor t ed  i n  Appendix A. The r e su l t s  
are grouped as fo l lows:  

i) Bubble-point p re s su res  f o r  b i n a r i e s  of C02-aromatic and C02- 
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naphthenic  hydrocarbons are  presented i n  Tables  A-1 through A-6. 
(Ezekwe") e 

ii) Bubble-point p r e s s u r e  r e d u c t i o n s  of C02-hydrocarbon b i n a r i e s  
i n  t h e  presence of water are given i n  Tables A-7 through A-10. 
(Ezekwell). 

i i i )  Bubble-point p re s su res  and d e n s i t  es f o r  C02-hydrocarhon I3 t e r n a r y  mixtures  are shown i n  Table A-11 (Cramer ). 

2.4 Applicat ion of  t h e  Soave-Redlich-Kwong (SRK) Equat ion of S t a t e  

2.4.1 I n t r o d u c t i o n  
The SRK equa t ion  of s t a t e  with he c o e f f i c i e n t s  and mixing r u l e s  

recommended by Graboski and Daubert was used t o  model a l l  C02- 
hydrocarbon phase e q u i l i b r i a .  C r i t i ca l  c o n s t a n t s  f o r  t h e  ch33 ica l  

r e g r e s s i o n  program (Ezelcwe" and Cramer* w a s  used t o  determine t h e  
b ina ry  i n t e r a c t i o n  c o e f f i c i e n t s  f o r  t h e  SRK equa t ion  of s ta te  which b e s t  
f i t  bubble-point da t a .  

compounds of i n t e r e s t  used i n  SRK were taken from Reid e t  a l .  A 

2.4.2 I n t e r a c t i o n  Coeff ic ients-Regression of Binary Data 
Tables 2-1 and 2-2 p re sen t  t h e  C02-hydrocarbon b ina ry  i n t e r a c t i o n  

c o e f f i c i e n t s  (Kij's) d e t e r  ined from d a t a  of t h i s  work and l i t e r a t u r e  
d a t a  as r epor t ed  by Ezekwe . Based on t h e s e  r e s u l t s ,  Ezekwe at tempted 
t o  correlate  t h e  i n t e r a c t i o n  c o e f f i c i e n t s  w i th  only moderate success  as 
shown i n  Table 2-3. Ezekwe's work showed t h a t  t h e  i n t e r a c t i o n  
c o e f f i c i e n t s  were dependent on temperature  but  t h e  n a t u r e  of t h i s  
dependence could not  be c o r r e l a t e d .  Cramer8 showed t h a t  t h e  K i j ' s  were 
a l s o  p r e s s u r e  dependent,  as  seen  i n  F igu res  2-3 and 2-4. 

I?! 

2.4.3 E f f e c t  of Water on Phase Behavior 
The experimental  d a t a  f o r  C02-hydrocarbon water systems are g iven  

The d a t a  demonstrate t h e  e f f e c t  of water on i n  Tables A-7 through A-10. 
t h e  bubble-point p r e s s u r e s  o f  C02-hydrocarbon systems. 

To o b t a i n  t h e  d a t a ,  bubble-point p r e s s u r e s  of t h e  mixtures  were 
measured in t h e  absence of water i n  t h e  e q u i l i b r a t i o n  ce l l .  A f t e r  t h e  
a d d i t i o n  of water, t h e  bubble-point p r e s s u r e  of t h e  mixture was measured 
again.  There was always a n  a p p r e c i a b l e  drop i n  the  bubble-point 
p re s su re  of t h e  l a t t e r  mixture .  To examine t h e  e f f e c t  of water t h e  
bubble-point p r e s s u r e  o f  t h e  mix tu re  without  water i n  t h e  c e l l  w a s  f i r s t  
p l o t t e d .  Then, t h e  bubble-point p r e s s u r e  of t h e  mixture with water, was 
p l o t t e d  on a w a t e r f r e e  b a s i s .  The important f i n d i n g  was t h a t  t h e  
bubble-point p r e s s u r e  of t h e  mixture ,  a f t e r  t h e  a d d i t i o n  of water, w a s  
always l o c a t e d  on t h e  bubble-point l o c u s  of t h e  system i n  t h e  absence of 
water i f  p l o t t e d  on t h e  b a s i s  of t h e  composition of t h e  hydrocarbon-rich 
phase ( F i g u r e  2-5). 

This obse rva t ion  i n d i c a t e d  t h a t  a f t e r  t h e  water phase has  
s o l u b i l i z e d  t h e  carbon d iox ide  i n  t h e  mixture  t o  i t s  s a t u r a t i o n  
c o n d i t i o n ,  t h e  remaining carbon d i o x i d e  t o g e t h e r  w i th  t h e  hydrocarbon 
(which i s  e s s e n t i a l l y  i n s o l u b l e  i n  t h e  water-r ich phase) e x h i b i t e d  the 

1 4  

. . . . - . . . . . . . - . - . .  .. - - . . . .  . - .  ~ 
I : .  . .  

~ .... - ^ ^  . . . . . . . . .  " _ _  , 



Table  2-1 

I n t e r a c t i o n  C o e f f i c i e n t s  f o r  Various Aromatic 
and Naphthenic Components w i th  Carbon Dioxide 

Components 
CO2-toluene 
C02-E thy1  benzene 
CO2-Propylhenzene 
COZ-Cyclopentane 
C02-Cyclohexane 
C 02-Me t h y l  cyc l o h  . 
C02-n-Bu t ane** 
C 02 -n-Decane* * 

I n t e r a c t i o n  C o e f f i c i e n t s  (%STD*) 
140'F 170'F 200'F A l l  Temp. 

.1016(5.4%) .0958(7.8%) .0999(4.4%) .0996(5.6%) 

.1057( 3.6%) .1020( 2.5%) .1048( 2.6%) .1042( 2.9%) 

.lo17 (2.9%) .1040( 2.9%) .1040( 1.1%) .1036( 2.3%) 
-1 358(2.2%) .1348( 2.2) .1338(1.7%) .1354( 2 -0%) 
.1422(4.5%0 .1423(4.2X) .1412(4.2%) .1423(4.3%) 
.1387(3.8%) .1362(3.9%) .1369(3.5%) .1364(3.7%) ---- a_-- ---- .1480(3.0%) 

--- --- --- .1100(3.7%) 
-- n 

- P  )' '4 ( P e a l  exp 
N-1 *%STD = 100 

** 100 and 160'F on ly  

Table  2-2 

I n t e r a c t i o n  Parameters f o r  Various C02-Paraff inic  
Components Regressed from L i t e r a t u r e  Data 

Components I n t e r a c t i o n  C o e f f i c i e n t s  (**) 

Methane 
Ethane 
n-Propane 
n-Bu t a n e  
n-P e n  t ane 
n-Hexane 
n-He p t ane 
n-Decane 

.0979(259.8) 
*1379(243.1) 
1608 (310.9) 

.1476( 310.9) 

.1118(311.0 

.1245(313.1) 

.1116(310.60 
11 54( 3 10.9) 

.0972(271.4) 

.1332( 263.1) 

.1617(327.6) 

.1476(344.2) 

.1154(344.1) 

.1103(352.6) 
-1 152( 3 44 . 2) 

-1 305( 353 1) 

.097 9 (A) 

.1323( 283.1) .1325(293.1) .1322(A) . 1625(344 -2) .1615(A) 

.1463(377.6) .1475( A) 

.1155(377 -6) .1163(A) 

.1409( 393.1) .1306( A) 

.1114(394.2) .1108(A) 

.1160( 377 -6) .1153( A) 

** Numbers i n  Parentheses  are temperatures  i n  Kelvin 

**A = A l l  Isotherms 
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Component 

Methane 
Ethane 
Propane 
n-Butane 
n-Pentane 
n-Hexane 
n-Hep t ane 
n-De cane 
Benzene 
Toluene 
Ethylbenzene 
Propylbenzene 
Cyclopentane 
Cyclohexane 
Methlcyclohexane 

RMSE( %) 

Table 2-3 n 

Comparisons of Interaction Parameters from Correlations - (K .>* 
0.0979 
0.1322 
0 J615 
0.1480 
0 A163 
0.1306 
0.1108 
0.1100 
0.0860 
0.0996 
0 .lo42 
0.1036 
0 ~ 3 5 4  
0.1423 
0 ~ 3 6 4  

0.0 

Corr. bl 

0.1310 
0.1373 
0.1376 
0.1355 
0.1319 
0.1276 
0.1235 
0.1126 
0 .lo51 
0.1030 
0 .lo14 
0.1006 
0.1184 
0.1164 
0.1200 

1.6 

~ o r r  . i b  Corr. #3 

0.1351 
0.1307 
0.1260 
0.1235 
0.1216 
0.1201 
0.1192 
0.1175 
0.1122 
0.1128 
0 J133 
0.1138 
0.1160 
0.1156 
0.1173 

2.0 

0.1304 
0.1405 
0.1386 
0.1353 
0.1310 
0.1261 
0.1216 
0.1097 
0 .lo74 
0.1047 
0 .lo27 
0.1014 
0.1176 
0.1158 
0 A189 

1.6 

Correlation bl: LoglOKi = -0.8849 - 0.2145 * 9 ( - bj) 

) Correlation #2: LoglOKij = -0.9173 - 0.0017 * ki * (Si - 
Correlation 83: LoglOKij = -0.8888 - 0.0189 * 9 ki * ( - 6 j )  

K = Interaction Coefficients 
w =  Acentric Factor 
6 = Hildebrand Solubility Parameter 
k 5 Watson Characterization Parameter 
and where subcript i = hydrocarbon, subscript j = C02 
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phase behavior  of a mlxture  wi th  s imilar  i n t i a l  composition i n  t h e  
absence of water. This means t h a t  t h e  dominant e f f e c t  of adding water 
t o  t h e s e  mixtures  i s  t h e  r educ t ion  of  t h e  amount of carbon 
d iox ideava i l ab le  f o r  t h e  hydrocarbon-rich phase through s o l u b i l i z a -  
t i on .  The conclus ion  is t h a t  m i s c i b i l i t y  p re s su re  f o r  C02-hydrocarbon 
systems as measured i n  a slim-tube appara tus  should be  minimally 
a f f e c t e d  by t h e  presence  of  immobile water. 

2.4.4 I n t e r a c t i o n  Coeff ic ients-Regression of Ternary Data 
The measured bubble-point p r e s s u r e s  are repor ted  i n  Table A-11. 

Unce r t a in t i e s  i n  temperature  and p res su re  ( repor ted  as two s tandard  
dev ia t ions )  are 0.07"F and 5 p s i a  r e s p e c t i v e l y .  U n c e r t a i n t i e s  i n  
composition are shown f o r  each mixture  as t h e  las t  t a b l e  e n t r y .  

A multicomponent leas t - squares  r e g r e s s i o n  program was used t o  
determine t h e  b inary  i n t e r a c t i o n  c o e f f i c i e n t s  f o r  t h e  SRK equa t ion  of 
s t a t e  which b e s t  f i t  t h e  t e r n a r y  system bubble-point d a t a  sets of Table  
A-1 1 

The only t e r n a r y  d a t a  found t n  t h e  l i t e r a t u r e  f o r  comparison were 
t h e  carb%% d iox ide ,  n-butane, n-decane d a t a  of Metca l fe  and 
Yarborough . Of t h e i r  d a t a ,  on ly  those  a t  160°F and approximately 1400 
ps i a  could be compared d i r e c t l y .  Table 2-4 p re sen t s  t h e  r e s u l t s  of 
t h r e e  r e g r e s s i o n s  f o r  carbon d ioxide ,  n-butane and n-decane where: 1 )  
t h e  d a t a  of t h i s  work and those  of Metcalfe  and Yarborough were combined 
f o r  r eg res s ion ,  2) d a t a  of t h i s  work were regressed  a lone ,  and 3) t h e  
d a t a  of Metcalfe  and Yarborough were regressed  a lone .  

The r e s u l t s  o f  Table  2-4 show t h a t  t h e  c a l c u l a t e d  p r e s s u r e s ,  r o o t  
mean-square e r r o r s  and i n t e r a c t i o n  c o e f f i c i e n t s  obtained from t h e  t h r e e  
r e g r e s s i o n s  a r e  ve ry  s imilar .  This  i n d i c a t e s  t h a t  d a t a  of t h i s  work and 
those  of Metcalfe  and Yarborough agree .  Therefore ,  t h e  o t h e r  d a t a  
r epor t ed  i n  Table  A-11 should be  r e l i a b l e .  

In t h e  r e g r e s s i o n  t e s u l t s  which fo l low,  only  t h e  d a t a  of Table A- 
ll, excluding t h e  las t  d a t a  p o i n t ,  were used. The r e s u l t s  of e i g h t  
r eg res s ions  are repor t ed  i n  Table 2-5 where r eg res s ions  4, 5 and 6 are 
f o r  t h e  n-decane, n-butylcyclohexane and n-butylbenzene d a t a  s e p a r a t e l y  
with zero hydrocarbon i n t e r a c t i o n  c o e f f i c i e n t s ;  7,8 and 9 are f o r  t h e  
n-decane, n-butylcyclohexane and n-butylbenzene d a t a  s e p a r a t e l y  wi th  
v a r i a b l e  n-butane, heavy hydrocarbon i n t e r a c t i o n  c o e f f i c i e n t s ;  10 i s  f o r  
a l l  d a t a  s imultaneously wi th  ze ro  hydrocarbon i n t e r a c t i o n  c o e f f i c i e n t s ;  
and 11 i s  f o r  a l l  d a t a  s imultaneously with v a r i a b l e  n-butane, heavy 
hydrocarbori i n t e r a c t i o n  c o e f f i c i e n t s .  There was i n s u f f i c i e n t  
information f o r  r e g r e s s i o n  wi th  v a r i a b l e  i n t e r a c t i o n  c o e f f i c i e n t s  
between t h e  heavy hydrocarbon compounds. 

Regressions 4-9 show marked v a r i a t i o n s  i n  carbon d iox ide ,  n-butane 
i n t e r a c t i o n  c o e f f i c i e n t s  as t h e  heavy hydrocarbon component changes from 
p a r a f f i n i c  t o  naphthenic  t o  aromatic .  This i s  unacceptable  wi th in  t h e  
- - - - - - - - A L ~ t s  of t h e  mixing r u l e s  being used wi th  t h e  SRK equat ion  of 
state. Regression 10 does not  r ep resen t  t h e  d a t a  wi th in  experimental  
u n c e r t a i n t y  whi le  r e g r e s s i o n  11 does r ep resen t  t h e  d a t a  w i t h i n  
experimental  u n c e r t a i n t y  and with a root-mean-square e r r o r  which i s  

n 
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Table 2-4 

Regression of Carbon Dioxide, n-Butane and n-Decane Data a t  160'F 

Regr Data -- mole f r a c t i o n  -- P P 2 K(1,2) K(1,3) RMSE 
exP tal 

# Ref. x(1) x(2) x(3)  p s i a  p s i a  D i f f  x .............................................................................. 
1 (8 1 0.670 0.000 0.330 1386 1396 +0.8 0.1244 0.1087 0.60 

0.674 0.068 0.258 1415 1398 -1.2 
I 0.681 0.138 0.180 1395 1393 -0.2 

0.712 0.200 0.089 1387 1394 +0.6 
0.754 0.206 0.040 1399 1400 0.0 
0.753 0.207 0.040 1392 1398 +0.4 

(26) 0.680 0.083 0.237 1402 1409 +0.5 
0.685 0.128 0.187 1401 1405 +0.2 
0.679 0.140 0.182 1399 1387 -0.9 
0.710 0.179 0.111 1406 1414 +0.6 
0.763 0.203 0.034 1403 1400 -0.2 

0.674 0.068 0.258 1415 1399 -1.1 
0.681 0.138 0.180 1395 1393 -0.1 
0.712 0.200 0.089 1387 1395 +0.4 
0.754 0.206 0.040 1399 1400 +0.1 
0.753 0.207 0.040 1392 1398 +0.5 

0.685 0.128 0.187 1401 1405 M.3  
0.679 0.140 0.182 1399 1387 -0.9 
0.710 0.179 0.111 1406 1411 M . 3  
0.763 0.203 0.034 1403 1395 -0.6 

2 (8) 0.670 0.000 0.330 1386 1397 +0.8 0.1246 0.1089 0.65 

3 (26) 0.680 0.083 0.237 1402 1412 +0.7 0.1204 0.1099 0.55 

1 = carbon d i o x i d e  2 = butane 3 = decane 

Table 2-5 

I n t e r a c t i o n  C o e f f i c i e n t s  Obtained from Regression 4 through 11 f o r  
Carbon Dioxide (l), n-Butane (2) ,  n-Decane (3 ) ,  n-Butylcyclohexane (4) and 

n-Butylbenzene (5).  Data Po in t  Numbers Refe r  t o  Those Given in Table A-11. 

Regr. Data K(1,2) k(1,3) k(1,4) k(1,5) 
t P t  d 

4 1-6 0.125 0.109 
5 7-13 0.087 0.092 
6 14-21 0.078 0.090 
7 1-16 0.070 0.108 
8 6-13 0.120 0.092 
9 14-21 0.113 0.090 
10 1-21 0.094 0.112 0.091 0.089 
11 1-21 0.105 0.109 0.092 0.090 

............................................. 
k(2,3) k(2,4) k(2,5) RMSE 

.z 

0.45 
0.61 
0.37 

-0.089 0.61 
0.060 0.44 

0.062 0.28 
1.49 

-0.032 0.032 0.049 0.49 

I----------------------------- 
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about the same as those of regressions 4 through 9. The bubble-point 
pressure oE the last data point of Table A - l l  was measured to be 1404 
psia. Using the coefficients from regression 10, the value calculated 
for this composition was 1384 psia (1.5% low), whereas the value 
calculated with the coefficients from regression 11 was 1400 psia (only 
0.3% low). Based on these observations, the interaction coefficients of 
regression 11 seem to best represent the experimental data although the 
use of non-zero n-butane heavy hydrocarbon interaction coefficients is 
contrary to current practice in equation-of-state prediction of carbon 
dioxide-hydrocarbon phase behavior. Note that while negative 
interaction coefficients, e.g., the n-butane, n-decane interaction 
coefficient of regression 11 (Table 2-5) , are excluded in theory, they 
may be obtained from regression analysis since the SRK equation of state 
and mixing rules are, at best, semi-theoretical. 

Maximum miscibility compositions expressed as mole fractions of the 
heavy hydrocarbon components on a carbon dioxide-free basis were 
calculated using the various interaction coefficient sets reported in 
Table 2-5 in a multicomponent flash program (Cramer ). Particular care 
was taken to obtain covergence in the critic 1 region so that tie line 
extrapolation by the method of Benham, et al? would be correct. These 
maximum miscibility compositions are reported in Table 2-6. 

8 

The expected uncertainty in the maximum miscibllity composition 
calculation is 0.008 mole fraction. Therefore, from these results there 
seems to be no significant difference in maximum miscibility composition 
as the heavy hydrocarbon compound type changes from paraffinic to 
naphthenic to aromatic save, perhaps, for calculations made with 
interaction coefficients from regressions 7, 8 and 9. Those 
coefficients have already been disallowed because of the variation of 
the carbon dioxide, n-butane interaction coefficient as the heavy 
hydrocarbon compound is changed from paraffinic to naphthenic to 
aromatic type. 

2 2  
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Table 2-6 

Maximum Misc ib i l i ty  Composition (MMC) for Mixtures of Carbon 
Dioxide and n-Butane w i t h  n-Decane, n-Butylcyclohexane or 

n-Buylbenzene, (MMC i s  Reported as  Mole Fraction of Heavy Hydrocarbon 
on a Carbon Dioxide-Free Basis) 

T = 160°F, P = 1400 psia  

Ternary System MMC Using MMC Using MMC Using m.c us 
with Reg 4,5,6 Reg 7,8,9 Reg 10 Reg 11 

~~ ~~- ~~- ~ ~ - - ~  --_--_ 
n-Decane 0.226 0.197 0.239 0.210 

n-Bu t y l  cyc lohexane 0.2 16 0.244 0.217 0.231 
n-But ylbenzene 0.223 0.239 0.213 0.235 
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CHAPTER 3 

SLIM-TUBE DISPLACEMENT EXPERIMENTS 

3.1 Introduction 

An accepted method of measuring experimental dynamic miscibillty 
pressure of a displacing fluid-crude oil system involves the applicat 
of a slim-tube apparatus such as described by Yellig and Metcalfe . 
The apparatus basically consists of a long tube of small diameter packed 
with sand or glass beads. In an experiment, the tube is saturated with 
the oil, brought to reservoir temperature, then the oil is displaced at 
approximately constant pressure with the dlsplacing fluid of interest. 
Cumulative recovery of the oil is measured as a function of the amount 
of fluid injected. The experiment is continued until breakthrough of 
the displacing fluid occurs or until a specified number of pore volumes 
has been injected. Total oil recovery up to the point of termination is 
recorded. The experiment is then repeated at different pressures, each 
experiment yielding an o i l  recovery as a function of average 
displacement pressure. 

t;Y 

Typically, recovery increases with increasing pressure in a manner 
shown schematically in Figure 3-1. The point at which the curve breaks 
over, o r  at which extrapolations of the two parts of the curve 
intersect, is termed the miscibility pressure. Slightly different 
methods of conducting a slim-tube experiment and of measuring 
miscibility pressure have been proposed and there is no standardized 
method. However, the different methods, which are variations on the 
same theme, do appear to yield reasonably consistent results and, at 
least, to be internally consistent in a particular laboratory. 

A slim-tube apparatus was constructed for this project and 
experiments were run to determine miscibility pressures for several 
systems. The purpose of conducting slim-tube expertments was to provide 
data on miscibility pressures and recovery efficiencies that could 
provide a basis for verification of phase-behavior and mathematical- 
model calculations to be described later in this report. Four different 
series of slim-tube experiments were conducted. The first series was 
done on simple hydrocarbon systems to verify the operation of the 
apparatus. Next, a series of experiments was done with simple ternary 
systems consisting of C02 plus two hydrocarbon components. The third 
series was also done with a ternary system, but displacements were 
conducted with an immobile water phase present. The fourth series of 
displacements involved measurement of miscibility pressures for a number 
of crude oils from the State of Kansas. 

This chapter contains a description of the apparatus, the procedure 
and a summary of the experimental results. Additional discussion, which 
relates the results to the phase-behavior studies and computer 
simulation, is presented in the following chapters. 
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3 . 2 '  Experimental  Apparatus and Procedure 
n 

3.2.1 Apparatus 
A schematic of t h e  appa ra tus  i s  shown i n  Figure 3-2. The main 

element w a s  t h e  s l i m  tube which c o n s i s t e d  of a s t a i n l e s s - s t e e l  ( t y p e  
316) tube,  5/16 i n c h  OD by 0.35 i n c h  t h i c k .  I n d i v i d u a l  p i e c e s  were used 
t o  make up t h e  t o t a l  l e n g t h  which w a s  e i t h e r  40 f t  o r  80 f t  f o r  t h e  
r e s u l t s  r epor t ed  here .  The tub ing  w a s  formed i n t o  a c o i l  approximately 
3 f e e t  i n  l e n g t h  which was mounted h o r i z o n t a l l y  t o  minimize g r a v i t y  
e f f e c t s .  The tubing was packed wi th  80-100 mesh g l a s s  beads which were 
washed with water and acetone p r i o r  t o  packing. Porous-media p o r o s i t y  
was about  30 pe rcen t  i n  a l l  runs.  

A posi t ive-displacement  pump (ISCO model 314) was used t o  d r i v e  
f l u i d s  through t h e  s l i m  tube.  The pump had a p res su re  l i m i t a t i o n  of 
3000 ps i a .  It w a s  h y d r a u l i c a l l y  connected t o  t w o  hydrau l i c  accumulators  
(Parker Hydraulic Accumulator, Model A2A-0058AlK) which were i n  t u r n  
connected t o  t h e  sl im-tube en t r ance .  These movable p i s t o n  accumulators 
were used f o r  f l u i d  s t o r a g e  and as a means of prevent ing t h e  pump 
h y d r a u l i c  oil from c o n t a c t i n g  t h e  hydrocarbon-C02 system. A t  t h e  s l i m -  
tube ex i t ,  a dome back-pressure r e g u l a t o r  (Grove Model SD-91-WX) was 
used t o  maintain a c o n s t a n t  s p e c i f i e d  back p r e s s u r e  on t h e  tube. 
P res su re  gauges (Marsh I n s t r .  Co.,  Model KH-363) were mounted a t  t h e  
upstream and downstream ends o f  t h e  s l i m  tube.  

The tube and t r a n s f e r  accumulator p a r t s  of t h e  appa ra tus  were 
contained i n s i d e  a c o n s t a n t  temperature  a i r  bath.  The b a t h  c o n s i s t e d  of 
a wood c a b i n e t  (4 f t  by 4 f t  by 2.5 f t )  l i n e d  with f i b e r  g l a s s  
i n s u l a t i o n .  Temperature w a s  c o n t r o l l e d  i n  t h e  b a t h  us ing  a temperature  
c o n t r o l l e r  (Rayley I n s t .  Co., Model 252). Two h e a t e r s  and two s q u i r r e l -  
t ype  blowers were used t o  provide uniform h e a t i n g  of t h e  bath.  The 
temperature of t h e  b a t h  could be maintained wi th in  f l ° F  a t  temperatures  
between 85OF and 200°F. 

The appa ra tus  w a s  designed such t h a t  a g a s  chromatograph (Varian 
Model 3700) could be connected t o  t h e  e f f l u e n t  of t h e  s l i m  tube.  
However, i n  t h e  r e s u l t s  r e p o r t e d  he re ,  no g a s  chromatograph a n a l y s e s  are 
included since none were made. 

3.2 . 2 Procedure 
The s l i m  t ube  was packed with g l a s s  beads and p r e s s u r e  t e s t e d  f o r  

leaks t o  2700 p s i a .  Volumeteric c a l c u l a t i o n s  were made based on weight 
measurements. The temperature  c o n t r o l  system w a s  set a t  t h e  d e s i r e d  
level. To s a t u r a t e  t h e  tube with t h e  hydrocarbon f o r  which m i s c i b i l i t y  
p r e s s u r e  was t o  be measured, several pore volumes of t h e  hydrocarbon 
were allowed t o  flow through t h e  c o i l .  The e f f l u e n t  w a s  observed 
through t r a n s p a r e n t  t ub ing  a t  t h e  e f f l u e n t  end t o  determine t h a t  no gas  
was evolving by t h e  end of t h e  s a t u r a t i o n  procedure. Af t e r  t h e  tube  was 
s a t u r a t e d ,  t h e  back-pressure r e g u l a t o r  was p r e s s u r i z e d  t o  about 20 t o  40 
p s i  higher  than t h e  back-pressure and t h e  e n t i r e  system w a s  allowed t o  
s t a b i l i z e  f o r  about  1 1 / 2  hours  t o  e n s u r e  thermal  equi l ibr ium. 

A displacement was then  conducted by i n j e c t i n g  C02 a t  a c o n s t a n t  
rate. Produced hydrocarbon was c o l l e c t e d  i n  a graduated c y l i n d e r  and a 
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t ime-versus-production record  w a s  kept. Temperatures, p re s su re ,  and 
pump s e t t i n g s  were monitored throughout a run. A run was cont inued w e l l  
beyond t h e  p o i n t  o f  a C 0 2  gas-phase breakthrough. 

After  a run was te rmina ted ,  p repa ra t ion  was made f o r  a d d i t i o n a l  
runs  by thoroughly f l u s h i n g  t h e  s l i m  tube  wi th  a so lven t  and then 
d i sp lac ing  t h e  so lven t  wi th  t h e  hydrocarbon t o  be t e s t e d .  

I n  experiments f o r  which t h e  e f f e c t  o f  immobile water was measured, 
t h e  procedure was e s s e n t i a l l y  t h e  same except  t h a t  an i r r e d u c i b l e  water 
s a t u r a t i o n  cond i t ion  was f i r s t  e s t ab l i shed .  Th i s  was done by f i r s t  
s a t u r a t i n g  t h e  tube  wi th  d i s t i l l e d  water p r i o r  t o  hydrocarbon 
i n j e c t i o n .  The water w a s  then d i sp laced  wi th  t h e  t es t  hydrocarbon t o  
d r i v e  water s a t u r a t i o n  t o  an i r r e d u c i b l e  minimum. Residual  water 
s a t u r a t i o n  was t y p i c a l l y  on t h e  o r d e r  of  21 percent .  

3.3 Ca l ib ra t ion  and Checking of t h e  Apparatus 

Seve ra l  c a l i b r a t i o n  and check runs  were conducted t o  e s t a b l i s h  t h e  
v a l i d i t y  of experimental  r e s u l t s .  The f i r s t  of t hese  was a measurement 
of  t he  m i s c i b i l i t y  p r e s s u r e  of n-hexane wi th  C02 a t  a temperature  of 
100°F. The phase e q u i l i b r i u m  for t h e  system of carb d i o x i d e  and n- 
hexane i s  repor t ed  i n  t h e  l i t e r a t u r e  (Turek, e t .  al."). I n  o r d e r  t o  
determine the  m i s c i b t l i t y  p re s su re  f o r  t h i s  b ina ry  system a t  t h e  t es t  
temperature ,  a phase-boundary curve w a s  cons t ruc t ed  from exper imenta l  
da t a .  Carbon d ioxide  and hexane were p red ic t ed  t o  be misc ib l e  a t  
p re s su re  l e v e l s  of  1110 p s i  and higher .  

A series of experiments was c a r r i e d  out  i n  which pure n-hexane w a s  
d i sp l aced  by pure carbon d iox ide  a t  a temperature  of 100°F and a 
cons tan t  carbon-dioxide i n j e c t i o n  ra te  of 80 c c / h r  (approximately 400 
f t j d a y ) .  Displacements were conducted a t  p r e s s u r e s  both  above and below 
t h e  pred ic ted  m i s c i b i l i t y  p re s su re  t o  determine t h e  apparent  minimum 
m i s c i b i l i t y  p re s su re  i n  t h e  slim-tube appara tus .  I n  a l l  experiments ,  
C02 break.through w a s  de t ec t ed  by v i s u a l  observa t ion .  Af te r  breakthrough 
occurred,  only s l i g h t l y  more hexane (between 2 and 2.5 percent )  was 
recovered. I n j e c t i o n  of carbon d iox ide  was cont inued a f t e r  breakthrough 
f o r  an  a d d i t t o n a l  0.1 pore  volume t o  make s u r e  t h a t  maximum recovery w a s  
achieved. 

A p l o t  of u l t i m a t e  recovery ve r sus  displacement  p re s su re  i s  g iven  
i n  Figure 3-3. M i s c i b i l i t y  pressure  w a s  determined as t h e  i n t e r s e c t i o n  
of  t h e  e x t r a p o l a t i o n s  of t h e  misc ib l e  and immiscible p a r t s  of t h e  
o v e r a l l  curve.  A va lue  of 1125 p s i a  was obta ined ,  i n  good agreement 
w i t h  t h e  p red ic t ed  va lue  of  1110 ps i a .  

A few experiments were conducted t o  check f o r  r e p r o d u c i b i l i t y  and 
f o r  t h e  e f f e c t s  of  f low ra te  and tube  length .  R e s u l t s  from r e p l i c a t e  
runs ind ica t ed  t h a t  r e p r o d u c i b i l i t y  w a s  q u i t e  good and on t h e  o r d e r  of 1 
recovery percent  f o r  s imple hydrocarbon systems. U l t i m a t e  recovery a t  
an i n j e c t i o n  rate of 20 c c / h r  was wi th in  1 recovery percent  of t h a t  
ob ta ined  a t  80 cc /hr .  There were, however, d i f f e r e n c e s  of  a few pe rcen t  
i n  t h e  r e l a t i o n s h i p  between recovery and pore volumes of C 0 2  i n j e c t e d .  

n 

n 
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Johnson and Pollin'' have r epor t ed  t h a t  v e l o c i t y  does a f f e c t  t h e  
ultimate recovery i n  S l i w t u b e  displacements  but t h a t  t h e  m i s c i b i l i t y  
p r e s s u r e  as  determined from t h e  recovery ve r sus  p re s su re  curve is no t  
s i g n i f i c a n t l y  a f f e c t e d .  The e f f e c t  of l eng th  was checked by conduct ing 
d isp lacements  i n  40 f t  and 80 f t  tubes  wi th  a l l  o t h e r  parameters  t h e  
same. Recoveries and m i s c i b i l i t y  p re s su res  were i n  good agreement. 
Addi t iona l  d e t a i l s  of  t h e  experiments  performed t o  check t h e  appa ra tus  
are given by Azadeh . 5 

3 .4  R e s u l t s  of  Displacements wi th  Carbon Dioxide and Binary Hydrocarbon 
Sys t ems 

I n  t h i s  series of experiments ,  pure carbon d iox ide  was t h e  
d i s p l a c i n g  f l u i d  and d i f f e r e n t  b ina ry  hydrocarbon mixtures  were used as 
t h e  o i l  phase. The phase behavior  f o r  t hese  experiments could be 
d i r e c t l y  represented  on a cons t an t  p re s su re / cons t an t  temperature  t e r n a r y  
diagram. The systems t e s t e d  were 

C02 - c6 - Cl0 (n-decane) 
C 0 2  - C4 - Cl0 (n-decane) 
C02 -C4 - Cl0 (n-butylbenzene) 

3 . 4 . 1  Hexane - Decane System 
As a follow-up t o  t h e  measurements made w i t h  pure hexane descr ibed  

ear l ie r ,  a b ina ry  system of hexane-decane was used as t h e  o i l  phase. No 
previous  s t u d i e s  were found i n  t h e  l i t e r a t u r e  on t h e  phase equ i l ib r ium 
of t h e  mixture  of carbon d iox ide ,  hexane, and decane. I n  o rde r  t o  
p r e d i c t  t h e  m i s c i b i l i t y  p re s su re  of t h i s  b inary  system with carbon 
d ioxide ,  a computer phase-behavior model w a s  used t gene ra t e  t h e  d a t a  
f o r  c o n s t r u c t i o n  of  a t e r n a r y  phase diagram (Ezekwe ). Ezekwe used t h e  
model descr ibed  i n  Chapter 2 of t h i s  r e p o r t  t o  c a l c u l a t e  t h e  t e r n a r y  
diagrams a t  100°F shown i n  F igure  3-4.  From these  c a l c u l a t i o n s ,  a 
m i s c i b i l i t y  p re s su re  between 1100 and 1150 p s i a  was p red ic t ed  f o r  an o i l  
having a composition o f  50 mole W hexane and 50% decane. It i s  r e a l i z e d  
t h a t  a p o s s i b i l i t y  e x i s t s  f o r  t h e  formation of a second l i q u i d  phase a t  
t h i s  r e l a t i v e l y  low temperature.  However, i t  w a s  assumed t h a t  t h e  
e f f e c t  of a second phase, i f  i t  e x i s t e d ,  would be n e g l i b l e  on t h e  
measurement o €  m i s c i b i l i t y  p r e s s u r e  i n  t h e  s l i m  tube.  

18 

A p l o t  of recovery ve r sus  p re s su re  i s  given i n  Figure 3-5. A 
m i s c i b i l i t y  p r e s s u r e  between 1120 and 1150 p s i a  was determined f o r  t h e  
d a t a ,  i n  e x c e l l e n t  agreement with t h e  p r e d i c t i o n  from t h e  t e r n a r y  
diagrams 

3.4.2 Butane-Decane System 
T h i s  system was i n v e s t i g a t e d  by Metca l fe  and YarboroughP6 by 

conducting C02 d i sp lacements  i n  Berea cores .  They determined from phase 
behavior  s t u d i e s  t h a t ,  a t  a temperature  of 160°F, an  o i l  phase 
c o n s i s t i n g  of 40 mole X butane and 60 mole X decane should be f i r s t -  
c o n t a c t  mi sc ib l e  a t  1900 p s i a ,  mul t ip le -contac t  mi sc ib l e  a t  1700 p s i a  
and not  misc ib l e  a t  1500 p s i .  

I n  t h e  p re sen t  work, slim-tube d isp lacements  of t h i s  same system 

3 0  
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100°F and Various Pressures. 
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were conducted a t  a temperature  of 160'F and p r e s s u r e s  of  1400, 1550 and 
1900 ps i a .  The r e s u l t s  are compared t o  those  of Metcalfe  and Yarborough 
i n  F igure  3-6. The r e s u l t s  from t h e  s tudy  are breakthrough r e c o v e r i e s ,  
i.e., r ecove r i e s  t o  t h e  poin t  of C 0 2  gas-phase breakthrough. An 
a d d i t i o n a l  2 t o  3 recovery percent  was g e n e r a l l y  produced a f t e r  C02 
breakthrough, but  t he re  was some experimental  u n c e r t a i n t y  i n  t h i s  va lue  
and thus  t h e  breakthrough r ecove r i e s  are  p lo t t ed .  Consider ing t h a t  t h e  
displacements  were conducted i n  d i f f e r e n t  systems (Berea c o r e s  ve r sus  
s l i m  tube) ,  t h e  r e s u l t s  are i n  reasonable  agreement. The high 
r ecove r i e s  i n  t h e  s l i m  tube  a t  t h e  lower p re s su re  (<1700 p s i a )  are 
i n t u i t i v e l y  c o n s i s t e n t  s i n c e  t h e  s l i m  tube  i s  a more permeable, 
homogeneous media than Berea sandstone. From t h e  l i m i t e d  d a t a ,  i t  is 
n o t  f e a s i b l e  t o  estimate t h e  minimum m i s c i b i l i t y  pressure .  

A second butane-decane system was t e s t e d  i n  which t h e  temperature  
was aga in  160"F, but  t h e  hydrocarbon composition was 82 mole % butane 
and 18 mole % decane. A p l o t  of breakthrough recovery  v e r s u s  
displacement  p re s su re  i s  presented i n  F igure  3-7. As expected,  
r ecove r i e s  a t  corresponding p res su res  are h igher  f o r  t h i s  hydrocarbon 
system than f o r  t h e  60% decane-40% butane system. Based on t h e  change 
i n  s lope  of t h e  recovery curve,  t h e  m i s c i b i l i t y  p re s su re  i s  es t imated  t o  
he  on t h e  o r d e r  of  1400 t o  1450 ps i a .  

3.4.3 Butane-n-Butylhenzene System 
Displacement experiments  were made on a system i n  which t h e  

o r l g i n a l  hydrocarbon phase ( o i l )  was 82 mole X butane and 18% 
butylbenzene. The composition of t h e  o i l  was t h e  same as previous ly  
run,  but  t h e  p a r a f f i n  n-decane was rep laced  by t h e  a romat ic  n- 
butylbenzene. Breakthrough recovery i s  shown as a f u n c t i o n  of p re s su re  
i n  Figure 3-8. A m i s c i b i l i t y  p re s su re  of about 1300 p s i a  is obta ined  
based on t h e  s l o p e  change as compared t o  1400 t o  1450 p s i a  f o r  t h e  
butane-decane system. 

3.5 R e s u l t s  of  Displacements i n  t h e  Presence of  a n  Immobile Water 
Phase. 

A series of  sl im-tube d isp lacements  was conducted t o  determine t h e  
e f f e c t  of t h e  presence of an immobile water phase on m i s c i b i l i t y  
pressure .  For t h e s e  runs ,  a 50:50 (mole X )  mixture  of  hexane and decane 
w a s  used as t h e  oil. The s l i m  tube  was f i r s t  s a t u r a t e d  with f r e s h  
water, and t h e  water was then d i sp laced  wi th  t h e  o i l .  Res idua l  water 
s a t u r a t i o n  was about 21 percent  . 

R e s u l t s  from s e v e r a l  d i sp lacements  a t  d i f f e r e n t  p re s su res  are shown 
i n  Figure 3-9 where u l t i m a t e  r ecove r i e s  are p l o t t e d  ve r sus  displacement  
pressure .  Also, shown on t h e  p l o t  are r e s u l t s  f o r  t h e  same hydrocarbon 
system i n  t h e  absence of water. These l a t t e r  d a t a  p o i n t s  are t h e  same 
as those  g iven  i n  F igure  3-5. As seen ,  t h e  immobile water phase had 
n e g l i g i b l e  e f f e c t  on f r a c t i o n a l  recovery,  t h e r e f o r e ,  t h e  m i s c i b i l i t y  
p re s su re  i n  t h e  presence of water was t h e  same as t h a t  prev ious ly  
obtained without . This i s  c o n s i s t e n t  with r e s u l t s  d i scussed  i n  
Chapter 2. Ezekwy'tzs shown t h a t  t h e  r o l e  of  water b a s i c a l l y  is t o  
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remove CO2 from t h e  system and, once t h i s  i s  accounte 
hydrocarbon phase behavior  i s  e s s e n t i a l l y  unchanged. 

f o r ,  t h e  C02= 

During t h e  sl im-tube experiments ,  o i l  recovery was monitored as a 
func t ion  of t h e  amount of CO2 i n j e c t e d .  These recovery curves were 
a f f e c t e d  by t h e  presence of  water as  shown i n  F igure  3-10. This f i g u r e  
shows recovery versus  COz i n j e c t i o n  €or  two displacements  conducted a t  
t h e  same p res su re ,  one i n  t h e  presence of  water and t h e  o t h e r  wi th  no 
water. Recovery is delayed by t h e  presence of water even though 
u l t i m a t e  r ecove r i e s  a r e  e s s e n t i a l l y  equal.  The recovery d e l a y  i s  
probably due t o  abso rp t ion  of C 0 2  i n t o  the  water with corresponding 
r educ t ion  of  C02 volume. 

3.6 R e s u l t s  o f  Displacements w i th  Carbon Dioxide and Crude O i l s  

A number of  s tock-tank crude-oi l  samples were obta ined  from 
r e s e r v o i r s  l oca t ed  i n  t h e  Cen t ra l  Kansas u p l l f t  area of Kansas. The 
r e s e r v o i r s  are a t  a depth  of about 3000 f t  with temperatures  on t h e  
o r d e r  of 105" t o  110°F. Crude o i l s  t e s t e d  had API g r a v i t i e s  ranging 
from about 34" t o  39" and v i s c o s i t i e s  (25°C) from 25 c p  t o  6 cp. S ince  
t h e  samples were s tock-tank samples ,  t hey  were r e l a t i v e l y  dead o i l s .  
However, the  r e s e r v o i r s  are producing a t  very low gas-o i l  ratios and the 
samples are probably reasonably r e p r e s e n t a t i v e  of t h e  c rude  oils a t  
r e s e r v o i r  cond i t ions .  

Slim-tube experiments  t o  determine m i s c i b i l i t y  p r e s s u r e s  were 
conducted with a number of t h e  crude oils a t  t h e  i n d i v i d u a l  r e s e r v o i r  
temperatures .  Typica l  r e s u l t s  a r e  presented  in what fol lows.  
Experiments were a l s o  conducted wi th  one crude o i l  a t  d i f f e r e n t  
temperatures .  In ano the r  se t  of d i sp lacements ,  t h e  e f f e c t  of  adding 
s m a l l  amounts of low molecular-weight hydrocarbons t o  t h e  c rude  oil was 
examined. 

3.6.1 
Resu l t s  f o r  c rude  o i l s  from t h e  Johanning and Abernathy leases are 

shown i n  F igu res  3-11 and 3-12 where u l t i m a t e  recovery is p l o t t e d  as a 
func t ion  of displacement  pressure .  Johanning o i l  has  a g r a v i t y  of 
36.8"API, and t h e  Abernathy oil g r a v i t y  is 34.6"API. The m i s c i b i l i t y  
pressures  were determined t o  be approximately 1230 p s i a  and 1600 p s i a  
r e s p e c t i v e l y .  

R e s u l t s  o f  M i s c i b i l i t y  P r e s s u r e  Determinat ions 

The r e s u l t s  g iven  i n  F igures  3-11 and 3-12 are typ ica l .  Measured 
m i s c i b i l i t y  p re s su res  f o r  s e v e r a l  c rudes  are l i s t e d  in Table 3-1 and 
a d d i t i o n a l  sl im-tube r e s u l t s  are g iven  i n  Appendix B. 

3.6.2 E f f e c t  of Temperature on M i s c i b i l i t y  Pressure  
Slim-tube d isp lacements  were run a t  d i f f e r e n t  tempera tures  f o r  two 

of t h e  crude oils. Data f o r  one of t h e s e ,  t h e  Johanning lease crude oil 
are  g iven  i n  F igure  3-13. As expected, m i s c i b i l i t y  p re s su re  i n c r e a s e s  
with temperature  and f o r  t h i s  o i l  t h e  i n c r e a s e  i s  about 20-25 p s i  per  O F  

i n c r e a s e  in temperature .  
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Table 3-1 Q 

Leasehell 
Name 

Johanning B#l 
Abernathy #I 
Seevers #4-2 
Newcombe A#2 
Olson B#4 
Alber t  son 
Olson B#6 
Newcome 14 
Olive Waterflood 
#1 Dieter* 
81 Lofgren* 
Bishop #2* 

Measured M i s c i b i l i t y  Pressures  
Crude O i l s  - S t a t e  of Kansas 

Formation 

Lansing-KC 
M a r m a  t on 
Lansing-KC 
Lans ing-KC 
Lansing-KC 
Lansing-KC 
Gorham Sand 
Tarkio 
Lansing-KC 
Ma quoka t a 
Maquoka ta 
MMSP 

OAPI 

36.8 
34.6 
30.1 

37.8 
37.0 
34.5 
36.1 
39.5 
35.1 
37.5 
34.4 

27.5 

Temperature 
OF 

102 
126 
105 
105 
105 
110 
105 
105 
105 
105 
105 
105 

Mini mum 
M i s c i b i l i t y  

Pressure  

1230 
1600 

above 2400 
above 2600 

1230 
1260 
1500 
1250 
1160 

above 2200 
1260 

above 2200 

* Sal ina  Basin 

Other samples from C e n t r a l  Kansas U p l i f t  

42 
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3.6.3 

Two sets of slinrtube experiments were made fn which low molecular 
weight hydrocarbons were added to the crude oil. The Abernathy lease 
crude previously discussed (Figure 3-12) was modified in composition by 
the addition of 10 volume percent hexane. The result was to reduce 
significantly the miscibility pressure, as presented in Figure 3-14. 
The miscibility pressure decreased by approximately 200 psi. A similar 
result was obtained by saturating the Olson lease crude with butane. 
This is shown in Figure 3-15. The trends in the data are consistant 
with miscibility pressure cor lations which have been presented in the 
literature (Holm and Josendal") . 

Effect of Addition of Light Hydrocarbons to Crude Oil on 
Miscibility Pressure 
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CHAPTER 4 

APPLICATION OF PSEUDO-TERNARY DIAGRAMS FOR THE PREDICTION OF 
DISPLACEMENT PERFORMANCE 

4.1 I n t r o d u c t i o n  

Ternary and pseudo-ternary diagrams have been used f o r  t h e  purpose 
of i l l u s t r a t i n g  concep tua l ly  t h e  manner i n  which dynamic m i s c i b i l i t y  is 
achieved i n  a d isp lacement  process .  For a t r u e  t e r n a r y  system, such as 
C02-butane-decane, phase behavior  is descr ibed  r i g o r o u s l y  on a t e r n a r y  
diagram. For a g iven  "oil", c o n s i s t i n g  of s p e c i f i e d  mole f r a c t i o n s  of 
butane and decane, t h e  m i s c i b i l i t y  p re s su re  can be determined from cal- 
c u l a t e d  t e r n a r y  diagrams. 

S ince  c rude  oils are composed of n m e r o u s  hydrocarbons,  t h e  
a p p l i c a t i o n  of t e r n a r y  diagrams f o r  phase-behavior d e s c r i p t i o n  is no t  
r i g o r o u s  and can be viewed a t  bes t  as an empi r i ca l  or semi-empirical  
approach. Even so, t h i s  a p  oach has found u t i l i t y  f o r  phase-behavior 
c a l c u l a t i o n s  ( O r r ,  e t  al.Pd, f o r  systems o t h e r  than  t r u e  t e r n a r y  
s y s  t e m s  . 

For t h e  work r epor t ed  i n  t h i s  chap te r ,  t h e  approach taken  was t o  
apply  pseudo-ternary diagrams f o r  t h e  purpose of p r e d i c t i n g  dynamic 
m i s c i b l e  displacement  performance of C02-crude o i l  systems. The s t e p s  
involved i n  t h e  c a l c u l a t i o n a l  procedure were t h e  fol lowing:  

Charac t e r i ze  t h e  c rude  oil us ing  ASTM D-86 o r  t rue-boi l ing-  
po in t  d i s t i l l a t i o n .  

Apply e m p i r i c a l  c o r r e l a t i o n s  t o  t h e  d i s t i l l a t i o n  d a t a  t o  o b t a i n  
a d i s t r i b u t i o n  of pseudo-hydrocarbon components. 

Apply empi r i ca l  c o r r e l a t i o n s  t o  t h e  pseudo-hydrocarbon 
components t o  c a l c u l a t e  phys i ca l  p r o p e r t i e s .  

Use t h e  SRK equa t ion  of  state w i t h  t h e  des igna ted  components 
and phys ica l  p r o p e r t i e s  t o  c a l c u l a t e  phase behavior .  This 
r e q u i r e s  e s t i m a t i o n  of t h e  i n t e r a c t i o n  c o e f f i c i e n t s  f o r  t h e  SRK 
equa t ion  of state. 

Lump t h e  hydrocarbon components t o g e t h e r  i n  a s p e c i f i e d  manner 
to form two pseudo components. U s e  t h e s e  pseudo components as 
t h e  b a s i s  f o r  d i s p l a y  of t h e  phase behavior  on t e r n a r y  diagrams 
a t  f i x e d  temperatures  and p res su res .  

Use t h e  pseudo-ternary diagrams t o  determine minimum 
m i s c i b i l i t y  p r e s s u r e  (MMP) a t  f i x e d  o i l  composition, o r  maximum 
m i s c i b i l i t y  composi t ion (MMC) of f i x e d  pressure .  

As a supplement t o  s t e p  ( f ) ,  app ly  t h e  pseudo-ternary diagrams 
i n  con junc t ion  wi th  t h e  mathematical  s imula t ion  desc r ibed  in  
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Chapter 5 to predict displacement performance. 

In what follows in this chapter, the utility of ternary diagrams is 
illustrated by application to two true ternary systems for which phase 
behavior and slim-tube experimental data were taken in this project. 
The use of pseudo-ternary diagrams for miscibility prediction is then 
shown for two crude-oil systems described in the literature. For these 
systems, crude-oil compositions were specified and estimation from 
distillation curves was not required. Finally, the complete method, 
based on distillation curves, is applied to three crude oils from the 
State of Kansas. Results were compared to miscibility pressures 
determined from the slim-tube apparatus described in Chapter 3.  

The approach is shown to be encouraging but not totally 
successful. Interaction coefficients for the SRK equation of state that 
are required to predict correctly the miscibility pressure for crude 
oils are not consistent with those obtained from the phase-behavior 
study described in Chapter 2. Further, a single set of interaction 
coefficients could not be found that would correctly predict the 
miscibility pressure for the five crude oils tested. That is, some 
adjustment of interaction coefficients for low carbon number 
hydrocarbons was necessary between the different crude oils in order to 
correctly predict miscibility pressure as measured in a slim-tube 
apparatus. 

4.2 Application of Ternary Diagrams to Ternary Systems 

4.2.1 Experimental Data 
Phase-behavior, bubble-point pressure measurements were made on 

ternary systems consisting of C02-n-butane-n-decane, C02-n-hutane-n- 
butylcyclohexane and C02-n-butane-n-butylbenzene as described in Chapter 
2. A temperature of 160'F and a pressure of about 1400 psia were 
used. The data were used in regression analyses to calculate 
interaction coefficients from the SRK equation of state (Table 2-5). 
This equation was used, in turn, to calculate phase behavior for display 
on ternary diagrams and to calculate minimum miscibility pressure (MMP) 
or maximum miscibility composition (MMC). 

4.2.2 Prediction of Miscibility Conditions 
As shown in Table 2-6, the MMC for ternary systems in which the C10 

component is n-decane or n-butylbenzene was determined to be about 21- 
23% (molar) of the Clo component at 160'F and 1400 psia, Calculated 
ternary diagrams for these two systems at the specified temperature and 
pressures of 1300 and 1400 psia are shown as Figures 4-1 through 4-4 .  
These were based on the interaction coefficient set of regression 11 in 
Table 2-5. The MMC values were determined by extrapolation of the 
limiting tie line, i.e, the tangent to the binodal curve at the critical 
point. This is done using a rou ine in the computer program which 
calculates the ternary diagram (Daub ). 5 

The same two ternary systems were used for measurement of 
miscibility pressures in the slim-tube apparatus. The data from these 
runs are shown in Figures 3-7 and 3-8.  llOil'l composition for both 
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50% 
50% n-DECANE 

FIGURE 4 - 2 :  Calculated Ternary Diagram f o r  COZ-Butane-Decane 
(P = 1400 psia, T - 160OF) 



100% c02 

50% 
50% 

FIGURE 4 - 3 :  C a l c u l a t e d  T e r n a r y  ]Diagram f o r  C O  -Butane-  
B u t y l b e n z e n e  (P = 1300 p s l a ,  T = f 6 O " F )  
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100% co2 

50% 
50% 

FIGURE 4-4: C a l c u l a t e d  T e r n a r y  D i a g r a m  f o r  CO - B u t a n e -  
B u t y l b e n z e n e  ( P  = 1400  p s i a ,  T = f 6 O o F )  
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systems was 18 mole percent  of  t h e  Clo component. F r a c t i o n a l  r ecove r i e s  
p l o t t e d  are r ecove r i e s  a t  breakthrough of t h e  C02-rich gas  Phase- The 
>IMP of t h e  n-decane system appears  t o  be approximately 1450 p s i a  whi le  
t h e  MMP of t h e  n-butylbenzene system i s  about 1300 ps i a .  

The agreement between t h e  ca lcu la . ted  and measured MMP values  f o r  
t h e  n-butylbenzene system is q u i t e  good. Ternary diagrams f o r  t h i s  
system a t  p r e s s u r e s  of 1300 p s i a  and 1400 p s i a  are  presented  as Figures  
4-3 and 4-4. From examination of t h e  p l o t s  i t  is  seen t h a t  t h e  MMP 
should be between 1300 and 1400 ps i a .  A similar agreement is seen  f o r  
t h e  n-decane system. Ex t rapo la t ion  of t h e  l i m i t i n g  t i e  l i n e  of F igure  
4-2, a t  1400 p s i ,  i n d i c a t e s  t h a t  t h e  MMC (21%) i s  j u s t  s l i g h t l y  h igher  
than t h e  18 mole percent  n-decane and t h e r e f o r e  t h e  p red ic t ed  M M P  va lue  
i s  s l i g h t l y  less than  1400 ps ia .  I n  both cases, p red ic t ed  MEiP va lues  
are wi th in  100 p s i  of those  measured wi th  t h e  s l L m  tube.  

4.3 Appl ica t ion  of  Pseudo-Ternary Diagrams t o  Crude Oil Systems- 
L i t e r a t u r e  Data 

4.3.1 L i t e r a t u r e  Data 
The l i t e r a t u r e  was searched f o r  c rude-o i l  systems f o r  which both 

composition d a t a  and MMP va lues  were a v a i l a b l e .  Two systems were 
s e l 5 f t e d  f o r  s tudy.  These were t h e  Maljamar s tock-tank o i l  r epor t ed  by 
Or r a2$ t h e  West Texas stock-tank o i l  descr ibed  by Y e l l i g  and 
Metca l fe  . For both systems, composi t ions and MMP values  from s l i m -  
tube tests were repor ted .  Add i t iona l ly ,  t h e  bubble-point p re s su re  curve 
a t  r e s e r v o i r  temperature  was r epor t ed  f o r  t h e  Maljamar crude. S ince  
compositions of t h e  o i l s  were r epor t ed ,  s t e p s  (i) and (ii) of t h e  calcu-  
l a t i o n a l  procedure o u t l i n e d  i n  Sec t ion  4.1 were omit ted.  

4.3.2 Charac t e r i za t ion  of L i t e r a t u r e  O i l s  
The composi t ions of t h e  Maljamar and West Texas s tock-tank oils 

were expressed i n  mole percent  by s i n g l e  carbon number from Cg-C40. 
These o i l s  had been analyzed by gas  chromatographic d i s t i l l a t i o n .  The 
d i s t i l l a t i o n  curves were then converted t o  s i n g l e  carbon number mole 
f r a c t i o n s  us ing  e s t ima ted  molecular  weights  and b o i l i n g  ranges.  

To ch a c t e r i z e  t h e s e  o i l s ,  C5 was r ep resen ted  by t h e  p r o p e r t i e s  of 
Components Cg'c40 were r ep resen ted  by t h  s i n g l e  carbon n-pentane 

number genera l ized  p r o p e r t i e s  of Katz and Firoozabadi  ," subsequent ly  
modif ied by Whitson. 4 2  The Watson C h a r a c t e r i z a t i o n  Fac to r ,  %, of  t h e  
"genera l ized"  o i l  i s  approximately 11.9 which i s  reasonably  c l o s e  t o  t h e  
\ ' s  of t h e  l i t e r a t u r e  o i l s  (11.6 - '11.7). Table  C-1 (Appendix C) 
summarizes t h e  Katz-Firoozabadi-Whitson (KFW) p r o p e r t i e s  en te red  i n  t h e  
phase-behavior c a l c u l a t i o n .  Katz2O p rov ides  boi l ing-poin t  ranges  and 
average b o i l i n g  poin t  and W h i t ~ o n ~ ~  provides  t h e  s p e c i f i c  g r a v i t y  and 
molecular  weight. 

45 

The Lee-Kesler c r i t i ca l  p rope r ty  c o r r e l a t i o n s  were s e l e c t e d  based 
on Whitson' s42 recommendations. The Lee-Kesler equat ions  were u t i l i z e d  
t o  c a l c u l a t e  c r i t i c a l  temperature ,  c r i t i c a l  p re s su re  and a c c e n t r i c  
f a c t o r  f o r  each s i n g l e  carbon number. 'Th se r e s u l t s  are given i n  Table 
C-2. Addi t iona l  d e t a i l s  are g iven  by Daub . 5 
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4.3.3 

The f i  t system i n v e s t i g a t e d  was t h e  Maljamar crude desc r ibed  by 
O r r ,  e t  a l .  H i s  s i n g l e  carbon number a n a l y s i s  is  l i s t e d  i n  Table 
4.1. Approximate weight and volume f r a c t i o n s  were determined based on 
t h e  KFW p r o p e r t i e s .  The C37+ f r a c t i o n  was assigned t h e  p r o p e r t i e s  of 
C40. The c a l c u l a t e d  molecular weight of 178.1 i s  somewhat lower than 
t h e  experimental  va lue  of 183.7. E i t h e r  t h e  KFW C40 molecular weight i s  
t o o  low o r  t h e  C3,+ f r a c t i o n  should be a s s igned  a h ighe r  carbon number, 
f o r  example C45. This minor discrepancy was deemed i n s i g n i f i c a n t .  The 
Watson C h a r a c t e r i z a t i o n  Fac to r  was es t ima ted  a t  11.6 based on molecular 
weight and s p e c i f i c  g r a v i t y .  

App l i ca t ion  o f  Phase Behavior C a l c u l a t i o n s  t o  t h e  Maljamar 
Crude-Oil 

5? 

Slim-tube recovery d a t a  were a l s o  avai lak&? on t h i s  system a t  90°F 
and four  p re s su res  ranging from 800-1400 p s i a .  By d e f i n i n g  t h e  MMP as  
t h e  i n t e r s e c t i o n  of t h e  immiscible and m i s c i b l e  recovery s l o p e s ,  t h e  
experimental  MMP w a s  e s t ima ted  t o  be 1050 p s i a  a t  90'F. 

Add i t iona l ly ,  Orr, e t  ale3' provided an  exy2rimental  bubble-point 
p re s su re  curve a t  90'F. Grabowskl and Daubert ,15 recommended t h a t  
i n t e r a c t i o n  c o e f f i c i e n t s  f o r  t h e  equa t ion  of s t a t e  be r eg res sed  from 
bubble-point p r e s s u r e  d a t a .  Therefore  i t  seemed reasonable  t o  tes t h e  

k4,15 u t i l i t y  of the c o r r e l a t i o n s  of Ezekwe" and Grabowski and Daubert 
using t h e  bubble-point p re s su re  d a t a .  The c o r r e l a t i o n  of Ezweke w a s  
d i scussed  i n  Chapter 2. I n t e r a c t i o n  c o e f f i c i e n t s  from t h e + c o r r e l a t i o n s  
were e x t r a p o l a t e d  f o r  carbon numbers Cl0 t o  C 2 ~ .  Also C25 components 
were assigned t o  C25. 

I n t e r a c t i o n  c o e f f i c i e n t s  p r e d i c t e d  with t h e  c o r r e l a t i o n s  are shown 
i n  Table 4-2 along with s o l u b i l i t y  parameters.  Figure 4.5 shows t h e  
c a l c u l a t e d  bubble-point p r e s s u r e  r e s u l t s  w i th  t h e  two c o r r e l a t i o n s  
compared t o  the  experimental  curvei4 l&t low C 0 2  c o n c e n t r a t i o n s ,  t h e  
Grabowski and Lbubert c o r r e l a t i o n  9 prov ides  a c c e p t a b l e  r e s u l t s .  
However, above 40 mole percent  C 0 2  t h i s  c o r r e l a t i o n  c o n s i s t e n t  
u n d e r p r e d i c t s  t h e  C02 s o l u b i l i t y .  Conversely,  t h e  Ezekwe c o r r e l a t i o n  
c o n s i s t e n t l y  o v e r p r e d i c t s  C 0 2  s o l u b i l i t y  over t h e  e n t i r e  c o n c e n t r a t i o n  
range. 

13 
Seemingly, n e i t h e r  c o r r e l a t i o n  i s  e n t i r e l y  accep tab le .  

Since n e i t h e r  c o r r e l a t i o n  produced a c c e p t a b l e  r e s u l t s ,  t h e  nex t  
s t e p  was t o  estimate a set of i n t e r a c t i o n  c o e f f i c i e n t s  i n  an a t t empt  t o  
develop a b e t t e r  f i t  t o  t h e  experimental  bubble-point p r e s s u r e  curve.  
I n i t i a l l y ,  t h e  i n t e r a c t i o n  c o e f f i c i e n t s  were a s s m e d  t o  be c o n s t a n t  f o r  
a l l  carbon numbers. As seen i n  Figure 4.6, u se  of a c o n s t a n t  
i n t e r a c t i o n  parameter of 0.120 bounds t h e  experimental  curve on t h e  
l e f t .  L i k e w i s e ,  a va lue  of 0.100 bounds t h e  experimental  curve on t h e  
r i g h t  while  a c o n s t a n t  va lue  of 0.108 does a good job  of matching t h e  
bubble-point p r e s s u r e  curve i n  t h e  r e g i o n  of developing m i s c i b i l i t y .  

As a second guess ,  i t  was assumed t h a t  i n t e r a c t i o n  c o e f f i c i e n t s  
increase with carbon number. For s i m p l i c i t y ,  t h e  i n t e r a c t i o n  c o e f f i -  
c i e n t s  were as s igned  t o  s i n g l e  carbon numbers i n  a l i n e a r  manner. The 
CZ5 va lue  was  set a t  0.130. The C5 va lue  was then  a s s igned  f o r  example, 
a t  .070. The o t h e r  carbon numbers were set a t  v a l u e s  i n  between t h e s e  
l i m i t s  us ing l i n e a r  i n t e r p o l a t i o n .  The set of i n t e r a c t i o n  c o e f f i c i e n t s  
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'1 

I 

SCN 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

- 

37+ 

31 TABLE 4.1 - Reported Composition of Maljamar Crude Oil 

- M/F CUM.M/F - W/F CUM.W/F .- V/F CUM.V/F - WT - VOL 

.0390 

.0937 
-1027 
.1354 
.1191 
.0750 
.0559 
-0432 
.0393 
.0329 
.0273 
.0226 
.0223 
.0134 
.0107 
.0136 
.0110 
.0077 
.0096 
.00988 
.0068 
-0038 
.0059 
.0038 
.0040 
.0040 
.0040 
.0040 
-0013 
.0014 
.0014 
.0014 
.0750 

-0390 
.1327 
.2354 
.3708 
.4899 
,5649 
.6208 
.6640 
-7033 
.7362 
.7635 
.7861 
.8084 
.8218 
.8325 
.8461 
.8571 
.8648 
-8744 
-8832 
.8900 
.8938 
.8997 
.9035 
.9075 
.9115 
.9155 
.9195 
.9208 
.9222 
-9236 
.9250 

1.0000 

.016 

.044 

.055 

.081 

.081 
-056 
.046 
.039 
.039 
.035 
-032 
.028 
.030 
-019 
.016 
.021 
-018 
.013 
.017 
.016 
.013 
.007 
.0121 
.008 
0009 
.009 
.009 
.009 
-003 
-003 
.004 
-004 
.208 

.016 

.060 
-115 
.196 
-277 
.333 
-380 
,419 
,457 
.492 
-524 
.552 
.582 
.601 
-617 
.638 
.656 
.669 
.686 
.702 
-715 
.722 
.734 
.742 
.751 
.760 
.769 
.778 
.781 
.784 
.788 
.792 
1.000 

.021 
-053 
.063 
.089 
.087 . 059 
.048 
.040 
-039 
-1035 
.io31 
.lo28 
.lo29 
A18 
,1015 
.020 
.I317 
.812 
.016 
.015 
.012 
.607 
.011 
.007 
.008 
.008 
.008 
,008 
.003 
.003 
.003 
.003 
.I184 

.021 

.074 

.174 

.226 

.313 

.372 

.420 

.460 

.499 

.534 

.565 

.593 

.622 

.640 

.655 

.675 

.692 

.704 

.720 
0735 
.747 
0754 
.765 
.772 
.780 
.788 
.796 
.804 
-807 
.810 
.813 
.816 
1.000 

2.82 
7 -87 
9.86 
14.49 
14.41 
10.05 
8.22 
6.96 
6.88 
6.25 
5.62 
5.02 
5.29 
3.36 
2.81 
3.74 
3.20 
2.31 
3.00 
2.85 
2.29 
1.33 
2.12 
1.41 
1.53 
1.58 
1.62 
1.66 
0.55 
0.61 
0.62 
0./64 
37.13 

4.46 
11.41 
13.56 
19.34 
18.76 
12.85 
10.36 
8.65 
8.44 
7.57 
6.73 
5 095 
6.21 
3.93 
3.27 
4.32 
3.68 
2.64 
3.40 
3.22 
2.58 
1.49 
2.37 
1.57 
1.69 
1.75 
1.78 
1.82 
0.61 
0.67 
0.68 
0.69 
39.88 

178.1 216.3 

MW = 183.7 SG = .835 \ = 11.6 

SCN = Single Carbon number MW = Molecular Weight 
M/F = Mole fraction SG = Specific Gravity 

W/F = Weight fraction \ = Watson Characterization Factor 
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SCN 

5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
1 7  
18 
1 9  
20 
2 1  
22 
23 
24 
25 

- 

TABLE 4.2 - Predic ted  I n t e r a c t i o n  C o e f f i c i e n t s  

6 H/C* 

7.02 
7.52 
7.68 
7.78 
7.85 
7.92 
7.97 
8.02 
8.06 
8.10 
8.14 
8.16 
8.20 
8.22 
8.24 
8.26 
8.28 
8.30 
8.34 
8.38 
8.42 

K14(G ti D) - 
,132 
.138 
.139 
.139 
-139 
.139 
.138 
.138 
.137 
.137 
-136 
.136 
-135 
-135 
.134 
-134 
.133 
.133 
.132 
,131 
-130 

K (JE) + 
.130 
.124 
.120 
.116 
.113 
. l l O  
.107 
.103 
e100 
.097 
.094 
-092 
e089 
.087 
.084 
-082 
.080 
-078 
-075 
.073 
.070 

* Obtained from Figure 8B1.6 - API DATA BOOK3 

2 
G & D C o r r e l a t i o n  Ki j  .1294+.0292 I kc-6c0 I -.0222 [%c-6c02) 

2 

JE C o r r e l a t i o n  LOG K i j  31 -e8849 - e2145 * W l ~ c ( $ ~ c - k o ~ )  

6 = S o l u b i l i t y  Parameter (cal/cc?2 ; kO2 = 7.12 

SCN = Single  carbon number 

14,15 G & D = Grabowski and Daubert c o r r e l a t i o n  

1 2  J E  = Ezekwe c o r r e l a t i o n  
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FIGURE 4-5: Comparison of Experimental and Calculated Bubble-Point 
Pressures, Maljamar O i l ,  9O’F: 
Interaction Coeff ic ients  (IT) 
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FIGURE 4-6 :  Comparison of Experimental and Calculated Bubble-Point 
Pressures, Maljamar O i l ,  90'F: Use of Constant Inter-  
act ion Coeff ic ients  (IP) * 
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i s  r e f e r r e d  t o  as an  I P  range form .07 to  .13, o r  j u s t  7-13 f o r  sho r t .  
Table 4.3 l is ts  fou r  I P  ranges from 11-13 t o  5-13. As befo re ,  t h e  c26+ 
f r a c t i o n  is ass igned  t h e  va lue  f o r  C;!5. The fou r  I P  ranges  were 
u t i l i z e d  t o  c a l c u l a t e  bubble-point presmures f o r  t h e  Maljamar crude.  
F igure  4.7 compares t h e  p red ic t ed  curves  wi th  t h e  experimental  curve. 
The experimental  curve is  bounded on t h e  l e f t  by t h e  9-13 range and on 
t h e  r i g h t  by t h e  5-13 range,  whi le  t h e  7-13 range f i t s  t h e  curve  b e s t  i n  
t h e  r eg ion  of developing m i s c i b i l i t y .  

Next, t h e  assumed sets of i n t e r a c t i o n  c o e f f i c i e n t s  were used t o  
p r e d i c t  t h e  m i s c i b i l i t y  p re s su re  a t  90°F. The l i g h t  and heavy f r a c t i o n s  
of t h e  c rude  were s p l i t  a t  C5-C12 and C13+ t o  form two pseudo 
components. This corresponds t o  a volume f r a c t i o n  of t h e  heavy pseudo 
component of 0.54 and a composition of  0.336 mole f r a c t i o n .  

The cons t an t  i n t e r a c t i o n  c o e f f i c i e n t  set of 0.108 was used t o  
gene ra t e  a pseudo-ternary diagram a t  a series of  p re s su res  from 800 p s i a  
t o  2200 p s i a  ( a t  a temperature  of 90°F). A t  a p re s su re  of 1100 p s i a ,  
t h e  e x t r a p o l a t e d  MMC w a s  0.183, w e l l  below t h e  composition of  t h e  heavy 
pseudo component. A t  2200 ps i a ,  t h e  pseudo-ternary diagram s t i l l  d i d  
n o t  p r e d i c t  m i s c i b i l i t y  f o r  t h e  c rude  o i l .  The conclus ion  w a s  t h a t ,  
even though t h e  set of cons t an t  va lues  of 0.108 l ed  t o  p r e d i c t i o n  of a 
c o r r e c t  bubble-point p re s su re  curve,  t h e  m i s c i b i l i t y  p r e s s u r e  w a s  no t  
c o r r e c t l y  pred ic ted .  Therefore ,  t h e  use of a set of cons t an t  i n t e r -  
a c t i o n  parameters  was assumed not  t o  be  v a l i d .  

The 7-13 I P  range was next  u t i l i z e d  t o  gene ra t e  a series of pseudo- 
t e r n a r y  diagrams a t  90°F and 800, 1000, 1050, 1100, and 1400 ps ia .  
Se lec ted  p l o t s  are shown i n  F igures ,  4-8 t o  4-11. A t  800 p s i a ,  t h e  
p red ic t ed  C 0 2  s o l u b i l i t y  i n  t h e  l i g h t  hydrocarbon f r a c t i o n  i s  73 mole % 
(F igure  4-8). A t  1000 p s i a ,  t h e  l i g h t  hydrocarbon f r a c t i o n  w a s  c l o s e  t o  
f i r s t  con tac t  m i s c i b i l i t y  wi th  C02. A t  1050 p s i a ,  t h e  phase-behavior 
d e s c r i p t i o n  changes s i g n i f i c a n t l y  as C02 begins  t o  e f f e c t i v e l y  extract  
hydrocarbons (F igu re  4.9). And a t  1050 p s i a ,  a misc ib l e  c o n d i t i o n  i s  
predic ted  with a c a l c u l a t e d  MMC of .370 compared t o  t h e  o r i g i n a l  oil 
composition of 0.336 mole fraction of heavy component. At 1100 psia, 
t he  MMC i n c r e a s e s  only s l i g h t l y  t o  .378 (F igure  4-10). F i n a l l y ,  t h e  
s € z e  of  t h e  phase envelope a t  1400 p s i a  moderately dec reases  from t h a t  
a t  1100 p s i a  (F igure  4-11). This series of diagrams does q u a l i t a t i v e l y  
e x p l a i n  t h e  onse t  of  dynamic m i s c i b i l i t y .  The 7-13 I P  range both  
matches t h e  bubble-point p re s su re  curve and p r e d i c t s  t h e  exper imenta l  
MllP of 1050 ps ia .  It w a s  concluded t h a t  i n t e r a c t i o n  c o e f f i c i e n t s  which 
va r i ed  l i n e a r l y  wi th  carbon number could be app l i ed  t o  p r e d i c t  c o r r e c t l y  
t h e  o n s e t  of  dynamic m i s c i b i l i t y .  

It was noted t h a t  under some c o n d i t i o n s  a d i s c o n t i n u i t y  appeared i n  
t h e  pseudo-ternary diagram as shown i n  F igure  4-9. The rea n f o r  t h i s  
d i s c o n t i n u i t y  is no t  understood. It is known (Orr, e t  a1.'@) t h a t  t h e  
Maljamar oil-CO2 system forms t h r e e  phases a t  temperatures  less than  
about  120'F. It i s  p o s s i b l e  t h a t  t h i s ;  tendency is r e f l e c t e d  i n  t h e  
c a l c u l a t i o n ,  caus ing  t h e  d i s c o n t i n u i t y .  I n  any event ,  t h e  d i s c o n t i n u i t y  
d isappeared  a t  1100 p s i a  and d i d  no t  s i g n i f i c a n t l y  a f f e c t  t h e  p r e d i c t i o n  
of t h e  MMP. The a lgor i thm d i d  converge i n  t h e  r eg ion  of t h e  
d i s c o n t i n u i t y .  The e f f e c t  of  t h e  appearance of a t h i r d  phase on t h e  
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TABLE 4.3 - Interaction Coefficient( IP) Ranges 
Utilized to Match Maljamar Crude 

Bubble-Point Pressure Curve 

IP RANGES 

SCN .11-.13 
(11-13 

- 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

.110 

.111 

.112 

.113 

.114 

.115 

.116 

.117 

.118 

.119 

.120 

.121 

.122 

.123 

.124 
,125 
.126 
.127 
.128 
.129 
.130 

2 6' .130 

.09- .13 .07- .13 
(9-13) (7-13) 

.090 

.092 

.094 

.096 

.098 

.loo 

.lo2 

.lo4 

.lo6 

.lo8 

.110 

.112 

.114 

.116 

.118 

.120 

.122 

.124 

.126 

.128 

.130 

.070 

.073 

.076 

.079 

.082 

.085 

.088 

.091 

.094 

.097 

.loo 

.lo3 

.lo6 

.lo9 

.112 

.115 

.118 

.121 

.124 

.127 

.130 

.130 .130 

.05-.13 
(5-13) 

,050 
.054 
.058 
.062 
.066 
.070 
.074 
.078 
.082 
.086 
.090 
.094 
.098 
.102 
.106 
.110 
.114 
.118 
,122 
.126 
.130 

,130 

SCN = Single carbon number 

n 
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FIGURE 4-7 : Comparison of Experimental  and Calculated Bubble-Point 
P res su res ,  Maljamar O i l ,  90'F: Use of Linear  Range of 
I n t e r a c t i o n  C o e f f i c i e n t s  ( IP)  . 
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T=90 F 
P=800 PSlA 
IPS=.O7-. 1 3 
MMC=.000 
OOC=.336 

co, 

C13+ C5-Cl2 

FIGURE 4-8: Calculated Ternary Phase Diagram for Maljamar Oil 
(IP Range 7-13,  P = 800 psia) . 
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T=90 F 
P=1050 PSlA 
IPS=.O7-.13 
MMC=.370 
OOC=.336 

I I 1 I 1 1 - 1  
Q1 0.2 as OA ob W "  a7 Ob 0.5 

c13+ C5-Cl2 

FIGURE 4-9: Calculated Ternary Phase Diagram for  Maljamar O i l  
(IP Range 7-13, P = 1030 psia)  . 

63 



T=90 F 
P=l  100 PSlA 
IPS=,O7-.13 
MMC=.378 
OOC=.336 

co2 

c 1  3+ 

FIGURE 4-10: Calculated Ternary Phase Diagram f o r  Maljamar Oil 
( I P  Range 7-13, P = 1100 p s i a )  . 
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co- 
T=90 F 
P=1400 PSlA 
IPS=.O7-. 1 3 
MMC=.399 
OOC=.336 

Cl 
L------: ai w AJ a4 as 
3+ c5-c 12 

FIGURE 4-11: Calculated Ternary Phase Diagram for Maljamar O i l  
( I P  Range 7-13,  P = 1400 ps i i s ) .  
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m i s c i b i l i t y  behavior  was n o t  considered.  

The 5-13 and 9-13 IP ranges were both used t o  p r e d i c t  m i s c i b i l i t y  9 
pressure .  As expected t h e  5-13 range p red ic t ed  a lower m i s c i b i l i t y  
pressure  while t h e  9-13 range gave a MMP va lue  t h a t  w a s  much too  high. 

1 4 3 3  
As a f u r t h e r  check on t h e  uniqueness of t h e  7-13 IP range  

i n t e r a c t i o  c o e f f i c i e n t  se ts  p red ic t ed  by t h e  Grabowski and Daubert 
and Ezekwe” c o r r e l a t i o n s  were used t o  gene ra t e  pseudo-ternary diagrams 
and t o  p r e d i c t  m i s c i b i l i t y  pressure .  Nei ther  c o r r e l a t i o n  gave 
s a t i s f a c t o r y  r e s u l t s .  The Grabowski and Daubert c o r r e l a t i o n  y ie lded  a 
m i s c i b i l i t y  p re s su re  i n  excess  of 2200 p s i ,  t hus  it underpredic ted  C 0 2  
s o l u b i l i t y  and ove rp red ic t ed  m i s c i b i l i t y  pressure .  The Ezekwe 
c o r r e l a t i o n  gave a m i s c i b i l i t y  p re s su re  of 1550 ps i a .  This  c o r r e l a t i o n  
thus  overpredic ted  both C02 s o l u b i l i t y  and m i s c i b i l i t y  p re s su re ,  an  
apparent  i n c o n s i s t a n t  behavior .  

M i s c i b i l i t y  p r e s s u r e  d a t a  were a v a i l a b l e  f o r  t h i s  system only a t  a 
temperature  of 90°F. However, t h e  g e n e r a l  e f f e c t  of temperature  on MMP 
i s  known. The IP range of 7-13 \ a s  used t o  gene ra t e  a set of pseudo- 
t e rna ry  diagrams and p r e d i c t  t h e  MMP a t  120°F. A t  t h e  h igher  temper- 
a t u r e ,  t h e  c a l c u l a t e d  m i s c i b i l i t y  p r e s s u r e  was 1500 p s i a ,  corresponding 
t o  an inc rease  i n  m i s c i b t l i t y  p re s su re  of 15  p s i  per  OF i n c r e a s e  i n  
temperature .  This i s  c o n s i s t a n t  wi th  r e p o r t e d  l i t e r a t u r e  va lues .  

For t h e  c a l c u l a t i o n  procedure,  t h e  ques t ion  arises as t o  whether 
t h e  psuedo-component lumpings can be changed and s t i l l  produce an 
equ iva len t  r e s u l t .  To he lp  answer t h i s  ques t ion ,  t h r e e  d i f f e r e n t  l i g h t  
pseudo components were used: C5-C15, C5-C10, and C5-Cg. These f r a c t i o n s  
correspond to  l i g h t  pseudo component volume f r a c t i o n s  of ,565, .372, and 
.226 r e s p e c t i v e l y .  For t h e  7-13 IP range,  pseudo-ternary diagrams were 
generated a t  90°F and 1100 ps i a .  The r e s u l t i n g  graphs are shown i n  
F igu res  4-12 t o  4-14. As expected, t h e  shape of t h e  phase envelope 
changes with t h e  component lumpings. However, t h e  C5-C15 and C5-Cl0 
lumpings p r e d i c t  a m i s c i b l e  c o n d i t i o n  and t h e r e f o r e  produce e s s e n t i a l l y  
equ iva len t  r e s u l t s  t o  t h e  o r i g i n a l  choice  of  a l i g h t  pseudo component of  
C5-C120 The C5-C8 lumping g i v e s  an MMP va lue  s l i g h t l y  above 1100 
ps i a .  (The MMC a t  1100 p s i a  is  0.57 compared t o  an o i l  composition of 
0.63). The c a l c u l a t i o n s  appear  n o t  t o  be h igh ly  s e n s i t i v e  t o  spec i f i ca -  
t i o n  of t h e  pseudo components a t  t h e  c o n d i t i o n s  of t h i s  system. How- 
eve r ,  t h i s  r e s u l t  should be t e s t e d  over  a wider range of  c o n d i t i o n s  
before  i t  i s  gene ra l i zed .  

Another assumption t e s t e d  was t h e  r e p r e s e n t a t i o n  of  a l l  C 2 5 9  
components as C25 in t h e  s p e c i f i c a t i o n  of phys ica l  p r o p e r t i e s .  A 
c a l c u l a t i o n  w a s  made i n  which C25+ components were represented  by C35 
r a t h e r  than  C25. Phase behavior  or t h e  pseudo-ternary diagrams w a s  
e s s e n t i a l l y  unchanged as were p red ic t ed  va lues  of MMP. The use of C25 
t o  r ep resen t  C25+ components was thus  assumed t o  be v a l i d .  

4.3.4 App l i ca t ion  o f  Phase Behavior-Calculations t o  t h e  Y e l l i g  and 

The second l i t e r a t u r e  o i l  i n v  t i g a t e d  w a s  a West Texas s tock-tank 
o i l  s tud ied  by Y e l l i g  and Metca l fe  . Table 4-4 l ists  t h e  r epor t ed  o i l  

Metcalfe  West Texas O i l  

t3 
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T=90 F 
P=1100 PSlA 
IPS=.07-.13 
MMC=.274 
OOC=.236 

1 I I 
Q1 a4 as ---&-J 0.6 a7 0.9 w OJ 

I I 

C16+ C5-CI 5 

FIGURE 4-12: Calculated Ternary Phase Diagram f o r  Maljamar O i l :  
Pseudo Component Composition - Heavy Component C 
( I P  Range 7-13, P = 1100 p s i a ) .  

E f f e c t  of 

1 6' 
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T=90 F 
P=1100 PSlA 
IPS=.07-.13 
MM C= ,450 
OOC=.435 

c1 

FIGURE 4-13 : Calculated Ternary P h a s e  Diagram for  Malj amar O i l :  
Pseudo Component Composition - Heavy Component CI1+ 
( I P  Range 7-13, P = 1100 psia)  . 
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T=90 F 
P=1100 PSlA 
lPS=.O7-.13 
MMC=.569 
OOC=.629 

I 1 - 1  

0.1 0.2 QJ " a4 4 7  0 0  

e9 + C5-C.8 

FIGURE 4-14: Calculated Ternary Phase Diagram f o r  Maljamar O i l :  E f f e c t  of 
Pseudo Component Composition - Heavy Component C + 
( I P  Range 7-13, P = 1100 p s i a )  . 9 
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c ompo s i t ion. The C7 composi t ion i s  r e l a t i v e l y  high because an  
unspec i f ied  amount of n-heptane was added t o  t h e  o i l .  However, t h e r e  i s  
a problem wi th  t h e  a n a l y s i s  because t h e  c a l c u l a t e d  molecular  weight i s  
146.9 compared t o  t h e i r  repor ted  exper imenta l  molecular  weight of 201. 
The C25+ composition, 0.0285, i s  much lower than  t h a t  r epor t ed  f o r  t h e  
Maljamar o i l ,  .1168. 

4 4  Y e l l i g  was contac ted  and asked about  t h e  discrepancy . It was 
explained t h a t  t h e  a n a l y s i s  was obta ined  by gas  chrmatographic d i s t i l -  
l a t i o n .  The d i f f e r e n c e  was related t o  t h e  f a c t  t h a t  t h e  heavy f r a c t i o n  
was not  t o t a l l y  e l u t e d  from the  column and e s s e n t i a l l y  t h e  re o r t e d  
va lues  d id  not  i nc lude  a compensation for t h i s .  O r r ,  e t  al." d i d  
compensate f o r  t h i s  problem by c a l c u l a t i n g  a C37+ f r a c t i o n .  

Therefore ,  i t  became necessary t o  estimate t h e  t r u e  C25+ 
composition by c a l c u l a t i n g  a va lue  t h a t  matched t h e  exper imenta l  
molecular  weight.  The C25+ f r a c t i o n  was ass igned  a molecular  weight of 
560 and a s p e c i f i c  g r a v i t y  o f  .979. These are t h e  average v a l u e s  f o r  
t h e  t h r e e  Kansas o i l  r e s i d u e s  analyzed by Core Labs. (To be d i scussed  
l a t e r . )  A r ev i sed  composi t ional  a n a l y s i s  f o r  t h e  West Texas o i l  i s  
l i s t e d  i n  Table  4-5. Due t o  t h e  C7 a d d i t i o n ,  t h e  o i l  composi t ion i s  
similar t o  t h e  Maljamar crude.  The es t imated  C25+ a d j u s t e d  mole 
f r a c t i o n  i s  .145, cons iderably  h igher  t han  the o r i g i n a l  value. T h e  
es t imated of t h e  o i l  i s  11.7. 

t h i s  o i l  a t  t h r e e  d i f f e r e n t  tempera tures .  ' Y e l l i g  and Metca l f e  exper imenta l ly  d e t e  ined  t h e  sl im-tube MMP f o r  
Their  r e s u l t s  were as  

fol lows:  

T(F) 
95 

118 
150 

MMP(psia) 
1115 
1465 
1990 

The change of MMP wi th  temperature  betweeen 95 and 118°F is 15.2 psi / 'F  
and between 118 and 150°F i s  16.4 p s i / " F .  

The o b j e c t i v e  of t h e  c a l c u l a t i o n s  u s i n g  pseudo-ternary diagrams was 
t o  p r e d i c t  t h e  m i s c i b i l i t y  p r e s s u r e  a t  t h e  t h r e e  tempera tures .  The 
pseudo components were s p l i t  a t  Cg'c12 and C13+. This  cor responds  t o  a 
volume f r a c t i o n  of t h e  heavy component of 0. 8 and a mole f r a c t i o n  of 
t h e  heavy component of 0.346. For t h e  f l a s h  c a l c u l a t i o n s ,  t h e  C25f 
f r a c t i o n  was ass igned  t h e  p r o p e r t i e s  of  C 3 5 .  

Pseudo-ternary diagrams were genera ted  f o r  t h i s  crude a t  t h e  t h r e e  
experimental  t empera tures  us ing  t h e  7-13 I P  range. For each  
temperature ,  diagrams were c a l c u l a t e d  a t  several p re s su res  t o  de te rmine  
t h e  MMP. The diagram a t  t h e  p red ic t ed  m i s c i b i l i t y  p r e s s u r e  of 1150 p s i a  
a t  95°F is shown i n  F igu re  4-15. This compares w e l l  wi th  t h e  measured 
va lue  f o r  t h e  slim-tube of 1115 ps ia .  

A t  t h e  two h ighe r  temperatures  of 118°F and 150'F however, t h e  
p red ic t ed  m i s c i b i l i t y  p r e s s u r e s  us ing  t h e  7-13 IP range were too high.  
A t  118'F t h e  p r e h i c t e d  v a l u e  was 1600 p s i a  compared t o  a n  expe r imen ta l  
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TABLE 4.4 - Reported Composition of West 
of Y e l l i g  and Metcalfe 

exas Stock-Tank O i l  45 

SCN 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

- 

SCN = 

M/F = 

WT = 

VOL = 

- M/F 

.0160 

.2914 

.1422 

.0959 

.0785 
-0678 
.0523 
.0422 
.0350 
.0379 
.0294 
.0208 
.0153 
.0124 
-0093 
.0079 
.0071 
-0058 
.0043 
.0037 
.0032 
.0027 
.0028 
.0023 
.0020 
.0017 
.0016 
.0014 
.0014 
.0013 
.0012 
.0011 
.0010 
.0007 
.0004 

MW = 183.7 

Single  Carbon number 

Mole f rac t ion  

Weight 

Volume 

CUM .M/F 

.0160 

.3074 
-4496 
.5455 
.6240 
.6918 
.7441 
.7863 
.8213 
.8592 
.8886 
-9094 
.9247 
-9371 
.9464 
.9543 
.9614 
,9672 
.9725 
.9752 
.9784 
-9811 
.9839 
.9862 
.9882 
-9899 
.9915 
,9929 
.9943 
.9956 
.9968 
.9979 
,9989 
.9996 

1 .oooo 

WT 

1.34 
27.97 
15 -22 
11.60 
10.52 
9.97 
8.42 
7.39 
6.65 
7.81 
6.53 
4.93 
3.84 
3.26 
2.56 
2.30 
2.13 
1.81 
1.39 
1.25 
1.12 
0.97 
1.04 
0.88 
0.79 
0.69 
0.66 
0.60 
0.61 
0.58 
0.55 
0.51 
0 -48 
0.34 
0.20 

146.91 

- 

- 

VOL 

1.95 
38.48 
20.31 
15.11 
13.45 
12.57 
10 -47 
9.05 
8.05 
9.34 
7.74 
5.79 
4.49 
3.79 
2.95 
2.64 
2.43 
2.05 
1.57 
1.40 
1.25 
1.08 
1.16 
0.97 
0.87 
0.76 
0.73 
0.65 
0.67 
0.63 
0.59 
0.55 
0.51 
0.36 
0.21 

184.63 

7 

- 

SG = .835 \ = 11.6 

MW = Molecular Weight 

SG = S p e c i f i c  Gravity 

\ = Watson Characterization Factor 
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TABLE 4.5 - Adjusted Composition of West4pxas Stock Tank Oil 
of  Ye l l ig  and Metcalfe 

SCN M/F 

6 .014 
7 .256 

9 ,084 
10 .069 

12 .046 
1 3  .037 
14 .031 

16 .026 
17 .018 
18 .014 
19 .011 
20 .009 
2 1  .006 
22 ,006 
23 .005 

25' ,145 

- 
8 ,125 

11 a060 

15 e033 

24 a005 

CUM .M/F 

.0214 

.270 

.395 

.479 

.548 

.608 

.654 
,691 
,722 
a755 
,781 
,799 
.813 
.824 
.833 
.839 
.845 
.850 
.e55 

1.000 

- W/F 

.006 
,222 
,067 
.051 
,046 
.044 
.037 
,032 
.029 
,034 
.029 
.021 
.017 
,014 
.012 
.009 
.009 
.008 
,008 
.405 

MW = 183.7 

CUM .W/F 

,006 
.128 
,195 
a246 
,292 
,336 
.373 
,405 
,434 
.468 
.497 
.518 
.535 
.549 
.561 
.570 
.579 
.587 
,595 
1.000 

- V/ F 

.007 

.144 
,076 
.056 
.050 
.047 
,039 
.034 
.030 
.035 
.029 
,021 
.018 
.014 
.012 
.009 
.009 
.008 
.008 
a354 

SG = .835 

WT CUM .V I F  - 
.007 
.151 
,227 
.283 
.333 
,380 
.419 
,453 
.483 
.518 
.547 
,568 
.586 
.600 
,612 
.621 
.630 
.638 
,646 

1.000 

200.8 

= 11.6 

1.18 
24.58 
13.38 
10.16 
9.25 
8.82 
7.41 

5.89 
6.80 
5.77 
4.27 
3.51 
2.89 
2.48 
1.75 
1.80 
1.56 
1.62 

81.20 

6 048 

- 

SCN 25' Properties based on MW = 560 & SG = .979 

SCN = Single Carbon number 

M/F = Mole fract ion 

W/F = Weight fract ion 

V/F = Volume fract ion 

WT * Weight 

VOL = Volume 

SG = S p e c i f i c  Gravity 

7 2  

. . . . - - . . . 

VOL 

1.70 
33.80 
17.86 
13.23 
11.82 
11.12 

9.21 
7.94 
7.13 
8.13 
6.85 
5.01 
4 .ll 
3.36 
2.86 
2 .oo 
2 .OS 
1.77 
1.83 

82.94 

- 

- 
234.7 

Q 

..... . . . .. . - 



T=95 F 
P=1150 PSlA 
IPS=r07-. 1 3 
MMC=.346 
OOC=.346 

c1 

FIGURE 4-15: Calculated Ternary Phase Diagram for Ye l l ig  and Metcalfe O i l  
(IP Range 7-13,  P = 1150 psia)  . 
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v a l u e  of 1465 p s i a  and a t  150°F t h e  p red ic t ed  va lue  w a s  2250 p s i a  
compared t o  a slim-tube va lue  of 1990 p s i a .  Example c a l c u l a t e d  pseudo- 
t e r n a r y  diagrams us ing  t h e  7-13 IP range a r e  shown as F igures  C-1 
through C-4 i n  Appendix C. 

S ince  t h e  7-13 IP range  p r e d i c t e d  MMP values t h a t  were too  h igh  a t  
t h e  h igher  tempera tures ,  t h e  c a l c u l a t i o n s  were repea ted  using an IP 
range  of 6-13. That is ,  t h e  i n t e r a c t i o n  c o e f f i c i e n t  ass igned  t o  C5 w a s  
reduced by one u n i t .  This  d id  improve t h e  c a l c u l a t e d  r e s u l t ,  y i e l d i n g  a 
somewhat improved agreement wi th  t h e  measured values .  R e s u l t s  f o r  both 
t h e  6-13 and 7-13 IP ranges  are shown i n  Table 4-6. Typica l  c a l c u l a t e d  
pseudo-ternary diagrams f o r  t h e  6-13 range  a r e  shown i n  F igures  C-5 
through C-8. 

The tm I P  ranges  used, 6-13 and 7-13, y i e l d  c a l c u l a t e d  r e s u l t s  
t h a t  bound t h e  m i s c i b i l i t y  p re s su res  obta ined  from t h e  slim-tube a t  t h e  
t h r e e  temperatures .  The West Texas crude  of Y e l l i g  and Metca l fe  is 
similar i n  composition t o  t h e  Maljamar crude r epor t ed  by O r r ,  t hus  t h e  
agreement i n  r e s u l t s  i s  no t  unexpected. The use  of t h e  pseudo-ternary 
diagrams does do a good job of p r e d i c t i n g  t h e  dependence of MMP on 
temperature .  

To check t h e  a p p r o p r i a t n e s s  of us ing  an  i n t e r a c t i o n  c o e f E i c i e n t  of 
0.13 f o r  t h e  heavy component, a s o l u b i l i t y  c a l c u l a t i o n  was made a t  
s e v e r a l  c o n d i t i o n s  f o r  t h e  West Texas c rude  and t h e  Maljamar crude. As 
an example, a t  1250 p s i a  and 118OF, t h e  average p red ic t ed  C 0 2  s o l u b i l i t y  
i n  t h e  heavy f r a c t i o n  is 60.3 m o l  %. The C02 s o l u b i l i t y  p r e d i c t e d  by 
t h e  Simon and Graue c o r r e l a t i o 2 8  is 60 mole X .  Therefore ,  t h e  
assignment of a n  i n t e r a c t i o n  c o e f f i c i e n t  va lue  of .130 t o  t h e  C25+ 
f r a c t i o n  i s  reasonable .  

The e f f e c t  on c a l c u l a t e d  m i s c i b i l i t y  p r e s s u r e  of using d i f f e r e n t  
lumpings of pseudo components was aga in  checked. The l i g h t  component 
was rep resen ted  by Cg’c1 and Cg‘C15 i n  d i f f e r e n t  c a l c u l a t i o n s  made a t  

c a l c u l a t e d  MMP v a l u e s  a t  150°F inc reased  by about  100 ps i a .  Thus, t h e r e  
was a small but  probably i n s i g n i f i c a n t  e f f e c t  of using d i f f e r e n t  pseudo 
components i n  t h e  c a l c u l a t i o n .  

150°F and using t h e  6- P 3 IP range. For both  of t h e s e  groupings ,  

4.3.5 Summary - L i t e r a t u r e  O i l s  
Two crude  o i l s  f o r  which composi t ions and slim-tube m i s c i b i l i t y  

p re s su res  were repor t ed  i n  t h e  l i t e r a t u r e  were t h e  b a s i s  f o r  
c a l c u l a t i o n s  us ing  pseudo-ternary diagrams. Use f i n t e r a c t i  
c o e f f i c i e n t s  determined from t h e  Grabowski and Daubert 14,q5 and Ezekwe 
c o r r e l a t i o n s  d id  no t  y i e l d  a c c e p t a b l e  r e s u l t s  f o r  c a l c u l a t i o n s  of MMP. 
Simi la r ly ,  use of a cons t an t  i n t e r a c t i o n  c o e f f i c i e n t  was not accept-  
ab le .  However, sets o f  l i n e a r l y  i n c r e a s i n g  i n t e r a c t i o n  c o e f f i c i e n t s  d i d  
produce accep tab le  agreement between c a l c u l a t e d  and measured m i s c i b i l i t y  
p re s su res .  The I P  range  used f o r  t h e  two o i l s  was e s s e n t i a l l y  t h e  
same. The c a l c u l a t i o n  of t h e  i n c r e a s e  of m i s c i b i l i t y  p re s su res  wi th  
tempera ture  w a s  q u i t e  a c c e p t a b l e  based on g e n e r a l  t r e n d s  r epor t ed  i n  t h e  
l i t e r a t u r e  and agreement between c a l c u l a t e d  and measured m i s c i b i l i t y  
p r e s s u r e s  f o r  t h e  West Texas o i l .  

P4 
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TABLE 4.6 - Comparison of Calculated and Measured 
43 

Miscibility Pressures 
West Texas Oil of Metcalfe and Yarborough 

Temperature S l i m  Tube Calculated MMP (psi) Calculated MMP ( p s i )  
O F  = (Psi) IP Range 6-13 IP Range 7-13 - 
95 1115 1100 1150 

118 1465 

150 1990 

1350 

2000 

7 5  

1600 

2250 



Addi t iona l  in format ion  about t h e  c a l c u  a t i o n s  on t h e  l i t e r a t u r e  b o i l s  and a d d i t i o n a l  r e s u l t s  are g iven  by Daub n 

4.4 Appl ica t ion  of Pseudo-Ternary Diagrams t o  Crude O i l  System - 
Kansas Crude O i l s  

4.4.1 
Slim-tube m i s c i b i l i t y  p re s su res  were measured f o r  s e v e r a l  c rude  

o i l s  (s tock-tank o i l s )  from t h e  c e n t r a l  p a r t  of Kansas. These r e s u l t s  
are repor ted  i n  Chapter 3 and Appendix B. M i s c i b i l i t y  p re s su res  were 
measured a t  r e s e r v o i r  temperature  f o r  a l l  c rudes  except  t h e  Johanning B 
lease crude. For t h a t  sample, measurements were made a t  t h e  r e s e r v o i r  
temperature  of  102°F as w e l l  as tempera tures  o f  115 and 126°F. 

Experimental  Data on Kansas Crude Oils 

In a d d i t i o n ,  t h r e e  crude o i l s  were analyzed by Core Labs (Dallas, 
Texas). The Abernathy-Collins (ABC) and Johanning B ( J O B )  lease crudes  
were subjec ted  t o  ASTM D-86 d i s t i l l a t i o n .  Copies of t h e  Core Labs 
r e p o r t s  are shown as Tables  C-3 and C-4. Albertson (ALB) lease crude  
o i l  was analyzed using ASTM D-86 d i s t i l l a t i o n  and a t r u e  bo i l ing -po in t  
(TBP) d i s t i l l a t i o n .  Copies of t h e  Core Labs r e p o r t s  are shown as Tables  
C-5 and C-6. 

4.4.2 C h a r a c t e r i z a t i o n  of the  Kansas Crude Oils 
For t h e  ABC and JOB crudes ,  t h e  mole f r a c t i o n s ,  volume f r a c t i o n s  

and weight f r a c t i o n s  o f  t h e  d i f f e r e n t  c u t s  were e t imated from t h e  ASTM 
D-86 d i s t i l l a t i o n  curve using t h e  API Data Book . Each cu t  was then 
ass igned  a s i n g l e  carbon number based 32 t h e  average b o i l i n g  p o i n t  of 
t h e  c u t  using t h e  Riazi-Daubert equa t ion  . From t h i s  procedure,  C7 was 
t h e  l i g h t e s t  component. R e s u l t s  of t h e s e  c a l c u l a t i o n s  are summarized i n  
Tables 4-7 and 4-8. 

f 

The t r u e  b o i l i n g p o i n t  and equ i l ib r iwn  flash-vapor z a t i o n  curves  
were then es t imated  from t h e  API Data Book cor re l a t ions . '  The r e s u l t s  
f o r  t h e  ABC c rude  are l i s t e d  i n  Table  C-7. To check t h e  v a l i d i t y  of  t h e  
crude c h a r a c t e r i z a t i o n ,  b ina ry  bubble-point temperatures  were c a l c u l a t e d  
w i t h  t h e  SRK equa t ion  of s ta te  and compared wi th  t h e  ASTM D-86 c u t  
temperatures .  The r e s u l t s  f o r  t h e  ABC crude are given i n  Table C-8. 
There is reasonable  agreement between t h e  two temperatures  throughout 
t h e  complete range. As a second check on t h e  c h a r a c t e r i z a t i o n ,  
a tmospheric  p re s su re  f l a s h e s  were c a l c u l a t e d  w i t h  t h e  SRK equa t ion  of 
state from 350 t o  650°F. The c a l c u l a t e d  moles of vapor were converted 
t o  volume percent  by l i n e a r  i n t e r p o l a t i o n  and t h e  r e s u l t s  were compared 
t o  the  p red ic t ed  equ i l ib r ium f l a s h  vapor i za t ion  curve.  Again, t h e  
agreement was s u f f i c i e n t l y  c o n s i s t e n t  t o  presume t h a t  t h e  o r i g i n a l  o i l  
c h a r a c t e r i z a t i o n  was v a l i d .  

Next, t h e  t r u e  b o i l i n r p o i n t  in format ion  i n  Table  C-7 and t h e  ASTM 
D-86 r e s idue  informat ion  were used t o  determine t h e  s i n g l e  carbo number 
molar a n a l y s i s  based on t h e  Katz-Firoozabadi-Whitson p r o p e r t i e s  The 
r e s u l t s  f o r  t he  ABC and JOB crudes are g iven  i n  Tables 4-9 and 4-10. 
A s  expected, t h e  t r u e  boi l ing-poin t  c h a r a c t e r i z a t i o n  y i e l d s  h igher  

90 

concen t r a t ions  of t h e  l i g h t e r  hydrocarbons (c6'c15) than  does t h e  ASTM 
D-86 c h a r a c t e r i z a t i o n .  



SCN 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

- 

26 5+ 

SCN = 

M/F = 

V/F = 

W/F = 

TABLE 4.7 - Abernathy-Collins Crudle Compositional Summary 
Based on ASTM D.86 Distillation 

M/F - 

.056 
122 
.128 

.096 

.054 

.067 

-068 

.057 

.062 

.060 

.094 

.136 

CUM .M/F 

.056 
-178 
-306 

-402 
.456 
.523 

.591 

-648 ' 

.710 

.770 

.864 
1 .ooo 

V/F - 

.030 
-070 
-080 

.065 
-040 
.055 

.060 

-055 

.065 

-070 

0120 
.290 

CUM .V/F W/F - 

.030 .024 
100 -059 
.180 -070 

-245 ,059 
.285 .037 
.340 .051 

,400 .058 

0455 .054 

.520 ,065 

.590 .070 

.7 10 .121 
1 .ooo .333 

Single carbon number 
Mole fraction 
Volume fraction 
Weight fraction 

CUM.W/F 

.024 

.083 
-153 

.211 

.248 

.299 

0357 

-411 

.475 

.546 

.667 
1 .ooo 
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SCN 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
2 6' 

- 

SCN = 

M/F = 

V/F = 

W/F = 

TABLE 4.8 - Johanning B Crude Compositional Summary 
Based on ASTM D-86 Distillation 

M/F - 

,052 
,143 
.137 
.087 

.074 
,079 

.072 

.070 

.081 

.095 

.110 

CUM .M/F 

.052 

.195 

.332 

.419 

.493 

.572 

.644 

.7 14 

.795 

.890 

1.000 

Single carbon number 

Mole fraction 
Volume fraction 
Weight fraction 

V/F - 

.030 

.090 

.095 

.065 

.060 

.070 

.070 

.07 5 

.095 

.125 

.225 

CUM .V/F 

.030 

.120 

.215 

.280 

.340 

.410 

.480 

.555 

.650 

.775 

1 000 

W/F - 

,026 
.079 
,086 
.061 

-057 
.068 

,069 

.075 

.097 

.127 

.255 

CUM .W/F 

,026 
.105 
.191 
.251 

.308 

.377 

.446 

.521 

.617 

.745 

1 *ooo 

78 
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The ALR o i l  w a s  analyzed by t h r e e  d i f f e r e n t  methods. The o i l  was 
d i s t i l l e d  by t h e  ASTM D-86 and t r u e  boi l ing-point  methods by Core 
Labs. It was a l s o  analyzed v i a  GC d i s t i l l a t i o n  by Gulf Labs, Kansas 
City.  The purpose was t o  compare t h e  r e s u l t s  provided by t h e  v a r i o u s  
d i s t i l l a t i o n  methods. Using t h e  t r u e  bo i l ing -po in t  information,  s i n g l e  
carbon number compositions were determined based b h on average b o i l i n g  

point  curve w a s  a l s o  e s t ima ted  from t h e  A S R l  D-86 d i s t i l l a t i o n  as was 
done f o r  t h e  ABC and J O B  crudes.  Th i s  e m p i r i c a l  d i s t i l l a t i o n  cu rve  w a s  
then used t o  determine s i n g l e  arbon number compositions,  a g a i n  based on 
t h e  proper  t i  e :sa S i n g l e  carbon number 
compositions determined by t h e  above t h r e e  methods, as w e l l  as t h e  GC 
a n a l y s i s  r e p o r t e d  by Gu l f ,  are  shown i n  Table  4-11. 

p o i n t s  and t h e  Katz-Firoozabadi-Whitson p r o p e r t i e s  Sb . The t r u e  boi l ing-  

Ka t z-F i rooza bad i-Wh i t so n2' 

The two c a l c u l a t e d  compositions of t h e  ALE crude based on t h e  
experimental  t r u e  boi l ing-point  curve are  i n  good agreement. However, 
t h e  c a l c u l a t i o n  based on t h e  ASTM D-86 d i s t i l l a t i o n  and empi r i ca l  t r u e  
b o i l i n g - p o i n t  cu rve  y i e lded  compositions t h a t  d i f f e r e d  somewhat from 
those determined €rom t h e  experimental  t r u e  boi l ing-point  curve.  Mole 
f r a c t i o n s  from t h e  ASTM D-86 were h ighe r  f o r  C5 and Cg and g e n e r a l l y  
lower a t  h ighe r  carbon numbers. The mole f r a c t i o n  of t h e  C+20 
component, however, was h i g h e r  f o r  t h e  ASTM D-86 da ta .  The GC d a t a  were 
not i n  agreement with c a l c u l a t i o n s  based on t h e  d i s t i l l a t i o n  curves.  
There w a s  some u n c e r t a i n t y  i n  t h e  GC d a t a  ;and so t hey  were not used i n  
subsequent c a l c u l a t i o n s .  

The Lee-Kesler equa t ions* l  were app l i ed  t o  c a l c u l a t e  cr i t ical  
temperature,  c r i t i ca l  p res s su re  and a c c e n t r i c  f a c t o r  f o r  each s i n g l e  
carbon number c o n s t i t u t e n t  a s  was done f o r  t h e  l i t e r a t u r e  o i l s .  

The c h a r a c t e r i z a t i o n  procedure and computer programs used t o  make 
t h e  c a l c u l a t i o n s  are  desc r ibed  i n  d e t a i l  by Daub 9 . 

4.4.3 App l i ca t ion  of Phase Behavior C a l c u l a t i o n s  t o  Kansas Crudes 
As r e p o r t e d  i n  Chapter 3, sl im-tube m i s c i b l i t y  p r e s s u r e  

measurements w e r e  m a d e  on the three c rude -o i l  samples t h a t  were also 
analyzed by Core Labs. R e s u l t s  are summarized i n  Table 4-12. 

I n i t i a l  c a l c u l a t i o n s  f o r  t h e  ABC and 5013 crudes were done us ing  t h e  
s i n g l e  carbon number a n a l y s e s  t h a t  were based on t h e  ASTM D-86 d i s t i l l a -  
t i o n s .  f o r  t h e  ABC crude,  and 
cs'c14 and CIS+ f o r  t h e  J O B  crude. App l i ca t ion  o f  t h e  7-13 IP range, 
which r e s u l t e d  i n  good p r e d i c t i o n s  f o r  t h e  l i t e r a t u r e  o i l s ,  y i e l d e d  
m i s c i b i l i t y  p r e s s u r e s  t h a t  were much t o o  l a r g e .  For example, m i s c i b i l -  
i t y  w a s  not p red ic t ed  f o r  t h e  ABC crude a t  126'F a t  a p r e s s u r e  as h igh  
as 3100 psia .  The pseudo-ternary diagram f o r  t h i s  system a t  1550 p s i a  
is  shown as Figure C-LO. 

Pseudo components were C7-C15 and 

The I P  range was modified t o  determine t h a t  range which would 
p r e d i c t  t h e  c o r r e c t  m i s c i b i l i t y  p re s su re .  I t  was determined from t r i a l  
and e r r o r  t h a t  t h e  experimental  MMP w a s  bounded by c a l c u l a t i o n s  us ing  
3-13 and 4-13 as I P  ranges.  A summary of a d d i t i o n a l  I P  ranges i s  g i v e n  
i n  Table C-9. 
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SCN 

6 
7 
8 
9 

10 
11 
12  
13  
14  
15 
16  
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
RESIDUE 

- 

SCN = 

M/F = 

V/F = 

WT = 

GMOLS = 

TABLE 4.9 - Single Carbon Number Analysis Based on the 
Empirical True Bubble-Point Curve - 

Abernathy-Collins Crude 

- M/F 

.088 

.078 

.078 . 080 
,069 
.059 
,051 
,039 
.034 
.030 
.024 
-026 
.021 
.019 
.018 
.029 
-027 
.026 
.024 
0022 
.021 
.006 
.131 

CUM .M/F 

.088 

.166 

.244 
,325 
e393 
.452 
.503 
.543 
.576 
.606 
.630 
.656 
-677 
.696 
.714 
.744 
-770 
,796 
,820 
,842 
.864 
.869 

1 000 

- V/F 

.0404 

.0387 

.0421 

.0477 

.0442 
-0412 
.0386 
.0319 
.0290 
.0275 
-0241 
.0268 
.0232 
.0223 
.0214 
,0370 
.0344 
.0345 
.0333 
,0317 
.0317 
,0083 
,2900 

-0404 
.0791 
.1212 
.1689 
,2131 
.2543 
.2929 
.3248 
.3538 
.3813 
-4054 
,4322 
,4554 
.4777 
.4991 
,5361 
.5705 
.6050 
.6383 
.6700 
.7017 
.7100 

1 0000 

W/F 

2.789 
2.813 
3.157 
3.666 
3.457 
3.263 
3.107 
2.608 
2.394 
2.307 
2.042 
2.275 
1.983 
1.920 
1.843 
3 2 3 0  
3 . 030 
3.026 
2.948 
2.797 
2,827 

.756 
28.282 

86.520 

- CUM .V/F 

Calculated Molecular Weight = 86.520 

Single carbon number 

Mole fraction 
Volume fraction 

Weight 
Gram moles 

8 0  

,3766 = 22 

CUM.W/F 

.0332 

.0293 

.0295 

.0303 

.0258 
,0222 
.0193 
-0149 
.a126 
.0112 
.0092 
.009 6 
.0079 
.0073 
.0067 
001 11 
.0101 
.0097 
,0091 
.0083 
,0081 
.0021 
.0491 

.3766 

- 

.-. ~ . .  ... .. .. ........ .. . ._ , 



TABLE 4.10 - S i n g l e  Carbon Number Analysis  Based on 
Empir ical  True Boiling-Point Curve 

SCN 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
RESIDUE 

- M /F 

.022 

.080 

.068 

.089 

.088 

.076 

.063 

.046 

.041 

.036 

.029 

.031 

.028 

.030 

.027 

.025 

.022 

.021 

.o 20 

.020 

.019 

.090 

.111 

- CUM .M/F 

.022 

. lo2 

.169 

.258 

.346 

.421 

.485 

.531 

.572 

.608 

.637 

.668 

.696 

.725 

.753 

.777 

.799 

.821 

.841 

.861 

.880 

.889 
1.000 

J o hann i ng 

V/F 

.0105 

.0411 

.0377 

.0546 

.0587 

.0547 
,0496 
.0388 
.0365 
.0346 
.0303 
.0337 
.0318 
.0352 
.0338 
.0324 
.0296 
.0296 
.0283 
.0297 
.0297 
,0141 
.2250 

- 

€3 Crude 

CUM .V/F 

.0105 

.0516 

.0893 

.1439 

.2026 

.2573 

.3069 

.3457 

.3822 

.4168 

.4471 

.4808 

.5126 

.5478 

.5816 

.6 140 

.6436 

.6732 

.7015 

.7312 

.7609 

.7750 
1.0000 

WT 

.731 
2.986 
2.825 
4.199 
4.596 
4.337 
3.993 
3.168 
3.021 
2.884 
2.553 
2.868 
2.711 
3.025 
2.915 
2.823 
2.580 
2.621 
2.495 
2.629 
2.652 
1.260 

21.613 

- 

85.485 

Calculated Molecular Weight = 85.4851.3907 = 218.8 

GMOLS 

.0087 

.0311 

.0264 

.0347 

.0343 

.0295 

.0248 

.0181 

.0159 

.0140 

.0115 

.0121 

.0108 

.0115 

.0106 

.0097 

.0086 

.0084 

.0077 

.0078 

.0076 

.0035 

.0434 

,3907 

SCN = S i n g l e  carbon number 

M/F = Mole f r a c t i o n  

V/F = Volume f r a c t i o n  

WT = Weight 

GMOLS = Gram moles 
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TABLE 4.11 - Comparison of the Albertson Crude Compositional 
Analyses 

TBP( Emprical)*** GC(Experimenta1) * ** 
TBP( Experimental) TBP (Experimental) 

SCN 
5 
6 

7 

8 

9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 

2 o+ 

- M/F - 

.087 

.lo1 

.111 

.090 

.084 

,067 
.071 
,057 

.055 

.052 

.225 

CUM .M/F 

.087 

.188 

.299 

.389 

.473 

.540 

.611 

.668 

.723 

.775 

1.000 

M/F - 
.013 
.079 

.099 

.lo6 

.091 

.068 

.059 

.051 

.045 

.039 

.034 

.028 

.029 

.024 

.006 

.230 

CUM .M/F 

.013 

.092 

.191 

.297 

.388 

.456 

.515 

.566 

.611 
,650 
.684 

.712 

.741 

.765 

.770 

1.000 

M/F - 
.047 
.088 

.075 

,087 
.073 

.062 

.053 

.045 

.036 

.032 

.028 

.023 

.024 

.020 

.018 

.288 

CUM .M/F 

.047 

.135 

.210 

.296 

.369 

.431 

.485 

.529 

.565 

.597 

.626 

.649 

.673 

.693 

.712 

1.000 

.027 ,027 

.030 .057 

.060 .117 

.079 .196 

.079 .275 

.059 .334 

.049 .383 

.058 .441 

.044 .485 

.037 .522 

.039 .561 

.045 .606 

.035 .641 

.040 .681 

.036 .717 

.283 1.000 

(Gulf Labs) 

M/F CUM. M/F - 

* Rased on Average Boiling Points and Core Labs Experimental TBP Curve 

** Based on KFW Properties and Core Labs Experimental TBP Curve 

*** Based on KFW Properties and Empirical TBP Curve Derived From ASTM 

D-86 Distillation 

SCN = single carbon number 
M/F = mole fraction 

TBP = true bubble-point 
KFW = Katz-Firoozabadi-Whitson 20 



TAELE 4-12 - S l i m  Tube M i s c i b i l l t y  P res su re  Measurements 

Kansas Crude Oils 

o i  1 - 

Abernathy-Collins 

(ABC) 

Johanning B 

(JOB) 

102 

115 

125 

110 

8 3  

MMP( p s i a )  

1540 

1260 

1520 

1720 

1260 



Since  t h e  s i n g l e  carbon number compositions based on a t r u e  
boi l ing-point  curve were thought t o  be more r e p r e s e n t a t i v e  of t h e  
c rudes ,  t h e s e  composi t ions were used i n  c a l c u l a t i o n s  which are  
subsequent ly  d iscussed .  

For t h e  ABC c rude ,  pseudo components were s p l i t  i n t o  C6-Cl5 and 
c+16. This corresponded t o  an o i l  composition of 0.394 mole f r a c t i o n  
and 0.38 volume f r a c t i o n  f o r  t h e  heavy component. An I P  range of 7-13 
s t i l l  y ie lded  a m i s c i b i l i t y  p re s su re  a t  126°F t h a t  was much too  l a r g e .  
Again, t h e  IP range w a s  modified t o  de te rmine  t h a t  range which would 
c o r r e c t l y  p r e d i c t  m i s c i b i l i t y .  A range of 4-13 p red ic t ed  m i s c i b i l i t y  a t  
1450 p s i a  whi le  a 5-13 range p red ic t ed  m i s c i b i l i t y  a t  between 1800 - 
1850 p s i a ,  t hus  t h e  b e s t  range l i e s  somewhere between t h e  two. Example 
pseudo-ternary diagrams f o r  t h e  4-13 range a re  shown a s  F igures  4-16 and 
4-17. 

The same procedure was used f o r  t h e  JOB crude. The measured 
m i s c i b l i t y  p re s su res  a t  t h e  t h r e e  temperatures  were bounded w i t h  
c a l c u l a t i o n s  us ing  I P  ranges  of 3-13 and 4-13. (P red ic t ed  MMP va lues  
were more n e a r l y  c o r r e c t  us ing  t h e  3-13 range than  t h e  4-13 range) .  Ex- 
ample c a l c u l a t i o n s  f o r  t h e  3-13 range a r e  g iven  i n  F igures  C-11 t o  C-12. 

F i n a l l y ,  t h e  c a l c u l a t i o n  was r epea ted  us ing  t h e  ALB crude For  which 
t h e r e  w a s  a n  exper imenta l  t r u e  boi l ing-poin t  curve.  An IP range of 5-13 
w a s  found t o  c o r r e c t l y  p r e d i c t  a m i s c i b i l i t y  p re s su re  of 1250 p s i a  a t  
110°F. With a range of 6-13, m i s c i b i l i t y  was p red ic t ed  not  t o  occur  
u n t i l  a p re s su re  of 1700 p s i a  was reached.  Phase envelops a r e  given a t  
p r e s s u r e s  of 1200 p s i a  and 1250 p s i a  f o r  t h e  5-13 I P  range i n  F igures  
4-18 and 4-19. 

R e s u l t s  €or  t h e  t h r e e  o i l s  a r e  summarized i n  Table  4-13. 

As i n d i c a t e d ,  t h e  p red ic t ed  MMP i s  very  s e n s i t i v e  t o  t h e  i n t e r -  
a c t i o n  c o e f f i c i e n t s  ass igned  t o  t h e  l i g h t e r  hydrocarbons.  It was f e l t  
i t  would be i n t e r e s t i n g  t o  check t h e  e f f e c t  of i n c r e a s i n g  t h e  
i n t e r a c t i o n  c o e f f i c i e n t  va lues  f o r  t h e  heav ie r  hydrocarbons.  For 
example, an I P  range of 3-15 was used and r e s u l t s  compared t o  t h o s e  
obta ined  us ing  a 3-13 range. There was only a small e f f e c t  i n  t h e  
c a l c u l a t e d  m i s c i b i l i t y  p re s su re .  

Also, s i n c e  lower i n t e r a c t i o n  c o e f f i c i e n t  va lues  were r equ i r ed  f o r  
t h e  Kansas c rudes ,  t h e  C 0 2  s o l u b i l i t y  i n  t h e  heavy f r a c t i o n  was 
checked. For t h e  ABC c rude ,  a t  1450 p s i a ,  t h e  average p red ic t ed  C02 
s o l u b i l i t y  w a s  62.2 mole %. The Simon and Graue ~ o r r e l a t i o n ~ ~  p r e d i c t s  
a C02  s o l u b i l i t y  of approximately 62.5 mole %. The use of lower 
i n t e r a c t i o n  c o e f f i c i e n t s  f o r  t h e  l i g h t  hydrocarbons d i d  no t  adve r se ly  
a f f e c t  t h e  C 0 2  s o l u b i l i t y  p r e d i c t i o n  i n  t h e  heavy pseudo component. 

4.4.4 Summary - Kansas O i l s  
M i s c i b i l i t y  p r e s s u r e s  w e r e  c a l c u l a t e d  f o r  t h e  t h r e e  Kansas o i l s  f o r  

which d i s t i l l a t i o n  curves  had been obta ined .  Data f o r  a l l  t h r e e  of t h e  
o i l s  could not  be matched us ing  a s i n g l e  set  of i n t e r a c t i o n  co- 
e f f i c i e n t s .  Ranges from 3-13 t o  5-13 were necessary  t o  c o r r e c t l y  

8 4  
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i 

c1 

T=126 F 
P=1450  PSlA A 
IPS=.O4-,13 
MMC=.365 
OOC=.409 

c7-c 6+ 15 

FIGURE 4-16: Calculated Ternary Phase Diagram for  Abernathy Coll ins  Crude O i l  
(IP Range 4-13, P = 1450 psia)  . 

85 



n 

c1 

T=126 F 
P=1850 PSlA 
IPS=.04-.13 
MMC=.410 
OOC=.409 

c7-c 6+ 15 

FIGURE 4-17: Calculated Ternary Phase Diagram for Abernathy Coll ins  Crude O i l  
(IP Range 4-13, P = 1850 p s i a ) .  

86 

n 



CO, 
T=110 F 
P=l200 PSIA 
IPS=*05-*13 
MMC=.000 
OOC=.429 

C15+ C7-C14 

FIGURE 4-18: Calculated Ternary Phase Diagram for Albertson Crude O i l  
(IP Range 5-13, P = 1200 p s i a ) .  

87 



T=110 F 
P=1250 PSlA 
IPS=.O5-.13, 
MMC=.405 
OOC=.429 

FIGURE 4-19: Calculated Ternary Phase Diagram for Albertson Crude O i l  
(IP Range 5-13, P = 1250 ps ia ) .  

88 

n 

n 



* TABLE 4-13 - Comparison of Calculated and Measured Miscibility 
Pressures 

Kansas Crude Oils 

Oil T Exper. Calc. 
(OF) MMlJ MMP 

IP Range = 3- 

(psis) (psi4 

Calc. 
MMP 

Calc. 
MMP 

3 IP Range = -13 IP Range = 5-13 

(psis) (psi4 

Abernathy- 126 1540 

Collins 

(ABC) 

Johanning 102 1260 
B (JOB) 115 1520 

125 1720 

Albertson 110 1260 

(ALR) 

1200 
1500 

1800 

1450 1800-18 50 

1750 
2200 

2350 

1250 

* Based on Empirical or Experimental True Boiling-Point Distillation Curve 
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predict miscibility pressures. Use of the true boiling-point 
distillation curves, as compared to the ASTM D-86 distillation, allowed 
prediction of miscibility pressures with larger values of the 
interaction parameters assigned to the lighter hydrocarbon components. 

4.5 Prediction of Miscibility Pressures Using Literature Correlations 

Table 4-14 summarizes the miscibility pressures predicted with the 
various literature correlations. These values are compared with the 
experimental miscibility pressures for the five oils studied in this 
project . 

The first Holm and Josendal correlation16, based on temperature and 
Cs+ molecular weight, consistently overpredicts the MMP. The 
discrepancy varies from 160 psia on the West Texas oil of Yellig and 
Metcalfe (150°F), to 410 psia on the ABC oil. This difference is 
probably related to their experimental MMP definition. They defined the 
slim-tube MMP based on a final recovery of 94%. 

The NPC correlation is clearly unacceptable. The correlation does 
not predict a emooth increase in MMP with temperature. The NPC method 
is basically a rough screening guide. 

The Yellig and Metcalfe ~orrelation~~, based on temperature only, 
does a good job of predicting the MMP of these five o i l s .  However, this 
correlation greatly underpredicts the MMP of heavier oils. For example, 
in this project an ?fMP of over 2400 psia at 106'F was meaeured for the 
Seevere oil, also reported in Table 4-14 (See Chapter 3 ) .  This oil has 
an API gravity of 30. The Yellig and Metcalf correlation predicts 1340 
peia for this oil, more than LOO0 psia lower than the experimental 
value 

The Johnson-Pollin correlationr9 yields acceptable reeulte at lower 
temperatures. However, the correlation predicts a change of miscibility 
pressure with temperataure of only 10.5 psi/OF. This appears to be too 
small a sensitivity to temperature. 

The second Holm and Josendal correlation17 in general does a better 
job than the initial correlation. This correlation also overpredicts 
the MMP but the errors are smaller. The largest difference was 210 psia 
on the ABC oil. This correlation was again based on a final recovery of 
94%. 

2 The final correlation is from Alston, et al. Their experimental 
MMP definition was based on 90% recovery at C02 breakthrough. Their 
correlation tends to predict values of MMP that are too high. For 
example, their predicted MMP is 950 psia too high for the ABC oil. 

90 



TABLE 4-14 - Summary of L i t e r a t u r e  MMP C o r r e l a t i o n  R e s u l t s  

MMP i n  P s i  

o i  1 

MJ 

Y & M  

J O B  

ABC 

ALR 

SEEVERS 

- T(F) 

90 

95 

118 

150 

102 

115 

125 

126 

110 

106 

MIQ - 
1050 

1115 

1465 

1990 

1260 

1520 

1720 

1540 

1260 

>2400 

Y & M = 

JOB = Johanning B 
ABC = Abernathy C o l l i n s  

ALB = Albertson 

Y e l l i g  6 M e t ~ a l f e ~ ~  

HJ# 1 

1350 

1400 

1700 

2150 

1550 

1750 

1900 

1950 

1700 

H J # l  = 

H J # 2  = Holms & Josendal  Cor re l a t ion  2 

NPC = National  Petroleum Council  

JP = Johnson and P o l l i n  

TEX = Alston, e t  81. 

Holms ti Josenda l  C o r r e l a t i o n  116 
17 

11 

19 

2 

NPC - 

1200 

1200 

1200 

1550 

1220 

1200 

1400 

1400 

1200 

Y & M  

1100 

1175 

1520 

2000 

1280 

1475 

1625 

1640 

1400 

1340 

JP  
_. 

1100 

1140 

1380 

1720 

1290 

1430 

1530 

1590 

1385 

H J t 2  - 

1250 

1300 

1600 

2200 

1400 

1550 

1750 

1750 

1450 

TEX - 
1110 

1380 

1735 

2240 

1690 

1930 

2100 

2490 

1920 

9 1  



A P P L I C A T I O N  OF MATHEMATICAL M O D E L I N G  TO P R E D I C T  DISPLACEMENT 
PERFORMANCE 

5.1 In t roduc t ion  

Phase behavior  s t u d i e s  arid a p p l i c a t i o n  of  pseudo-ternary diagrams,  
2s d e s c r i b e d  i n  e a r l i e r  c h a p t e r s ,  are  u s e f u l  f o r  desc r ib ing  t h e  onse t  of 
m i s c i b i l i t y  cond i t ions .  Add i t iona l ly ,  when such informat ion  i s  used i n  
conjunct ion  w i t h  a mathematical  model, i t  i s  p o s s i b l e ,  concep tua l ly ,  t o  
d e s c r i b e  g e n e r a l  displacement  performance. That i s ,  hydrocarbon 
recovery can be c a l c u l a t e d  a s  a f u n c t i o n  of the  amount o f  carbon d iox ide  
i n j e c t e d .  Also ,  recovery can be c a l c u l a t e d  a t  cond i t ions  of immiscible  
as wel l  a s  misc ib l e  displacement .  Thus, t h e  a p p l i c a t i o n  of mathe.matica1 
models f o r  performance p r e d i c t i o n  of t h e  carbon d ioxide  displacement  
process  was examined. 

Two approaches were u t i l i z e d .  The f i r s t  was based on a 
compositional s imula t ion  which uses a moving-point technique  t o  t r a c k  
movement of t h e  d i f f e r e n t  phases.  This approach was not  s u c c e s s f u l  i n  
t h a t  material  ba lance  e r r o r s  and numerical  d i s p e r s i o n  exceeded 
accep tab le  l imits .  The model i s  desc r ibed  i n  d e t a i l  by Belden6 and w i l l  
not  be d i scussed  f u r t h e r  i n  t h i s  r e p o r t .  

The sec nd approach u t i l i z e d  a modif ied v e r s i o n  of t h e  model of 
Orr, e t  a l .  . This  model i s  no t  a f u l l y  composi t ional  s i m u l a t o r ,  but  
r e l i e s  on t h e  u s e  of t e r n a r y  o r  pseudo-ternary diagrams t o  d e s c r i b e  
phase behavior .  The model, as a c q u i r e d ,  assumed carbon d iox ide  d e n s i t y  
was a 5ons tan t  and e q u a l  i n  a l l  phases .  This  was modif ied,  as suggested 
by Orr O, t o  account  f o r  v a r i a t i o n  of carbon d ioxide  d e n s i t y  between 
phases.  The model i s  unsteady s t a t e  and cons ide r s  only one space 
dimension. 

2 8  

I n  t h i s  c h a p t e r  t h e  model is desc r ibed  b r i e f l y .  App l i ca t ion  of t h e  
model t o  s imula t e  sl im-tube d isp lacements  performed i n  t h i s  s tudy ,  a s  
well as r e s u l t s  r epor t ed  i n  t h e  l i t e r a t u r e ,  i s  a l s o  desc r ibed .  
Addi t iona l  d e t a i l s  are g iven  by Rocha3’. 

5.2 Desc r ip t ion  of t h e  Mathematical  Model 

5.2.1 Primary Assumptions 
The p r i n c i p a l  assumptions made i n  t h e  development of t h e  

mathematical  model are t h e  fo l lowing:  

a. Flow is i n  one space  dimension. 

b. Four components ( o r  pseudo components) ex is t  and t h e s e  are 
d i s t r i b u t e d  i n  up t o  t h r e e  phases .  I n  Orr’s model, p r o v i s i o n  i s  
made f o r  f o u r  phases ,  i n c l u d i n g  one vapor  and two l i q u i d  
hydrocarbon hases .  I n  t h e  p r e s e n t  s tudy ,  t h e  case of more t h a n  two 

. ..-._._..I . - .  ..~ . . ~.. - I.__ . . . ... . . . . ...__ -. ... .. . . . -  ._ , .. 



C. 

d. 

e. 

f .  

8. 

h. 

i. 

j -  

k. 

hydrocarbon phases  was no t  considered.  

The porous medium has  cons t an t  p o r o s i t y  and permeabi l i ty .  

C a p i l l a r y  e f f e c t s  are  not s i g n i f i c a n t .  

Darcy's l a w  d e s c r i b e s  t h e  flow of each phase. 

Flow i s  h o r i z o n t a l  w i t h  no g r a v i t y  e f f e c t s .  

Local thermodynamic equ i l ib r ium ex i s t s  between a l l  phases.  

Temperature i s  cons t an t .  

Changes i n  p re s su re  over  t h e  l e n g t h  of  a displacement  have 
n e g l i g i b l e  e € f e c t  on phase behavior  o r  o t h e r  phys ica l  p r o p e r t i e s  of 
t h e  f l u i d s .  

So lu t ions  are i d e a l .  

'Ihe d e n s i t y  of each hydrocarbon component is independent of t h e  
phase i n  which it  exis ts .  

1. Carbon d iox ide  d e n s i t y  i s  a f u n c t i o n  of t h e  phase i n  which i t  
e x i s t s  . 

m. Phase behavior  i s  descr ibed  us ing  t e r n a r y  o r  pseudo-ternary 
diagrams. 

n. Dispers ion  is  not  considered i n  t h e  d e r i v a t i o n  of t h e  desc r ib ing  
p a r t i a l  d i f f e r e n t i a l  equat ions .  However, d i s p e r s i o n  i s  included i n  
t h e  fCn i t e  d i f f e r e n c e  s o l u  of t h e  equa t ions  through c o n t r o l l e d  
numerical  d i s p e r s i o n  (Lantz 

5.2.2 Descr ibing D i f f e r e n t i a l  Equat ions 
The phys ica l  s i t u a t i o n  considered i s  displacement  i n  one space  

dimension of a hydrocarbon phase by carbon dioxide.  A m a t e r i a l  balance 
on each component, o r  pseudo component, i n  a d i f f e r e n t i a l  element i n  t h e  
porous medium y i e l d s  t h e  fo l lowing  se t  of  par t ia l  d i f f e r e n t i a l  
equat ions .  

n n 
P 

i = 1, 2 .... n - a  P a - [ c p s  x 6 I = - t 
C PjXijVj 1 ; a t  j=1 j j i j  j=l 

(5-1) 

where, 

P 
n = number of phases  p r e s e n t  

j = index denot ing  phase 

nc = number of  components o r  pseudo components 
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i = index denoting component 

Xij = composition of ith component in the jth phase 

pj = density of the jth phase 

S j  = saturation of the jth phase 

V j  = velocity of the jth phase 

4 = porosity 

t = time 

x = distance 

Equation 5-1 is a set of nc partial differential equations. 
modified to express flow in terms of fractional flow in each phase. 
phase velocity, V 

The set was 
The 

is expressed as, j 

where 

f j  = fractional flow of phase j 

q = local volumetric flow rate 

A = cross sectional area open to flow 

Using Darcy's law, fractional flow in the jth phase is given by 

k j h j  

c k j h j  

f =  
j nP 

where j=l 

kj = effective or relative permeability of the jth phase 

pj = viscosity of the jth phase 

Equation 5-1 is thus modified to the form 

(5-3) 

Alternately, a form in terms of dimensionless time and position may be 
specified as 
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where, 

t/ CbAt - q i n j  
c -  

F: = x/L 

qinj = v o l u m e t r - 2  i n j e c t i o n  ra te  a t  F, = 0 

The i n i t i a l  and boundary cond i t ions  are  

zi - - zio t =  0 0 < 5 < = 1  

C i = 1 , 2  ...a 

where 

Zi = o v e r a l l  composition of component i 

T = To ( s p e c i f i e d  temperature)  

P = Po ( s p e c i f i e d  p re s su re )  

n 
D 

n 
P 

i = 1, 2 .... n c p.x J i J  . f . q  J = j=1 c p x  j i j  f j q i n j  ’ C j-1 

1, 2 .... n 
C 

( 5 - 5 )  

(5-7) 

Equat ions 5-6 and 5-7 state  t h a t  i n i t i a l  o v e r a l l  compositions of each 
phase a r e  s p e c i f i e d  as are  t h e  i n j e c t i o n  rates f o r  each component. 

A number of a w i l l i a r y  equa t ions  are r equ i r ed  for s o l u t i o n  of 
Equat ions  5-5. These are  as  fol lows:  

where, 

f l ,  f 2 ,  f g  = g e n e r a l  f u n c t i o n a 1 , n o t a t i o n  

P = system tempera ture  

/ \  T = system p res su re  

Zi = o v e r a l l  composi t ion of  component i 
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Equat ion 5-8 impl i e s  t h a t  an equa t ion  of s t a t e  o r  o t h e r  empi r i ca l  
r e p r e s e n t a t i o n  of phase behavior  ex is t s ,  and t h a t  r e l a t i v e  pe rmeab i l i t y  
d a t a  are a v a i l a b l e  f o r  t h e  porous medium. 

5.2.3 F in i te -Dif fe rence  Approximation 
Equat ion 5-5 i s  expressed i n  f i n i t e  d i f f e r e n c e  form as fol lows:  

n rrt-1 P n n 
P 

[ c p s . x  ] = [ x p s x  3 
j J i j  k j-1 j j i j  k 3-1 

n n P n n 
P 

1 ; i = 1, 2 .... n A T  
([ 1 PjXijfjq 1 - [ PjXijfj4 1 C 

- 
qin jQ '  j=1 k j=1 k- 1 

where 

k = index denot ing  s p a t i a l  p o s i t i o n  

n = f n d e x  denoting time l e v e l  

Equat ion 5-9 i s  an  e x p l i c i t  f i n i t e  d i f f e r e n c e  formulat ion.  

5.2.4 Ca lcu la t ion  of Phase Behavior 
Phase behavior  i s  descr ibed  i n  terms of  t e r n a r y  o r  pseudo-ternary 

diagrams as d iscussed  i n  Chapters 2 and 4. Thus, t h e  model cons ide r s  
t h e  system t o  b e  composed of carbon d iox ide ,  two hydrocarbon components 
(o r  pseudo components) and water. As discussed  i n  Chapter 2, water does 
no t  a f f e c t  phase behavior  o t h e r  t han  t o  s o l u b i l i z e  carbon d ioxide .  For 
a given f l u i d  system, and f o r  a f ixed  p res su re  and temperature ,  t h e  
t e r n a r y  diagram r e p r e s e n t a t i o n  i s  computed us ing  t h e  Soave-Redlich-Kwong 
(SRK) equat ion  of state as descr ibed  i n  Chapters 2 and 4. The p o s s i b l e  
co-exis tance of  t h r e e  hydrocarbon phases w a s  n o t  t r e a t e d  i n  t h i s  work. 

The gene ra l  form of t h e  phase behavior  on t e r n a r y  o r  pseudo-ternary 
diagrams i s  i l l u s t r a t e d  i n  F igure  5-1. The system was descr ibed  
mathematical ly  as i l l u s t r a t e d  i n  Figure 5-2. ( In  t h e  f i g u r e ,  t h e  
num&rs a long  t h e  b inoda l  curve are those  ass igned  i n  t h e  model of 
O r r  ). The b inoda l  curve w a s  r ep resen ted  by fou r  q u a d r a t i c  
equat ions .  These were app l i ed  over  t h e  r eg ions  1-3, 3-6, 6-13 and 13- 
15. Point  13  (8-13 on Figure 5-2) is t h e  c r i t i ca l  poin t .  Thus, t h r e e  
q u a d r a t i c  equa t ions  were used t o  d e s c r i b e  t h e  bubble-point curve  and one 
equat ion  w a s  used t o  f i t  t h e  dew-point curve.  The boundaries  of each 
o f  t h e  r eg ions  were e x t r a p o l a t e d  t o  common p o i n t s  T1, T2 and T3. These 
po in t s  served t o  d e f i n e  t i e  l i n e s  wi th in  each of t h e  t h r e e  reg ions .  
That is ,  a l i n e  from t h e  p o s i t i o n  of a n  o v e r a l l  composition t o  t h e  
appropr i a t e  i n t e r s e c t i o n  po in t  (Tl, T2 o r  T3) d e f i n e s  t h e  t i e  l i n e  
pass ing  through t h e  o v e r a l l  composition po in t .  

The o t h e r  form of phase behavior  i l l u s t r a t e d  i n  Figure 5-1 (two 
p a i r s  of  immiscible  components) w a s  handled i n  t h e  same manner except  
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ONE PAIR OF IMMISCIBLE COMPONENE --- TWO PARS OF IMMISCIBLE COMPONENTS 

Component 1 

I I I I I 2 
comP=& 3 Component 2 

F I G U R E  5 - 1 :  P h a s e  B e h a v i o r  R e p r e s e n t a t i o n  on  a T e r n a r y  
Diagram - Types  o f  Phase  B e h a v i o r  C o n s i d e r e d  
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Component 3 Component 2 

F I G U R E  5-2: Representation of Phase Behavior in the Mathematical 
Model 
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S p e c i f i c  equat tons  used in t h e  model are  g iven  by Rocha' 35 . 
5.2.5 Ca lcu la t ion  of  Phys ica l  P r o p e r t i e s  

Densi ty  Model 

Under the  assumption of i d e a l  behavior of t he  C02-hydrocarbon 
mixture ,  t h e  s p e c i f i c  molar volume, Vid, of a mixture  is given  by 

n 

Vid = c x V 
i-1 

C 

(5-10) i i  

where, 

Vi = s p e c i f i c  molar volume of pure component i 

Xi = mole f r a c t i o n  of component i 

Consider ing t h a t  t h e  d e n s i t y  is  equal  t o  t h e  i n v e r s e  of t h e  
s p e c i f i c  volume, from Equation 5-10, t h e  phase d e n s i t y  is 

n 
9 c  

1 

l / P j  = c X i / P i  
i-1 

(5-1 1) 

where 
1 

= molar d e n s i t y  of phase j 

pi = molar  d e n s i t y  of component i 

'j 

The mass d e n s i t y  i s  
n 

C 

(5-1 2) 

Mi = molecular  weight of component i 

Viscos i ty  Model 
The mathematical  model used t o  c a l c u l a t e  t h e  v i s c o s i t y  of t h e  

mixture  is t h e  f o u r t h  r o o t  mixing r u l e , 2 2  used ex tens ive ly  i n  r e f i n e r y  
c a l c u l a t i o n s .  

n 

i=l 

C 1/4 ]-l 

where 

9 9  
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pj 

pi 

Cij = volume fraction of  component i in phase j 

= viscosity of phase j 

= viscosity of component i 

Relative Permeability Model 

In calculations performed in this study, only two phases were 
flowing. Relative permeability expressions applied were the following: 

e 
oi3 s1 - ] 

krog = E o g [ T -  slC (5-14) 

(5-15) 

where 

= relative permeability of the gas phase 

= relative permeability of the oil phase in presence of a 
og k 

krog 
gas phase 

= value of Gg at minimum liquid saturation (residual water 
plus residual oil to gas) % 

= end point on the oil relative permeability curve, i.e., 
the relative oil permeability at zero gas saturation and 
connate water saturation. 

Eog 

= liquid saturation (oil plus water) 

= gas saturation 

= minimum liquid saturation (oil and water) 

= minimum gas saturation 

S1 

sg 

s1 c 

sgc 
e = empirical curve-f it parameters og' g e 

Add ional deta Is about the relative permeability model are given by Or$' and Rocha +5 . 
5.2.6 Approximation of Dispersion 
L a n t ~ * ~  conducted a study of the truncation error associated with 

the diffusion-convection equation when it is expressed using different 
numerical techniques. H i s  results are summarized in Table 5-1. The 
terms in the table are coefficients of the second derivative term which 
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fo l lowing  manner. 

Table  5-1 
Summary of Truncat ion Er ro r  Expressions 

Di f f e rence  Form E r r o r  Forms 

S p a t i a l  T ime  Misc ib l e  Immiscible 

BD 

CD 

BD 

CD 

E x p l i c i t  

E x p l i c i t  

Impl i c  i t 

Impl i c  it 

( A t -  A2)/2 

Ad2 

( AF, + A2)/2 

A z) /2 
d f W  d f W  - ( A S -  dS 

W W 
dS 

d f w  2 

dSW 
-(-) A2/2 

d f W  d f W  

dSW dSW 
( h e +  -  AT)/^ - 

d f w  2 

dSW 
(-1 A d 2  

A d i s p e r s i o n  term has not been included i n  t h e  desc r ib ing  p a r t i a l  
d i f f e r e n t i a l  equa t ions  (Equat ion 5-1) o r  t h e  f i n i t e  d i f f e r e n c e  equa t ions  
(Equation 5-9). However, because f i n i t e  t i m e  s t e p  ( A t )  and s p a t i a l  
increment (h )  s i z e s  are used, numerical  d i s p e r s i o n  is  in t roduced  
through t h e  e r r o r  term of t h e  f i n i t e - d i f f e r e n c e  equat ion.  By s e l e c t i n g  
a p p r o p r i a t e  A t  and Ax s i z e s ,  numerical  d i s p e r s i o n  is  approximately 
c o n t r o l l e d  t o  be equa l  t o  t h e  d e s i r e d  t r u e  d i s p e r s i o n .  

I n  t h e  p re sen t  model, t h e  backward d i f f e r e n c e  (BD) e x p l i c i t  e r r o r  
forms were used t o  c o n t r o l  d i spe r s ion .  

5.2.7 Summary of  So lu t ion  Procedure 
The numerical procedure is  summarized in the f o l l  

Addi t iona l  d e t a i l s  and a program l i s t i n g  are g iven  by Rocha g!Ying 

a. The set  o€ Equat ions 5-6 are solved f o r  t h e  term on t h e  le f t -hand  
s i d e  f o r  each  equat ion ,  one g r i d  node a t  a t i m e .  For t h e  f i r s t  t i m e  
s t e p ,  i n i t i a l  cond i t ions  are s p e c i f i e d  (n = 0) a t  a l l  g r i d  p o i n t s  
and t h e  term on t h e  l e f t  hand s i d e  i s  so lved  f o r  n = 1. 

b. For t h e  c a l c u l a t i o n  of a ) ,  py Xi4 and f l  are c a l c u l a t e d  based on 
t h e  known composi t ions (and sa u r a t  ons) a a l l  g r i d  po in t s .  

C. The s o l u t i o n  of t h e  Equation set 5-6 y i e l d s  t h e  o v e r a l l  composition 
a t  each  g r i d  node a t  t i m e  l e v e l  n + 1. 

d. A phase behavior  equi l ibr ium c a l c u l a t i o n  i s  made t o  determine t h e  
composition and s a t u r a t i o n  of  each  phase a t  each g r i d  node. 
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e. Since C02 density varies, depending on the phnsc in which the C 0 2  
exists, volumetric flow rate, q, varies from node t o  node. The flow 
rate is approximated as fol lows:  

where 

51 = change in calculated mass that exists in the volume 
associated with grid k as a result of phase equilibrium 
calculation (constant P) 

= overall density of fluid in volume associated with grid k pa 
after equilibrium 

= overall density of fluid in volume associated with grid k 
before equilibrium 

Pb 

= average overall density of fluid in volume associated with 
PAvgk grid k 

h k  = change in Volumetric flow rate as a result of phase behavior 
calculation 

qk, qk-1 = volumetric flow rate at grid nodes k and k-1 

f. The procedure returns to step “a“ and is repeated for the next time 
level. 

5.3 Application of the Model to Describe Linear Displacements in Slim- 
Tube Apparatus 

5.3.1 Introduction 
The modified mathematical model of Orr28 described above was used 

to simulate several of the slim-tube displacements discussed in Chapters 
2-4. Systems modeled are listed in Table 5-2, along with displacement 
pressures and temperatures. The results of the simulations are 
discussed in what follows. Two types of comparisons are made between 
calculated and measured displacement performances. In the first, 
hydrocarbon recovery as a function of pore volumes of C02 injected is 
compared for individual experimental displacement experiments. In the 
second, final hydrocarbon recovery as a function of displacement 
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pres su re  i s  compared f o r  s e v e r a l  displacement experiments.  Th i s  l a t t e r  
r e su l t  i s  t he  b a s i s  f o r  de te rmina t ion  of MMP. 

I n  a l l  cases,  excep t  f o r  t h e  Naljamar crude o i l ,  t h e  phase behavior  
r e p r e s e n t a t i o n  on t e r n a r y  o r  pseudo-ternary diagrams was c a l c u l a t e d  
using t h e  SRK equa t ion  of s t a t e  p rev ious ly  discussed.  I n t e r a c t i o n  
c o e f f i c i e n t s  used are  i n d i c a t e d  i n  Table 5-2. For t h e  two Kansas o i l s ,  
t h e  c a l c u l a t i o n s  were based on t h e  ASTE.1 D-86 d i s t i l l a t i o n  
compositions. Thus, t h e  I? ranges which b e s t  f i t  t h e  MMP v a l u e s  were 
used, as d i scussed  i n  Chapter 4 .  For t h e  Maljamar o i l ,  t h e  pseudo 
t e r n a r y  diagram repor t ed  by O r r 3 '  was used. 

Pre l iminary  c a l c u l a t i o n s  using t h e  model i n d i c a t e d  t h a t  i t  w a s  
d e s i r a b l e  t o  account f o r  a change i n  C 0 2  d e n s i t y  when i t  w a s  s o l u b i l i z e d  
i n  t h e  l i q u i d  hydrocarbon phase. Accounting f o r  t h i s  d e n s i t y  d i f f e r e n c e  
i n  t h e  two phases s i g n i f i c a n t l y  improved t h e  agreement between 
c a l c u l a t e d  and experimental  displacement resu l t s  f o r  t h e  systems 
s tudied.  A l i m i t e d  amount of  d a t a  w a s  a v a i l a b l e  on apparent  C 0 2  d e n s i t y  
i n  a l i q u i d  mixture  of butane-decane . s i n g  t h e s e  d a t a ,  t h e  e s t ima ted  
apparent  l i q u i d  C 0 2  d e n s i t y  w a s  0.55 g / c J  a t  160°F and 1400 p s i a .  A s  a 
frame of r e f e r e n c e ,  pu re  C d e n s i t y  a t  160°F ranges from 0.185 g/cm3 a t  
1200 p s i a  t o  0.277 g/cms a t  1500 p s i a .  I n  g e n e r a l ,  as w i l l  be 
d i scussed ,  t h e  appa ren t  C02 d e n s i t y  i n  t h e  l i q u i d  hydrocarbon phase was 
used as a history-matching parameter.  

8 

For  t h e  s i m u l a t i o n s  invo lv ing  b i n a r y  hydrocarbon s y  t e m  h i a 1  
1 ,fO ,23:2$, j j ,  56,  

P r o p e r t i e s  used f o r  t h e  crude o i l s  a re  d i scussed  i n  Chapter 4 .  

Addi t iona l  d e t a i l s  o f  t h e  s imula t ions  are given by Rocha . 
o e r t i e s  were obta ined  from l i t e r a t u r e  sou rces  %,tl 

35 

5 . 3 . 2  Carbon Dioxide Disp lac ing  Binary Hydrocarbon Systems 
82% n-Butane, 18% n-Decane 
The i n i t i a l  system s t u d i e d  w a s  t h e  displacement of an  " o i l "  

c o n s i s t i n g  of 82% n-butane and 18% n-decane as l i s t e d  i n  Table 5-2. 
S i n g l e  displacements  w e r e  f i r s t  s i m u l a y d  using t h e  experimental  
apparent  C02 l i q u i d  d e n s i t y  of  0.55 g/cm . The c a l c u l a t e d  recovery 
curves were s i g n i f i c a n t l y  below t h e  exper imenta l  curves  over most of t h e  
displacement p rocess .  To improve t h e  f i t ,  appa ren t  C02 l i q u i d  d e n s i t y  
was reduced, by t r l i a l  and e r r o r ,  t o  0.35 g/cm3. This improved t h e  
agreement cons ide rab ly .  

Comparisons between c a l c u l a t i o n s  and experimental  r e s u l t s  a re  shown 
i n  Figures  5-3 and 5-4 f o r  p r e s s u r e  of 1200 and 1400 s p s i .  A C 0 2  
appa ren t  l i q u i d  d e n s i t y  of  0.35 g/cm' w a s  used f o r  both c a l c u l a t i o n s .  
As seen, agreement between c a l c u l a t e d  and experimental  r e s u l t s  i s  q u i t e  
good. S i m i l a r  comparisons of 1300 and 1500 p s i  were no t  as s a t i s f a c t o r y  
but  were w i t h i n  exper imenta l  e r r o r .  
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Table 5-2 
Systems Simulated with t h e  Carbon Dioxide Displacement 

Model 

O i l  (mole%) I n t e r a c t i o n  
C o e f f i c i e n t  

N P S i )  T( OF) 

1200-1500 160 K(C02wC4) = 0.105 82% n-butane 
18% n-decane K(C02-Ci ) = 0.109 

K(C4-C10? = -0.032 
1 100- 1500 160 K(C02-C4) = 0.105 

K(C4-Clo) = 0.049 

82% n-butane 
18% n-butylbenzene K(CO2-Clo) = 0.090 

50% n-hexane 930-1 190 100 K(co2'c6) = 0.1306 
50% n-decane K ( C 0 2 - C i p '  = O.11OO 

30 K(C6'Clo = 0 
Mal jamar 800-1200 90 L i t e r a t u r e  Data 

IP Range 6-13 Y e l l i g  and Metca l fe  1150-1550 118 
I P  Range 6-13 1650-2100 150 

Abernathy-Co l l i n s  1325-1650 126 IP Range 4-13 
ASTM D-86 Composition 

Johanning B 1050-1650 102 IP Range 2-13 
ASTM D-86 Composition 

1 2  50-2050 125 IP Range 2-13 
ASTM D-86 Composition 

1 0 4  
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T h e  scacorid t y p e  of  comparison, recovery ve r sus  displzceinent 
pressllre, i s  shown i n  Figure 5-5. There i s  some u n c e r t a i n t y  i n  t h i s  
cr-rnp"rison f q r  t h e  foll.owing reason. Experimental  r e c o v e r i e s  r epor t ed  
a re  t h o s e  a t  C 0 2  breakthrough a t  t h e  e f f l u e n t  of  t h e  slim-tubes. 
Exper imenta l ly ,  t h e s e  r e c o v e r i e s  were determined by pass ing  t h e  e f f l u e n t  
through a s o l u t i o n  of calcium c h l o r i d e  and no t ing  t h e  p o i n t  a t  which 
calcium ca rbona te  p r e c i p i t a t e d .  However, t h i s  corresponding p o i n t  is  
not  known p r e c i s e l y  € o r  t h e  c a l c u l a t e d  curve because of u n c e r t a i n t i e s  
about t h e  e f f e c t  of numerical  d i s p e r s i o n  and low-pressure phase 
behavior .  Thus, two p l o t s  of p red ic t ed  recovery are shown i n  Figure 5- 
5 -  The lower se t  of p o i n t s  corresponds t o  recovery a t  t h e  po in t  a t  
which 1% of a pore vol.ume of  C 0 2  has  been produced. The upper set o f  
p o i n t s  correspond t o  recovery a t  1.0 pore volume of  C02  i n j e c t e d .  I n  
g e n e r a l ,  agreement i s  s a t i s f a c t o r y .  The c a l c u l a t e d  MMP is  approximately 
1350 t o  1400 p s i  and i s  w i t h i n  about  100 p s i  of t h e  experimental  value.  

82% n-Butane, 18% n-Butylbenzene 
S i m i l a r  c a l c u l a t i o n s  t o  those desc r ibed  above were made f o r  t h e  

hydrocarbon system c o n s i s t i n g  of 82% n-butane and 18% n-butylbenzene. 
For displacement  p r e s s u r e s  between 1100 and 1500 p s i ,  t h e  model 
p r e d i c t i o n s  of hydrocarbon recovery v e r s u s  pore volumes of C02 i n j e c t e d  
were i n  e x c e l l e n t  agreement. A va lue  of 0.35 g/cm3 apparent  C 0 2 .  l i q u i d  
d e n s i t y  was used a s  f o r  t h e  butane-decane system. R e s u l t s  are shown i n  
F igu res  D-1 t o  D-5 i n  Appendix D. 

Comparisons of breakthrough r e c o v e r i e s  as a f u n c t i o n  of  
displacement  p re s su re  a re  shown i n  Figure 5-6. Again, two sets o f  
c a l c u l a t e d  recovery p o i n t s  are  presented.  The lower set  corresponds t o  
hydrocarbon recovery a t  a p o i n t  a t  which 1% of  a pore volume of  C 0 2  has  
been produced, wh i l e  t h e  upper se t  r e p r e s e n t s  recovery a t  1.0 pore 
volume C 0 2  i n j e c t e d .  P red ic t ed  MMP is approximately 1300 p s i ,  i n  
e x c e l l e n t  agreement w i t h  t h e  experimental  value.  

50% n-Hexane, 50% n-Decane 
The t h i r d  b i n a r y  hydrocarbon system s t u d i e d  was a 5O:SO mixture of 

3 hexane and decane a t  100°F. P r e s s u r e  v a r i e d  from 930 t o  1110 p s i a  
Through t r i a l  and error, a n  appa ren t  C02 l i q u i d  d e n s i t y  of 0.50 g/cm 
w a s  s e l e c t e d  f o r  C 0 2  i n  t h e  l i q u i d  hydrocarbon phase. 

Again, t h e  comparison between c a l c u l a t e d  and measured displacement  
performance w a s  q u i t e  good. Resu l t s  are g iven  as Figures  D-6 t o  D-9. 

F r a c t i o n a l  recovery as  a f u n c t i o n  o f  displacement p r e s s u r e  is  shown 
i n  Figure 5-7. For t h i s  system, t h e  f r a c t i o n a l  recovery r epor t ed  is 
u l t i m a t e  recovery (as opposed t o  breakthrough r e c o v e r i e s  r epor t ed  f o r  
t h e  C4-Cl0 systems).  

5.3.3 

P r o p e r t i e s  of t h e  o i l s  and r e s u l t s  t aken  from t h e  l i t e r a t u r e  were 

Carbon Dioxide Disp lac ing  Maljamar and Y e l l i g  and Metca l fe  
Oils 

discussed  i n  Chapter 4 .  

1 0 7  
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Mal jamar O i l  

For  t h e  Maljamar crude, r e c o v e r i e s  ve r sus  pore v o l y g s  of C02 
i n j e c t e d  were r epor t ed  a t  two p r e s s u r e s  (800 and 1200 p s i a ) .  a 
pseudo-ternary diagram f o r  t h e  o i l  was p resen ted  i n  t h e  1iteraturY":nd 
was used i n  t h e  model ( r a t h e r  than c a l c u l a t e  a pseudo-ternary diagram 
u s i n g  t h e  SRK equa t ion  o f  state). 

Comparisons between c a l c u l a t e d  and experimental  displacement  

5 performance a t  t h e  two p re s su res  are p r e s  nted i n  Figure 5-5. Apparen 
CO2 l i q u i d  d e n s i t i e s  used were 0.73$ g/cm' a t  1200 p s i a  and 0.918 g/cm 
a t  800 p s i a  as suggested by S i l v a  As seen,  t h e  agreement is q u i t e  
acceptable .  

Y e l l i g  and Metca l f e  O i l  

The only displacement d a t a  r epor t ed  f o r  t h e  Y e l l i g  and Metcalfe  
were f i n a l  f r a c t i o n a l  r e c o v e r i e s  as a f u n c t i o n  of displacement  

p re s su res .  However, r e s u l t s  were simulated as f o r  t h e  o t h e r  systems. 
Calculated u l t i m a t e  

r e c o v e r i e s  are compared t o  experimental  d a t a  a t  temperatures  of 118'F 
and 150'F i n  Figures  5-9 and 5-10. The agreement a t  a temperature  of 
118'F i s  excellent. AT 150°F, agreement i s  good near and above t h e  
apparent  MMP of 1850 p s i .  However, a t  lower preseuree t h e  mathematical  
model p r e d i c t s  r e c o v e r i e s  t h a t  a re  too high. 

Apparent C 0 2  l i q u i d  d e n s i t y  used was 0.7 g/cm 3 . 

5 3.4 
Displacement calculations were made t o  s imula t e  performance with 

two of t h e  Kansas o i l s  s tud ied .  Ae i n d i c a t e d  i n  Table 5-2, t h e s e  were 
t h e  Abernathy-Collins and Johanning B crudes.  As prev ious ly  s t a t e d ,  
compositions were based on the  ASTM D-86 d i s t i l l a t i o n s  and i n t e r a c t i o n  
c o e f f i c i e n t  r anges  were used which y i e lded  MMP va lues  in agreement wi th  
experimental  d a t a  ( d i  cussed in Chapter 4). Apparent l i q u i d  CO d e n s i t y  

displacement d a t a .  

Carbon Dioxide Displacing Kansas Crude O i l s  

was set a t  0.60 g/cm J . This was set based on a h i s t o r y  mat& of t h e  

Abernathy-Collins O i  1 

Comparisons o f  c a l c u l a t e d  and measured displacement r e s u l t s  a t  
p re s su res  of 1330 p s i a  and 1670 p s i a  f o r  t h e  Abernathy-Collins o i l  are 
shown i n  F igu res  5-11 and 5-12. The agreement a t  1330 p s i a  is good. 
Ilowever, a t  1670 p s i a  t h e  p red ic t ed  recovery curve is h ighe r  than  
measured recovery over  most of t h e  displacement  run. This latter 
comparison was t y p i c a l  of most of t h e  c a l c u l a t i o n s  f o r  both of t h e  
Kansas crudes.  For t h e s e  o i l s  t h e  sl im-tube displacements  d i sp l ayed  
very non-linear i n c r e a s e s  i n  recovery as a f u n c t i o n  of volume of C02 
i n j e c t e d .  The r eason  f o r  t h i s  behavior  is n o t  clear and it could n o t  be 
c o r r e c t l y  s imulated with t h e  model. 

Ultimate f r a c t i o n a l  recovery as a f u n c t i o n  of displacement p r e s s u r e  
is shown in Figure 5-13 f o r  t h e  Abernathy-Collins crude. The agreement 
between c a l c u l a t e d  and measured r e c o v e r i e s  is good, however, t h e  
p red ic t ed  recovery is somewhat low a t  p r e s s u r e s  above t h e  MMP. The 
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c a l c u l a t e d  MMP of 1500-1550 p s i a  does a g r e e  with t h e  sl im-tube r e s u l t .  
This is expected s i n c e  phase behavior  c a l c u l a t i o n s  were based on an IP 
range  which y i e lded  a c o r r e c t  MMP (Chapter 4). 

Johanning B O i l  

The exper imenta l  d i sp lacements  w i th  t h e  Johanning B c rude  a t  twr,  
temperatures ,  102OF and 125'F, were s imulated.  Typical  comparisons w i t h  
t h e  d a t a  are g iven  as Figures  D-10 t o  D-13. For t h i s  c rude  t h e  MMP w a s  
much h igher  than f o r  t h e  Abernathy-Collins and was approximately 1800 
p s i a  a t  125'F. 

Comparisons between c a l c u l a t e d  and measured r e c o v e r i e s  are g iven  i n  
Figures  5-14 and 5-15 f o r  t he  two temperatures  used. Comparisons are 
comparable t o  those  obta ined  wi th  t h e  Abernathy-Coll ins  and are 
g e n e r a l l y  accep tab le .  

5.3.5 Summary of Comparisons Between Calcula ted  and Measured 
Displacement Performance 

The mathematical  model was used t o  s imula t e  sl im-tube displacement  
performance f o r  s e v e r a l  systems inc lud ing  t h r e e  b ina ry  hydrocarbon 
mixtures  and four  c rude  oi ls .  I n  g e n e r a l  t h e  comparisons were 
s a t i s f a c t o r y .  An except ion  i e  t h e  poor agreement between predicted and 
measured r e c o v e r i e s  as a f u n c t i o n  of C02 i n j e c t e d  for t h e  Kansas crudes.  

The experimental  d a t a  were h i s t o r y  matched t o  a degree.  The phase 
behavior  d e s c r i p t i o n s  were based on d a t a  both from a n a l y t i c a l  
measurements and from s l i w t u b e  r e s u l t s .  The C 0 2  apparent  l i q u i d  
d e n s i t y  w a s  a l s o  a d j u s t e d  t o  improve agreement between the  c a l c u l a t l o n s  
and measured displacement  performance. 

The mathematical  model does provide  an  estimate of performance not  
a v a i l a b l e  from c o r r e l a t i o n s  of MMP. The model can p r e d i c t  r e c o v e r i e s  a t  
c o n d i t i o n s  both  above and below m i s c i b i l i t y  p re s su re .  Add i t iona l ly ,  t h e  
model provides  a p r e d i c t i o n  of recovery  as a f u n c t i o n  of t h e  amount of 
C02 i n j e c t e d .  

A l l  comparisons i n  t h i s  work were done f o r  d i sp lacements  i n  s l i m  
tubes .  Complications in t roduced  by use of r e s e r v o i r  c o r e s  o r  a c t u a l  
f i e l d  c o n d i t i o n s  were n o t  considered.  
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CHAPTER 6 

SUMMARY OF MAJOR CONCLUSIONS 

Bubble-point phase-behavior d a t a  were t aken  f o r  b ina ry  and t e r n a r y  
systems con ta in ing  carbon d ioxide .  These d a t a  were judged t o  be 
r e l i a b l e  based on agreement wi th  s imilar  d a t a  r epor t ed  i n  t h e  
l i t e r a t u r e .  The phase behavior  w a s  adequate ly  s imulated wi th  t h e  Soave- 
Redlich-Kwong (SRK) equat ion  of  s t a t e  when s u i t a b l e  i n t e r a c t i o n  
c o e f f i c i e n t s  were used. Addit ion of water t o  t h e  C02-hydrocarbon system 
reduced t h e  bubble p o i n t  due t o  abso rp t ion  o f  C02 i n t o  t h e  water 
phase. However, when abso rp t ion  of C 0 2  was accounted f o r ,  phase 
behavior  on a water-free b a s i s  w a s  e s s e n t i a l l y  unchanged from t h e  case 
when no water w a s  i n  t h e  system. 

Seve ra l  d i sp lacements  were conducted i n  a slim-tube appara tus .  For 
t e r n a r y  systems (CO2 p lus  two hydrocarbon components) , measured MMP 
v a l u e s  were i n  good agreement wi th  v a l u e s  p red ic t ed  based on known phase 
behavior .  The presence of immobile water i n  t h e s e  displacements  had 
n e g l i g i b l e  a f f e c t  on MMP. M i s c i b i l i t y  p r e s s u r e s  were measured f o r  a 
number of Kansas crude o i l s .  MMP w a s  a f u n c t i o n  of API g r a v i t y ,  
dec reas ing  as API g r a v i t y  increased .  MMP a l s o  inc reased  wi th  
temperature  and decreased when lower molecular  weight hydrocarbons were 
added t o  t h e  c rude  (cq'C6). 

The SRK equa t ion  of  state was used t o  gene ra t e  pseudo-ternary 
diagrams f o r  two o i l s  descr ibed  i n  t h e  l i t e r a t u r e  and t h r e e  Kansas 
crudes.  For t h e  l i t e r a t u r e  o i l s ,  c a l c u l a t i o n s  were based on r epor t ed  
compositions.  The Kansas o i l  compositions were es t imated  from ASRl D-86 
and t r u e  boi l ing-poin t  d i s t i l l a t i o n  curves.  L i t e r a t u r e  sou rces  were 
used i n  conjunct ion  wi th  t h e  es t imated  compositions t o  c a l c u l a t e  
r equ i r ed  phys ica l  p r o p e r t i e s .  

The pseudo-ternary diagrams w e r e  a p p l i e d  t o  estimate MMP values 
obtained from slim-tube displacements .  It was determined t h a t  t h e  b e s t  
r e s u l t s  were obta ined  when a l i n e a r  range of  i n t e r a c t i o n  c o e f f i c i e n t s  
were used i n  t h e  SRK equat ion  of state. The sm$llest c o e f f i c i e n t  i n  
magnitude w a s  ass igned  t o  C5 and t h e  l a r g e s t  t o  When a s u i t a b l e  
set of i n t e r a c t i o n  c o e f f i c i e n t s  was used i n  t h e  equat ion  of s ta te ,  t h e  
MMP w a s  c o r r e c t l y  p red ic t ed  f o r  a g iven  crude. The dependence of  MMP on 
temperature  was a l s o  descr ibed  s a t i s f a c t o r i l y .  It was no t ,  however, 
p o s s i b l e  t o  model adequate ly  a l l  of t h e  o i l s  s t u d i e d  wi th  a s i n g l e  set 
of i n t e r a c t i o n  c o e f f i c i e n t s .  The va lue  of  t h e  lowest c o e f f i c i e n t  
( a s s igned  t o  Cs) had t o  be  ad jus t ed  t o  produce a s a t i s f a c t o r y  p r e d i c t i o n  
of MMP. 

C25 

The method w a s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  s p e c i f i c a t i o n s  of t h e  
pseudo components i n  t h e  pseudo-ternary r e p r e s e n t a t i o n .  Also, t h e  
method was no t  very  s e n s i t i v e  50 t h e  i n t e r a c t i o n  c o e f f i c i e n t  va lue  
ass igned  t o  t h e  heavy component (C25).  

1 2 1  



F i n a l l y ,  t h e  sl im-tube displacement  r e s u l t s  were s imula ted  
mathematical ly  using a mod i f i ca t ton  of a model r epor t ed  i n  t h e  
literature. The model was based on t h e  use  of pseudo-ternary diagrams 
t o  desc r ibe  phase behavior .  The model, i n  gene ra l ,  d id  a good job  of 
d e s c r i b i n g  displacement  performance i n  a slim-tube appa ra tus  . H i s t o r y  
matching was requi red  however. Use of t h e  model a l lows p r e d i c t i o n  of 
MMP and displacement  performance in an  ideal porous media system. 
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APPENDIX A 

ADDITIONAL PHASE BEHAVIOR DATA 

Table A-1 

Bubble-point P r e s s u r e s  f o r  C02-Toluene a t  140, 170, 2OO0F 

Mixture Mole Frac t ion ,  COO 

1 140'F 

0.212 

0.315 

0.508 

0.517 

0.637 

0.726 

0.890 

0 . 904 

170°F 

B u b b l e p o i n t  Press, kPa* 

3061 

4302 

7074 

7212 

8163 

92 60 

10542 

10570 

0.424 6895 

* To c o n v e r t  f r o m  kPa t o  p s i  m u l t i p l y  b y  0 .14504  
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Table A-2 

Bubble-point Pressures for CO -Ethylbenzene a t  2 140, 170, 200 F 

Mixture Mole Fraction, CO, 

0.315 
0.396 
0.442 
0.521 
0.552 
0.750 
0.885 

0.329 
0.450 
0.544 
0.638 
0.721 
0.830 

0.297 
0.398 
0.494 
0.596 
0.694 
0.801 

Bubble-point Press, .Pa* 

140°F 

4592 
5619 
6253 
7302 
7722 
9784 

10914 

170°F 

5399 
7495 
904 6 

10563 
11776 
13031 

200°F 

5571 
7563 
9556 

11534 
13293 
14872 

* To c o n v e r t  from kPa t o  p s i  m u l t i p l y  by 0 . 1 4 5 0 4  
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Table A-3 

Bubble-point Pressures for CO Propylbenzene a t  2- 140, 170, 200 F 

Mixture Mole Fraction, CO, 

0.321 
0.396 
0.507 
0.619 
0.700 
0.810 
0.885 

0.349 
0.406 
0.506 
0.601 
0.712 
0.863 

0.345 
0.398 
0.504 
0.582 
0.697 
0.781 

Bubble-point Press,  kPa* 

140'F 

170'F 

200°F 

4454 
5509 
7102 
8667 
9681 

10721 
11225 

5763 
6743 
8549 

10259 
12052 
13858 

640 5 
7 508 
9818 

11527 
13858 
15368 

* To c o n v e r t  from kPa t o  p s i  m u l t i p l y  by 0 . 1 4 5 0 4  
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Table A-4 

Bubble-point P res su res  f o r  C02-Cyclopentane a t  140, 170, 200'F 

Mixture Mole F rac t ion ,  CO, 

0 -344 
0.398 
0.500 
0.602 
0.703 
0.781 

0.348 
0.452 
0.547 
0.638 
0.752 

0.348 

0.494 

0.673 

0.398 

0.620 

140°F 

170°F 

200°F 

Bubble-point P res s ,  H a *  

4992 
5592 
6612 
7501 
8315 
8915 

5957 
7322 
8480 
9384 

10397 

6729 
7529 
8970 

10597 
11238 

To c o n v e r t  from kPa t o  p s i  m u l t i p l y  by  0 . 1 4 5 0 4  
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Table A-5 

Bubble-point Pressures for C02-Cyclohexane at 
140, 170, 200°F 

Mixture Mole Fraction, COP Bubble-point Press, kPa* 

140°F 

0.300 
0.402 
0.503 

0.802 
0.605 

0.300 
0.395 
0.504 
0.710 
0.806 

0.298 
0 . 400 
0.496 
0.602 

170'F 

200°F 

4757 
6047 
7122 
8019 
9432 

5530 
7026 
8542 
10852 
11604 

6226 
8081 
9659 
11 204 

* To convert from kPa to psi multiply by 0.14504 
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Table A-6 

Bubble-point Pressures for CO -Methylcyclohexane at 
140, 170, 280'F 

Mixture Mole Fraction, COT Bubble-point Press, @a* 

140'F 

0.298 
0.396 
0.499 
0.702 
0.814 

0 a286 
0.399 
0.501 
0 . 600 
0.690 

0.267 
0.402 
0 . 503 
0.608 
0.711 

170'F 

200°F 

4337 
5619 
6846 
8880 
9770 

4826 
6585 
8108 
9466 

10542 

5054 
7543 
9322 

11080 
12541 

* To convert from kPa to psi multiply by 0 . 1 4 5 0 4  

1 3 2  
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Mole Frac 

co, 

0.189 

0.249 

0.295 

0.349 

0.401 

0 . 401 

0.401 

0.415 

0.493 

0.493 

0.493 

0.493 

0.493 

0 . 507 

0.596 

0.607 

Table  A-7 

Bubble-point Pressure  Reduction Due t o  t h e  Presence of Water 

CO2-n-Butane a t  160'F 

Vol. of Water X Vol. of Water Bubble Po in t  

c m  3 a t  Rubble Po in t  P res s .  Reduct ion (kPa)* 

50.13 23.39 

50.13 27.35 

28.69 17.02 

50.13 32.51 

73.66 

134.48 

175.32 

30.86 

4.87 

9.38 

32.78 

61.10 

87.76 

28.88 

50.13 

29.11 

42.34 

57.34 

70.05 

24.06 

5.14 

9.50 

26.95 

40.88 

49.88 

22.73 

39.56 

22 . 22 

144.79 

165.47 

75.84 

227.53 

* To c o n v e r t  f r o m  kPa t o  p s i  m u l t i p l y  by  0 . 1 4 5 0 4  

1 3 3  

448.16 

779.11 

1358.27 

193.05 

27.58 

68.95 

227.53 

406.79 

606.74 

151.68 

351 w63 

165.47 



Table A-8 I 
Bubble-point Pressure Reduction Due to  the Presence of Water 

C02-n-Decane a t  160°F 

Mole Frac Vol. of Water X Vol. of Water Bubble-Point 

at Bubble Point Press. Reduction (kPa)* 3 co, c m  

0.253 

0.298 

0.403 

0.504 

0.599 

0.705 

0.705 

0.705 

0.705 

0.705 

0.705 

0.709 

0 . 810 

9.285 

9.285 

9 0285 

9.285 

9.285 

9.858 

22.815 

45.912 

69.995 

103.893 

152.343 

9.285 

9.285 

4-68 

5.37 

6.92 

8.09 

9.15 

10.00 

22.57 

37.06 

47.33 

57.11 

66.27 

10-23 

11.06 

48.26 

68.95 

137.90 

186.16 

158.58 

186.16 

386.11 

744 . 63 

1192.79 

1861.58 

2737.22 

124.11 

96.53 

91 
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Mole Frac 

co, 

0.398 

0.398 

0 e398 

0.398 

0.511 

0.511 

Table A-9 

Bubble-point Pressure Due to t h  Presence of Water 

C02-Toluene a t  160'F 

Vol. of Water X Vol. of Water 

at Bubble Point 3 c m  

9.24 8.92 

49.61 36.96 

108.42 56.15 

149.37 63.77 

28.17 26.65 

46.64 37.73 

Bubble Point 

Press.  Reduction (kPa)* 

165.47 

689.48 

1385.85 

1854.69 

530.90 

786 .OO 

* To c o n v e r t  from kPa t o  p s i  m u l t i p l y  by 0 . 1 4 5 0 4  
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Mole Frac 

co, 

0.558 

0.558 

0.558 

0.558 

0.680 

0.680 

0.680 

0.879 

Table A-10 

Bubble-point Pressure Reduction Due to the Presence of Water 

C02-n-Butane at 100°F 

Vol. of Water X Vol. of Water Bubble-Point 

at Bubble Point Press. Reduction (kPa)* 3 cm 

11.46 12.43 62.05 

77.62 49.40 413.69 

122.29 60.82 

151.54 65.92 

689.48 

848.06 

42.19 35.37 186.16 

89.83 54.15 427.47 

83.15 50.00 420.58 

150.79 65.23 827.37 

* To convert from kPa to psi multiply by 0.14504 
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Table  A-11 

Bubble-point P res su res  a t  160°F 

P Data Po in t  mole f r a c t i o n  

Number x(1) x (2 )  x(3) x(4) x(5) p i a  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
14 
1 5  
16 
17 
18 
19  
20 
21 
22 

0.670 
0.068 
0.681 
0.712 
0.754 
0.753 
0.580 
0.597 
0.646 
0.702 
0.755 
0.752 
0.637 
0.614 
0.633 
0.667 
0.713 
0.782 
0.786 
0.671 
0.634 
0.754 

0.000 
0.068 
0.138 
0.200 
0.206 
0.207 
0.000 
0.090 
0.186 
0.219 
0.206 
0.208 
0.000 
0 .ooo 
0.108 
0.178 
0.200 
0.192 
0.188 
0 .ooo 
0.184 
0.205 

0.330 
0.258 
0.180 
0.088 
0.040 
0.040 

0.420 
0.313 
0.169 
0.079 
0.039 
0.040 
0.363 

0.0207 0.0162 

0.386 
0.259 
0.156 
0.087 
0.025 
0.026 
0.329 
0.183 
0.0041 

1386 
1415 
1395 
1387 
1399 
1392 
1399 
1399 
1388 
1389 
1413 
1409 
1541 
1420 
1406 
1389 
1404 
1400 
1402 
1554 
1339 
1404 

Uncert. Density 

mol. f r .  g/cm3 

0 003 
0.002 
0.002 
0.002 
0.002 
0.002 
0.010 
0.002 
0.002 
0.002 
0.002 
0.002 
0.007 
0.006 
0.002 
0.002 
0.002 
0.002 
0.002 
0.006 
0.002 
0.002 

0.735 
0.712 
0.695 
0.643 
0.546 
0.548 
0.815 
0.765 
0.709 
0.637 
0.556 
0.556 
0.815 
0.859 
0.791 
0.719 
0.661 
0.501 
0.497 
0.861 
0,737 
0.558 

where 
x(1) Carbon Dioxide 
x(2) n-Bu t ane 
x(3)  n-Decane (e) 
x(4) n-Butylcyclohexane (N) 
x ( 5  1 n-Butylbenzene (A) 
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APPENDIX C 

SUPPLEMENTAL TABLES AND FIGURES FOR CHAPTER 4 

Nomenclature for Appendix C 

s p e c i f i c  gravity 

Watson Characterization Factor 

Single Carbon Number 

weight 

volume 

molecular weight 

c r i t i c a l  temperature 

c r i t i c a l  pressure 

s p e c i f i c  gravity 

molecular weight 

accentric factor 

Ka tz-Firaozabadi-Whitson2' 

Boiling Point 

Average Boiling Point 
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SCN 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

20 TABLE C-1 - Summary of Generalized Katz-Firoozabadi-Whitson 
Pro pert ies 

BP RANGE(F) 

97.9 
156.7 
210.1 
259.1 
304 .4 
346.4 
385.5 
422.2 
456.7 
489.2 
520. 
547. 
577. 
603. 
628. 

675. 
696 
717. 
737. 
756. 
775. 
793. 
810. 
826. 
842. 

874. 
888. 
901 . 
915. 
928. 
941. 
953. 
966. 

652 

857 

156.7 
210.1 
259.1 
304.4 

385.5 
422.2 
456.7 
489.2 
520. 
547. 
577. 
603. 
628. 
652. 
675. 
696. 
717. 
737. 
756. 
775. 
793. 
810. 
826. 
842. 
857. 
874. 
888. 
901. 
915. 
928 
941 . 
953. 
966. 
978. 

346 04 

TB(F) 

147 . 
197.5 
242. 
288. 
330.5 
369. 
407. 
441. 
475.5 
511. 
542. 
572. 
595. 
617. 
640.5 
664. 
686. 
707 e 

727 
747 . 
766 
784. 
802. 
817. 
834. 
850 
866. 
881 e 

895. 
908 
922. 
934 . 
947 . 
959. 
972. 

SG 

.690 

.727 

.749 

.768 
e782 
.793 
.804 
.815 
.826 
.836 
.843 

.856 

.861 

.866 

.876 

-851 

a871 

e881 
e885 
-888 
e892 
0896 
.899 
-902 
e 905 
,909 
.912 
-915 
.917 
.920 
.922 
.925 
.927 
.929 
.931 

MW 

84. 
96. 
107. 
121 . 
134. 
147. 
161. 
175. 
190. 
206 . 
222. 
237. 
251. 
263. 
275. 
291 
300. 
312 
324. 
337 . 
349. 
360 . 
372. 
382 . 
394. 
404. 
415. 
426 . 
437. 
445 . 
456. 
464 . 
475. 
484. 
495. 
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w 
SCN 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

TABLE C-2 - Summary of TC, PC, and W Calculations with 
Lee-Kesler2' Equations f o r  KFW Properties 

TB( "E') 

147 .O 
197.5 
242 .O 
288.0 
330.5 
369.0 
407 .O 
441.0 
475.5 
511.0 
542 .O 
572.0 
595 .O 
617.0 
640.5 
664.0 
686 .O 
707.0 
727 .O 
747.0 
766 .O 
784.0 
802 .O 
817.0 
834 .O 
850.0 
866 .O 
881.0 
895 .O 
908.0 
922 .O 
934.0 
947 .o 
959.0 
972 .O 

SG MW 

0.690 84.0 
0.727 96.0 

0.768 121.0 

0.793 147.0 
0.804 161.0 
0.815 175.0 
0.826 190.0 
0.836 206.0 
0.843 222.0 

0.856 251.0 
0.861 263.0 
0.866 275.0 

0.876 300.0 

0.885 324.0 

0.892 349.0 
0.896 360.0 
0.899 372.0 
0.902 382.0 
0.905 394.0 
0.909 404.0 
0.912 415.0 
0.915 426.0 
0.917 437.0 
0.920 445.0 
0.922 456.0 
0.925 464.0 
0.927 475.0 
0.929 484.0 

0.749 107.0 

0.782 134.0 

0.851 237.0 

0.871 291.0 

0.881 312.0 

0.888 337.0 

0.931 495.0 

TC( OK)  

507.7 
542.5 
570.5 
598.1 
622 e2 
643.2 
663 e7 
682.1 
700.5 
718.9 
734.3 
749.4 
760.6 
771.2 
782.5 
793.6 
804.2 
814.3 

832.4 
841.3 
849.7 

864.6 
872.2 
879.8 
887 .O 
893.9 

823.6 

857 e8 

899 e 9  
905.9 
911.9 
917.6 
923.2 
928.5 
934 -1 

PC (A") 

32.4 
31.1 

29 .l 
27.0 
25.0 
23.2 
21.7 
20.5 
19.4 
18.2 
17.2 
16.3 
15.6 
15.0 
14.4 
13.8 
13.3 
12.8 
12.4 
11.9 
11.5 
11.1 
10.7 
10.5 
10.1 
9.9 
9.6 
9.4 
9.1 
8.9 
8.7 

8.3 
8.1 
7.9 

8.5 

W 

0.271 
0.310 
0.349 
0.393 
0.437 
0.480 
0.523 
0.561 
0.601 
0.644 
0.685 

0.754 
0.784 

0 849 
0.880 
0.909 
0.937 
0.966 
0,991 
1.015 
1.040 
1.060 
1.083 
1.102 
1.123 
1.142 
1.162 
1.177 
1.196 
1.210 
1.227 
1.242 
1.259 

0.723 

0 -816 
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% 
12.3 
12.0 
11.9 
11.8 
11.8 
11.8 
11.9 
11.8 
11.8 
11.8 
11.9 
11.9 
11.9 
11.9 
11.9 
11.9 
11.9 
11.9 
12 .o 
12.0 
12.0 
12.0 
12 .o 
12.0 
12 .o 
12.0 
12 .o 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
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T A B L E  5.1 

CORE LABORATORIES, INC.  

R escrvoir Fluid A italysis 

August 2, 1983 

The University of Kansas 
Company Center for Research, Inc. 

Well Abernathy-Collins No. 1 

TORP Account 4390 

Page 1 of 2 

File RFL 830486 

ASTEl D-86 DISTILLATION OF STOCK TANK OIL - IN 50°F. CUT STEPS TO 700°F. 

K, =11.8 

Gravity, "API @ 60°F. = 33.9 
Specific gravity @ 60"/60"F. = 0.8555 

Molecular weight = 237 

cut Temperature Volume Specific Gravity 
Number OF. Percent @ 60"/60°F. - 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
Residue 

176 
223 
273 
325 
375 
426 
476 481 
530 538 
580 594 
632 657 
682 726 
700* 
(700)7 5 3 

Residue molecular weight = 576 

*Stopped distillation 

IBP 
3.0 
10.0 
18.0 
24.5 
28.5 
34.0 
40.0 
45.5 
52.0 
59.0 
65.0 
71.0 
29.0 

150 

0.6849 
0.7145 
0.7394 
0.7609 
0.7766 
0.7927 
0.8109 
0.8274 
0.8426 
0.8543 

0.8551 
0.9759 



T A B L E  5.9 

CORE LABORATORIES, INC. 
Reservoir Fluid A iiolysis 

August 2 ,  1983 

Page 2 of 2 

F i l e  RFL 830486 

The U n i v e r s i t y  of Kansas 
Company Cen te r  f o r  Research ,  Inc.  

Well Johanning B No. 1 

TORP Account 4390 1 
I 

ASTM D-86 DISTILLATION OF STOCK TANK O I L  
I N  5O0F. CUT STEPS TO 700'F. 

G r a v i t y ,  'API @ 60°F. 36.2 ~ ~ ~ 1 1 . 8  

-PI 

S p e c i f i c  g r a v i t y  @ 60°/60'F. = 0.8441 
Molecular  weight  - 216 

c u t  Temperature  Volume S p e c i f i c  G r a v i t y  
Number OF. Percen t  @ 6Oo/6O0F. 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
Residue  

204 
2 54 
305 
3 54 
404 
456 
507 513 
557 5 6 8  
607 6 2 6  
658 6 9 2  
700* 
(700)753 

IB P 
3.0 
12.0 
21.5 
28.0 
34.0 
41.0 
48.0 
55.5 
65.0 
74.0 
77.5 
22.5 

0.7145 
0.7386 
0.7576 
0.7774 
0.7951 
0.8118 
0.8257 
0.8384 
0.8514 

0.8566 
0.9596 

,' \ 

Res idue  molecu la r  weight  498 
CORE LABORATORIES. INC.  

*Stopped d i s t i l l a t i o n  +" * 
James R. F o r t n e r  
Area Manager 
Reservoir F l u i d  Ana lys i s  

JRF : HLS : mc 
7 cc: T e r t i a r y  O i l  Recovery P r o j e c t  (TORP) 

Dept. of Chemical and Pe t ro leum Engr. 
4008 Learned Hall 
U n i v e r s i t y  of Kansas 
Lawrence, KS 66045 
A t t n :  Mr. Edward Daub 151 



T A B L E  6.1 

CORE LABORATORIES. INC.  

Reservoir Fluid Analysis 

January 24, 1984 

Page 1 of 2 

F i l e  RFL 830775 

Company The U n i v e r s i t y  of Kansas T e r t i a r y  O i l  Recovery P r o j e c t  

We1 1 A1 be r t son  Crude 

ASTM 0-86 DISTILLATION OF STOCK TANK OIL I N  5OoF. CUT STEPS TO 700OF. 

G r a v i t y ,  " A P I  Q 6OOF. = 35.5 
S p e c i f i c  g r a v i t y  Q 6Oo/6O0F. = 0.8472 
Molecu la r  wei ght = 222 

Kw = 11.7 

c u t  
Number 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Temperature 
OF. 

136 
186 
236 
285 
337 
388 
438 
488 4 9 3  
538 5 4 7  
590 6 0 6  
640 6 6 8  
690 7 3 8  
700* 

Volume 
Percent 

I B P  
3.5 

10.0 
16.0 
22.0 
27.5 
32.5 
38.0 
43.5 
49.5 
55.5 
66.5 
70.5 

12 (700) 7 5 3  76.5 
Residue 22.5 
Loss 1.0 

12 (700) 7 5 3  76.5 
Residue 22.5 
Loss 1.0 

Residue molecu la r  we igh t  = 605 

*Stopped d i  s t  i 1 1 a t  i on 

152. 

Speci f i c G r a v i t y  
Q 6Oo/6O0F. 

0.6717 
0.7005 
0.7298 
0.7519 
0.7702 
0.7879 
0.8038 
0.8193 
0.8328 
0.8452 
0.8556 

0.8567 
1.0012 

n 



CORE LABORATORIES. INC. 

Reservoir Fluid Analysis 

January 24 ,  1984 

Page 2 o f  2 

F i l e  RFL 830775 

We1 1 A1 b e r t s o n  Crude 

TABLE 6.9 
TRUE BOILING P O I N T  DISTILLATION OF STOCK TANK OIL 
-----------_--I ----= 

c u t  Temperature , 
Number OF. 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Res idue 
Loss 

89 
161 
210 
260 
3 10 
36 2 
4 10 
46 0 
510 
56 0 
610 

Res idue m o l e c u l a r  w e i g h t  = 537 

Recovery,  
Volume X 

I BP 
3.98 
8.79 

14.83 
20.60 
26.09 
30.90 
36.39 
41.17 
46.22 
51.33 

45.24 
3.43 

Speci  f i c G r a v i t y  
(a 6Oo/6O0F. 

0.6589 
0.7170 
0.7302 
0.7234 
0.7714 
0.7895 
0.8085 
0.8191 
0.5320 
0.8437 

0.9462 

CORE LABORATORIES, I N C .  

James R. F o r t n e r  
Area Manager 
R e s e r v o i r  F l u i d  A n a l y s i s  

JRF : DK : mc 
7 c c :  T e r t i a r y  O i l  Recovery P r o j e c t  

4008 Learned H a l l  
U n i v e r s i t y  of Kansas 
Lawrence, KS 66045 
At tn :  Pro f .  Don W. Green 
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TABLE C-7 - Comparison of Dietillation Curves for the 
Abernathy-Colline Crude 

,. ASTM D=86(Experimental) TBP( Empirical) E FV (Emp i r i c al) 

VOL% voL% T(F) - voL% T(F) - T O 9  - 
0 101 0 

10 
30 429 30 479 30 

70 776 70 694 70 

176 
273 
441 
6 38 
751 
753 71 7 80 71 

10 239 10 349 

50 653 50 618 50 

TABLE C-8 - Calculated Binary Bubble-Point Temperatures Versus ASTM 
Cut Temperature 

ASTM D-86 

223 
273 
325 
375 
426 
481 
538 
594 
657 
726 

CALCe BPT 

229 e 1  
269 9 
316.9 
364 7 
425.8 
477 e 2  

530 e 4  
591 3 
650.8 
714e6 
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TABLE C-9 - Summary of Additional IP Ranges Ut i l ized  i n  Ternary 
Ana 1 ys e s 

SCN .02-. 1 3  .03-.13 .04-.13 .06-.13 .03-.15 
(2-13) (3-1 5) (4-13) (6-1 3) (3-15) 

- 

5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
1 4  
15  
16 
17 
18 
19  
20 
2 1  
22 
23 
24 
25 
26+ 

.0200 
-0255 
-0310 

.0420 
-0475 
.OS30 
.OS85 
.0640 
.0695 
.0750 
.0805 
-0860 
.0915 
.0970 
.lo25 
-1080 
-1135 
.1190 
-1245 
.1300 
.1300 

-0365 

.030 

.035 

.040 

.045 
-050 
.055 
-060 
.065 
.070 
-075 
.080 
-085 
.090 
.095 
.loo 
.lo5 
.110 
.115 
.120 
.125 
.130 
.130 

.0400 

.0445 

.0490 

.OS35 

.0580 
-0625 
-0670 
.0715 
.0760 
-0805 
.0850 
-0895 
.0940 
.0985 
.lo30 
.lo75 
.1120 
.1165 
-1210 
-1255 
.1300 
.1300 

.0600 

.0635 
-0670 
.0705 
.0740 
-0775 
.0810 
.0845 
.0880 
.0915 
,0950 
.0985 
.lo20 
,1055 
-1090 
.1125 
.1160 
.1195 
.1230 

.1300 

.1300 

-1265 

.030 
,036 
.042 
.048 
.054 
,060 
.066 
.072 
.078 
.084 
.090 
.096 
.102 
-108 
.114 
.120 
-126 
.132 
.138 
.144 
.150 
.150 

1 5 5  



T=118 F 
P=1250 PSlA 
IPS=,Q7-. 1 3 
h(ODdlc=.ooo 
OOCp.346 

/ I I I I 
ow1 w Qs 44 od ob " Q  7 ob &a 

1 I ~ I  I I 

C6-Cl2 c13+ 

FIGURE C-1:  C a l c u l a t e d  Ternary  Phase  Diagram f o r  Y e l l i g  and M e t c a l f e  Oil 
( I P  Range 7-13, P = 1250 p s i a ,  T = 118'F). 

n 

. .  
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. ... 

T=118 F 
P=1600 PSlA 
IPS=.O7-.13 
MMC=.347 
OOC=.346 

C13t C6-Cl2 

FIGURE C-2: Calculated Ternary Phase Diagram for Yellig and Metcalfe G i l  
( I P  Range 7-13, P = 1600 psia,  T = 118'F). 
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T=150 F 
P=1800 PSlA 
IPS=*O7-*13 
M MC= .240 
OOC=.346 

C13+ C6-Cl2 

FIGURE C-3:  Calculated Ternary Phase Diagram for Yellig and Metcalfe O i l  
(IP Range 7-13, P = 1800 psia,  T = 150'F). 
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T=15O F 
P=2250 PSlA 
IPS=.07-.13 
MMC=.SSO 
OOC=.346 

C13+ C6-Cl2 

FIGURE C-4: Calculated Ternary Phase Diagram for Yellig and Metcalfe O i l  
(IP Range 7-13, P = 2250 psia, T = 150'F). 
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c1 

T=95 F 
P=1100 PSlA 
IPS=.O6-.13 
MMC=.397 
OOC=.346 

/ I 1 1 1 --€ ai 0.2 a3 a4 0.8 0.6 

FIGURE C-5: C a l c u l a t e d  Ternary  Phase  Diagram f o r  Y e l l i g  and Metcalfe O i l  
( I P  Range 6-13, P = 1100 p s i a ,  T = 95'F). 

160 



co, 
T=118 F 
P=1350 PSlA 
IPS=.O6-.13 
MMC=.364 
OOC=.346 

7 

f 1 I I I 4 ~n I I 
a1 a2 0 3  a4 08 0 1 "  bJ ob as 

c13+ C6-Cl2 

FIGURE C-6: Ca lcu la ted  Ternary P h a s e  Diagram for Yellig and Metcalfe O i l  
( I P  Range 6-13, P = 1350 p s i a ,  T = 118OF). 
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T=150 F 
P=l600 PSlA 
IPS=.O6-.13 
MMC=.000 
OOC=.346 

FIGURE C-7: Calculated Ternary Phase Diagram for Yellig and Metcalfe O i l  
( I P  Range 6-13, P = 1600 psia, T = 150'F). 
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T=150 F 
P=1800 PSlA 
IPS=.O6-.13 
MMC=.305 
OOC=.346 

c1 

FIGURE C-8: Calculated Ternary P h a s e  Diagram for Yellig and Metcalfe O i l  
( I P  Range 6-13, P = 1800 psia, T = 150'F). 
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c1 

FIGURE C-9: C a l c u l a t e d  Ternary  Phase  Diagram f o r  Y e l l i g  and M e t c a l f e  Oil 
( I P  Range 6-13, P = 2000 p s i a ,  T = 150'F). 

T=150 F 
P=2000 PSlA 
IPS=.O6-. 1 3 
MMC=.347 
OOC=.346 

12 

164 
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I T=126 F 
P=l550 PSlA 
IPS=.07-,13 
MMC=.169 
OOC=.409 

C16+ 

FIGURE C-10: Calcula ted  Ternary Phase Diagram f o r  Abernathy-Collins 
Crude O i l  ( I P  Range 7-13, P = 1550 p s i a ,  T = 126'F). 
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T=102 F 
P=1150 PSlA 
IPS=.O3-.13 
MMC=.000 
OOC=.392 

I I I I I n I l 

ai a2 bJ Qi 0.6 a.7 Qb a8 ow 
C16+ C6-615 

I 

FIGURE C - 1 1 :  Calculated Ternary Phase Diagram for Johanning B Crude O i l  
( I P  Range 3-13, P = 1150 p s i a ,  T = 102OF). 
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T=102 F 
P e l  200 PSlA 
IPS=.03-. 1 3 
MMC=.399 
0062.392 

C16+ C6-Cl5 

FIGURE C-12: Calculated Ternary Phase Diagram for Johanning B Crude Oil 
( I P  Range 3-13, P = 1200 psia, T - 102OF). 
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4 - PREDICTED R E C O W  ,/" D 
ID - EXPERIMENTAL RECOVERY I 

0.8 f 
/' - n-HEXANE 

-.-.- n-DECANE - -- L c02 

i 

1 
I 
I I 

i I 
I 

--.---.---. -.- 1 

" t  /" D I 

i 

,/" b ,./.--. 
/' / *  4 

o * o y -  L - a . I j . - - L . - l - - . '  0.0 0.2 0.4 0.6 0.8 1 .o 1.2 1.4 1.6 

Pore Volumes of CO 2 Injected 

FIGURE D-9: co 2 D i s p l a c i n g  Hexane and Decane (P = 1110 p s i a ,  T = 10O0F) - 
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