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INTRODUCTION 

This report summarizes the work performed at the Stanford University Petroleum 

Research Institute (SUPRI) during fiscal year 1983 (October 1, 1982 through 

September 30, 1983) . In this report the emphasis will be on current research 

and future plans. Past results (1976-1982) have been published in different 

Department of Energy technical reports. In order to avoid unnecessary 

duplication some of the projects will be discussed only briefly as recent 

technical reports or publications are available, others will be discussed in 

more detail. The plan of the report will closely follow the scope of work for 

SUPRI, summarized below. 

The research has five main objectives: 

1. Flow Properties: To assess the effects of temperature and pressure on 

absolute and relative permeabilities, on capillary pressure and on any 

relevant property of petroleum reservoirs. The data obtained in the 

laboratory will be correlated with data obtained at reservoir conditions. 

2. In-Situ Combustion: To study the in-situ combustion process. Tube runs 

for simulation of in-situ combustion experiments are performed under different 

pressure and oxygen concentration levels. Kinetics of in-situ combustion 

reactions are also studied. 

3 . Steam Injection with Additives: To optimize the steam injection 

techniques. Use of surfactant additives as foaming agents for mobility 

control in steam injection is studied. Screening of products used to reduce 

gravity override and channeling is performed. Adsorpf ion and phaae 

partitioning of surfactants are studied at steam injection temperatures. Flow 

behavior of foams in porous media is simulated in micromodels, two dimensional 

vertical models and a steam injection linear bench scale model. Other 

additives such as inert gases are also considered. Numerical simulation will 

be attempted on the process using the steam with additives. 

4. Reservoir Definition: To improve exieting interpretation techniques for 

well tests, tracer tests and logging. Well test research has focused on 

interpretation of fall off data in thermal recovery and on pulse testing with 

storage and skin at both wells. Tracer studies were performed on well-to-well 

tests and on single well tests. Logging research focused on interpretation of 

data from the SUPRI steam foam field experiment. 

5. Field Support Services: To discuss practical problems with 

representatives of the oil industry. The SUPRI Industrial Advisory Committee 

has been active with two meetings and numerous discussions and data exchanges. 



Section 1 

n o w  PROPERTIES STUDIE s 

This section deals with the effect of temperature and 

pressure on absolute and relative permeabilities and 

on capillary pressure. 



1.1 ABSOLUTE PERMEABILITY 

W. I. McKay 

A technical report "Effects of Temperature on Absolute Permeability of 

Consolidated Sandstone" by W. I. McKay and We E. Brigham has been submitted to 

D.O.E. for review. The following is an abstract of this work: 

The effect of remperaeure on absolute permeability has been a point of 

disagreement in the petroleum literature for many years. Gobran et al. have 

shown no dependence on temperature of the absolute p~raeebility to water of 

unconsolidated sand cores. The objective of this report is to extend the 

investigation to consolidated sandstone by following similar experimental 

procedures and observing whether any temperature effects exist. 

Fontainebleau sandstone was chosen as the core sample because of its low 

porosity and relatively clay-free composition. These characteristics allow 

the nature of consolidated sandstone permeability to be studied, while 

minimizing the effects of extraneous factors. Such factors, often present in 

Berea and Boise sandstones, include interstitial clay swelling in the presence 

of distilled water. 

Properties of sandstone differ from thaec of uncoosolidated eand. 

Consequently, the effects of throughput vater volume and flow rate, in 

addition to temperature, are studied. Mechanical difficulties with parts of 

the experimental apparatus were encountered. 

Necessary alterations -re made and a run was performed. The canclusion 

to date is that plugging of pore constrictions by migrating fine particles is 

the main cause of the observed permeability decline. Temperature effects seem 

to be very small. 



1.2 ELATIVE PERMEABILITY 

R. Roark and H. Ameri 

1 i 2 1 INTRODUCTION 

The r e l a t i v e  permeabil i ty of a porous medium i s  the  r a t i o  of the  

e f f e c t i v e  permeabil i ty of a f l u i d  a t  a given s a t u r a t i o n  t o  the  permeabil i ty 

when the  pores a r e  100% satura ted  wlth t h a t  f l u i d .  I n  r e se rvo i r  ana lys i s ,  

r e l a t i v e  pe rmeab i l i t i e s  provide the  foundation f o r  the  e f f e c t  of var ious  

production procedures on recoveries.  

Individual  o i l  and gas or  o i l  and water r e l a t i v e  pe rmeab i l i t i e s  a r e  

required f o r  many rese rvo i r  engineering app l i ca t ions  such a s  waterflooding, 

gas i n j e c t i o n ,  n a t u r a l  water d r ives  and n a t u r a l  dep le t ion  o r  g rav i ty  drainage. 

Enhanced o i l  recovery has been widely used i n  the  petroleum indust ry .  

Thermal o i l  recovery processes have resu l t ed  from the  i n t e r e s t  i n  recovering 

viscous crudes. Steam s t imula t ion ,  steam flooding and in -a l to  combustion a r e  

t h e  major thermal processes i n  use today. A l l  of these recovery processes 

r e s u l t  i n  lowering the  v i s c o s i t y  of the  crude o i l  allowing it  t o  become more 

mobile. Thermal multiphase flow i n  porous media can be described using 

r e l a t i v e  permeabil i ty curves. 

Real r e s e r v o i r  cores a r e  usual ly  l imi ted  i n  s i ze .  This s tudy is  

concerned with obtaining an accura te  method of measuring oil-water r e l a t i v e  

penneabi l t ies  on small core samples and comparing t h i s  behavior with t h a t  of 

l a r g e r  core measurements. 

1.2.2. LITERATURE SURVEY 

Wykoff and Botset  (1936) i n  an e a r l y  paper described the  r e l a t i v e  

permeabil i ty concept and experimentally showed the  mechanics of o i l ,  gas and 

water flowing simultaneously through a porous medium. The flow was believed 

t o  be governed by f l u i d  p roper t i e s ,  the  r e l a t i v e  s a t u r a t i o n  of each f l u i d  and 

by the  c h a r a c t e r i s t i c s  of the  medium i t s e l f .  

Muskat e t  a l .  (1937) determined t h a t  the  permeabil i ty of the  sands 

s tudied  over a range between 17 and 260 da rc ies  appeared t o  have a n e g l i g i b l e  



effect upon the saturation-permeability relation. The viscosity of the liquid 

was shown to have a slight effect on the saturation-permeability relation. 

Experiments performed by Leverett (1939) confirmed these findings. 

Botset (1939) extended experiments on gas-liquid mixtures to consolidated 

sand. He found the sand cementation and grain size distribution influenced 

the saturation-permeability relation. Viscosity, surface and interfacial 

tension were described as relatively unimportant. He concluded that the 

ultimate recovery from a consolidated sand would generally be less than that 

from an unconsolidated sand with the same permeability. This difference in 

recovery would depend upon the amount of cementation and grain size 

distribution of the consolidated sand. 

Leverett (1940) studied capillary behavior in porous media from a 

thermodynamic analysis. A discontinuity in the capillary forces causes the 

wetting phase to be held back upon leavin~ the core; thus, the wetting-phase 

saturation increases near the outlet. The author noted this result as a 

boundary effect which causes an extra pressure drop. The boundary effect was 

described as a laboratory phenomenon and it was negligible in actual reservoir 

flow. 

Buckley and Leverett (1942) presented a theoretical analysis of 

immiscible liquid displacement based on the equation of continuity and the 

Darcy equation for viscous flow of each fluid. Subsequent investigators 

attempting to verify the Buckley-Leverett equation have deliberately neglected 

the capillary pressure term or have performed experiments in such a manner 

that it could be neglected. 

Earlougher (1943) analyzed laboratory tests and field data to define a 

relationship between waterflood injection rate and oil saturation which would 

produce the optimum flood efficiencies. Re determined a critical velocity 

above which the the flood efficiency would begin to decline. This critical 

velocity was higher for cores with a greater initial oil saturation. 

Brownscornbe - et al. (1950) discussed the procedures of three basic methods 

for obtaining relative permeability data on small core samples. The capillary 

pressure displacement method, the solution gas displacement method and the 

dynamic displacement method were discussed. The apparatus and technique for 

the solution gas and the dynamic displacement methods were extended by Caudle 

et al. (1951) and a routine procedure for obtaining oil-gas and water-oil 

relative permeability data was presented. The authors noted the importance in 



matching; the various mechanisms involved in reservoir depletion with the 

techniques involved in obtaining relative permeabiltiy data on small core 

samples. Determination of relative permeabi lities to oil and to water by the 

dynamic method was affected by the amount of interstitial water present at the 

start of the flood. The interstitial water may also affect the actual 

relative permeability curves. The authors felt care should be taken in 

beginning a relative permeability determination to ensure the sample is at 

irreducible water saturation. 

Geffen et el. (1951) dealt with laboratory experiments for measuring 

relative permeability using a three section plastic-covered core. Pressure 

gradient locations were selected confining the boundary effects to the end 

core section and thus permitting a true relative permeability measurement 

characteristic of the middle core segment. They concluded relative 

permeability was aot a single-valued function of saturation and therefore, 

laboratory tests to represent flow in a reservoir must have a similar 

saturation history. In addition, relative permeability characteristics of a 

system of constant wettability are not influenced by the physical properties 

of the fluids involved. Lastly, waterflooding a gas-saturated core resulted 

in a large amount of trapped gas. This trapped gas saturation was higher than 

the critical gas saturation. Osoba et el. (1951) discussed the factors which 

influence the laboratory measurement of relative permeability and the 

difficulties encountered in different techniques. They presented comparative 

results from the Penn State, single-core dynamic, gas-drive, stationary-liquid 

and the Hassler techniques. All five methods gave essentially the same 

relative permeability to gas. The Hassler method gave relative permeabilities 

to oil which were lower than those obtained from the other methods. The 

authors indicated that the relative permeability curves showed a hysteresis 

and are not unique functions of saturation. They claimed relative 

permeability depended on the direction in which the saturation changes are 

made. Thus, the authors concluded that the relative permeability is a 

function of the distribution of the fluids in the system as well as the amount 

of fluid. They also found deviation of relative permeability wfth rate only 

when boundary effects -re known to exist. These deviations disappeared as 

the boundary effects became negligible wfth the use of higher flow rates. 

Richardson et al. (1952) continued this study with an emphasis on 

boundary effects, the effect of gas expansion, and the rate effect in the 



labora tory .  They predic ted  the  inf luence  of boundary e f f e c t s  from equations 

of f l u i d  flow and showed t h a t  the  e r r o r s  from boundary e f f e c t s  could be 

e l imina ted  i n  l abora to ry  measurements. The e f f e c t  of gas expansion along the  

f low pa th  was found t o  have no important inf luence  on labora tory  measurements 

when a gas and a l i q u i d  a r e  used t o  determine r e l a t i v e  permeabil i ty-saturat ion 

r e l a t i o n s .  This  s tudy a l s o  ind ica ted  t h a t  drainage r e l a t i v e  permeability- 

s a t u r a t i o n  r e l a t i o n s h i p s  were independent of flow ra te .  This independence was 

found t r u e  only f o r  lower f low r a t e s  where i n e r t i a l  e f f e c t s  a r e  not  

observed. They contradic ted  the  e a r l i e r  s t u d i e s  by f ind ing  the  single-core 

dynamic method t o  y i e l d  high values of r e l a t i v e  permeabil i ty t o  o i l  on short-  

core  samples. This method was a l s o  noted t o  g ive  s l i g h t l y  high r e l a t i v e  

permeabi l i ty  t o  gas. 

Levin (1954) performed a s e r i e s  of four l i n e a r  displacement experiments 

on an Alundum core. Continuous measurements were taken a t  various pos i t ions  

along the  core. He developed a method f o r  ca lcu la t ing  the  dynamic r e l a t i v e  

permeabi l i ty  a s  a func t ion  of s a t u r a t i o n .  The r e s u l t s  showed that  r e l a t i v e  

permeabi l i ty  was not a unique funct ion  of s a t u r a t i o n ,  but depended on the  

d i r e c t i o n  of s a t u r a t i o n  change f o r  both water d i sp lac ing  o i l  and o i l  

d i s p l a c i n g  water. Re determined r e l a t i v e  permeabil i ty was not  a unique 

func t ion  of the  d isplaced phase sa tu ra t ion .  The experiments a l s o  revealed 

t h a t  r e l a t i v e  permeabi l i ty  appeared t o  be independent of v iscos i ty .  

Moore and Slobod (1956) described w e t t a b i l i t y  of a porous medium a s  being 

t h e  s i n g l e  most important property a f f e c t i n g  t h e  recovery history of a wotcr 

f lood.  They observed the  d i f f e r e n t  behavior i n  water-wet cores and oil-wet 

cores. Prom the  r e s u l t s  of seve ra l  thousand f looding experiments on a v a r i e t y  

of porous media, oil-wet cores showed a l a r g e r  amount of o i l  production a f t e r  

water  breakthrough. This observation was seen even f o r  a v i s c o s i t y  r a t i o  of 

one. These cores  a l s o  showed the  end e f f e c t  a t  the  flood f ront .  This  end 

e f f e c t  would i n v a l i d a t e  labora tory  r e s u l t s  unless the  f loods  were scaled using 

a r e l a t i o n s h i p  involving length,  v i s c o s i t y ,  r a t e ,  i n t e r f a c i a l  tens ion and 

con tac t  angle- 

Bobek e t  a l .  (1958) a l s o  inves t iga ted  rock w e t t a b i l i t y  and experimentally 

showed w e t t a b i l i t y  of a r e s e r v o i r  rock may depend on both the  crude o i l  

composition and t h e  rock type. They indica ted  t h a t  coring f l u i d s  and core 

handling techniques can consequently cause changes i n  the  w e t t a b i l i t y  of rock 

s u r f  aces. 



Sandberg e t  a l .  (1958) used the  dynamic flow technique t o  determine the  

f l u i d  flow r a t e  and v i s c o s i t y  e f f e c t s  on oil-water r e l a t i v e  permeabi l i t ies .  

They concluded t h a t  i n  the  absence of boundary e f f e c t s ,  r e l a t i v e  permeabil i ty 

was not  a f fec ted  by the  flow ra te .  The measured r e l a t i v e  permeabil i ty 

depended only upon the  s a t u r a t i o n  of the  system. Increasing the  o i l  or  

nonwetting phase v i s c o s i t y  r e su l t ed  i n  a  decrease of the  required flow r a t e  t o  

e l iminate  boundary e f f e c t s .  

Odeh (1959) undertook an experimental s tudy t o  determine i f  the  

conclusion by Levere t t  (1939) and Sandberg e t  a l .  (1958) of r e l a t i v e  

permeabil i ty being only a function of s a t u r a t i o n  was completely va l id .  He 

analyzed the  p o s s i b i l i t y  of r e l a t i v e  permeabil i ty being a function of both 

s a t u r a t i o n  and the  v i s c o s i t y  r a t i o .  The r e l a t i v e  permeabil i ty t o  the  wetting 

phase was not  found t o  be a f fec ted  by the  v i s c o s i t y  r a t i o ;  however, the  

r e l a t i v e  permeabil i ty t o  the  non-wetting phase was shown t o  vary with the  

v i s c o s i t y  r a t i o  of o i l  t o  water; increas ing with i t s  increase.  This v a r i a t i o n  

was believed t o  reach a maximum a t  the  i r r e d u c i b l e  water s a t u r a t i o n  (water 

being the  wetting phase) and would decrease with a decrease i n  o i l  s a t u r a t i o n  

( o i l  being the  nonwetting phase). It was a l s o  noted t h a t  a t  an absolute  

permeabil i ty value over one darcy, the  e f f e c t  of v i s c o s i t y  r a t i o  would become 

neg l ig ib le .  

Downie and Crane (1961) doubted the  r e s u l t s  from Odeh (1959) because 

important information about the  procedures and mate r i a l s  had been omitted. 

They f e l t  more considerat ion should be given t o  the  e f f e c t s  of c lay  and f l u i d  

c i r c u l a t i o n  because a c lay  e f f e c t  is  poss ib le  i n  consolidated sandstone. I f  

the  pas t  ana lys i s  was co r rec t ,  the  r e l a t i v e  permeabil i ty t o  o i l  must increase  

when the  v i s c o s i t y  r a t i o  of o i l  t o  water inc reases  and must decrease by the  

same amount when the  v i s c o s i t y  r a t i o  of o i l  t o  water is  lowered t o  i t s  

o r i g i n a l  value. The authors pointed out  t h a t  o i l  v i s c o s i t y  can inf luence  the  

e f f e c t i v e  permeabil i ty of some n a t u r a l  rocks t o  o i l .  Although once a t t a i n e d ,  

t h i s  r e l a t i v e  permeabil i ty increase  is  not  necessa r i ly  lowered when the  

v i s c o s i t y  of the  o i l  is again decreased. 

Kyte et a l .  (1961) noted the  poss ib le  need t o  perform core ana lys i s  t e s t s  

under r e se rvo i r  condit ions t o  properly represent  the  r e se rvo i r  w e t t a b i l i t y  and 

displacement c h a r a c t e r i s t i c s .  Their  r e s u l t s  showed t h a t  s t rongly  water-wet 

core samples show no s i g n i f i c a n t  changes i n  w e t t a b i l i t y  when subjected t o  the  

r e s e r v o i r  environment. They concluded t h a t  the  r e s e r v o i r  environment can be 



important for core samples of intermediate wettability. The samples that at 

surface conditions exhibited intermediate wettability were found to be more 

strongly water-wet and to waterflood more efficiently at reservoir 

conditions. They concluded that rock samples tend to be more water-wet at 

reservoir conditions than at standard conditions. Certain reservoirs 

considered to have intermediate wettability characteristics may actually be 

strongly water-wet, 

Ehrlich and Crane (1969) described a consolidated porous medium as one 

which is mathematically modeled by a matrix of irregularly shaped, 

interconnected pore channels. They explained situations where interfacial 

effects were the largest forces compared to vl~cnus and gravitational effects 

on consolidated media. Drainage and imbibition steady-state relative 

permeability were both independent of flow rate and v f  ecosity ratio. 

Following steady-state drainage, the irreducible wetting-phase saturation was 

found to be independent of flow rate, but was a function of the viscosity 

ratio. This saturation also was determined to be higher than the saturation 

for a high pressure, unsteady-state drainage process. The authors also 

claimed that the irreducible nonwetting-phase saturation was independent of 

viscosity ratio and flow rate for imbibition under steady- or unsteady-state 

conditions. 

Amyx et el. (1960) pointed out that relative permsgbilify is a functtnn - 
of pore geometry. Morgan and Gordon (1970) illustrated that those rock 

properties controlling pore geometry in a reservoir can also affect the 

relative permeability characteristics. They used a binocular microscope to 

observe such rock properties in order to help establish the validity of 

laboratory oil-water relative permeability measurements. The photomicrographs 

were of thin sections from the ends of the relative permeability plugs. 

Before being made into thin sections, these samples were cleaned of oil and 

impregnated with a colored plastic to emphasize the natvral, pores. 

Microscopic examination revealed that rocks with large, well-interconnected 

pores have relative permeability curves of a certain characteristic shape. 

Characteristic relative permeability curves were also determined for rocks 

tdth small pores. They concluded that rocks with large pores have a smaller 

irreducible water saturation because of the emall surface area. Roeke with 

small pores have a higher irreducible water saturations which leaves little 

room for the flow of mobile fluids. An initial low relative permeability to 



oil suggests that very small pores control fluid flow in the rock. This 

phenomenon results when the thickness of the wetting phase (water) becomes 

more significant in very small pores and leaves less space for oil flow. At 

some size, the pore becomes too small to hold any fluids except the wetting 

phase and this pore is called a dead-end pore. Finally, in water-wet rocks, 

relative permeabilities to water were believed to be lower than initial 

relative permeabilities to oil. This was due to the residual oil fraction and 

the irreducible water both being immobile. 

One of the most difficult parameters to reproduce in the laboratory is 

the wettability of a reservoir rock because of the various procedures used to 

detect changes in core wetting properties. Owens and Archer (1971) noted the 

need to determine how these changes in wettability can affect calculated 

predictions of reservoir waterflood performance. The authors pointed out that 

contact angle measurements using the same fluids and the same type of solid 

surface as those used during relative permeability tests could, to some 

extent, describe the wetting conditions in a porous system. As the wetting- 

phase wettability decreases, the relative permeability to the wetting phase 

increases and the relative permeability to the nonwetting phase decreases. 

The rock wetting-preference therefore has a significant effect on the relative 

permeability measurements. 

Mungan (1972) analyzed relative permeability measurements using reservoir 

fluids and fresh preserved cores. He also made measurements with refined 

fluids and extracted cores for comparison. A procedure was devised for the 

measurements of the extracted cores to yield the original set of relative 

permeability curves. He showed that at all water saturations, the relative 

permeability ratio (krw/kro) is higher for a preserved core with reservoir 

fluide than with a clcan corc with purified fluide. 

Du Prey (1973) analyzed the effects of fluid properties on fluid 

displacement in porous media. There was general agreememt that the asymmetry 

of the permeability curves is attributable to the difference in wettability 

for the two fluids. He considered these results were valid only for floods in 

porous media having well-defined wettability. His results were correlated 

with the dimen8ioaleas number, n -  o/pv, where a l e  the interfacial 

tension, v is the viscosity of the fluid and v is the velocity in the zone 

investigated. This dimensionless number was the inverse of the capillary 

number. The experimental study determined that for a given consolidated 



porous medium, relative permeabilities and residual saturations depend on the 

properties of the two liquids. Relative permeabilities were all lower 

as n (inverse of the capillary number) increased. In addition, a viscosity 

ratio influence on relative permeability curves and displacement was found, 

especially when a nonwetting fluid is displacing a wetting fluid. 

Abrams (1975) conducted an enhanced waterflood study on six different 

sandstones and one limestone. He analyzed the influence of interfacial 

tension, fluid viscosity and flow velocity on waterflood residual oil 

saturations. Increasing the viscosity of the water with chemicals resulted in 

a decrease of the water-oil interfacial tension and therefore in a reduction 

in the residual oil saturation. This behavior reduced the capillary trapping 

forces at the flood front and allowed the oil to remain in a continuous state 

as it was displaced from the rock. 

Abrams (1975) claimed a dimensionless group 9 

F = ( V V ~ / ~ ~ - ~ )  oIwlllo~0a4, re the flood f r o m  governed the amount of realdual 

oil saturation left by a waterflood. As this dimensionless group increased to 

approximately loo4, the residual oil saturation decreased significantly. The 

viscosity ratio was a factor in the dimensionless group and was noted to be an 

influence on the residual oil saturation. 

Labastie et al. (1980) carried out laboratory vaterflood experiments wlth 

reservoir fluids at reservoir flooding velocities in order to properly account 

for wettability and oil trapping. They used two types of experimental 

devices. The first experiment worked under laboratory conditions and was used 

for phenomenological experiments. The second experiment worked uuder 

reservoir conditions. Based on the observations found under laboratory 

conditions, a procedure was developed to interpret experiments under reservoir 

conditions. One of the various sandstone cores used was a Fontainebleau 

sandstone. First, waterflooding was cqrried out at high velocity, making 

capillary effects negligible. The shapes of the relative permeability curves 

were determined. A new waterflood was carried out at reservoir velocity. 

This flood was interpreted wlth the help of the relative permeabilities 

previously determined. The dyliaaic capillary pressure and wettablllty were 

determined by model adjustment. The author 6 cdacluded rhac residual 011 

saturation decreases when velocity increases. Water relative permeabilities 

did not change with velocity. Oil relative permeabilities changed with 

velocity only near residual oil saturation. 



Rapoport and Leas (1953) devised an extension of the original Buckley- 

Leverett (1942) theory on waterflood behavior. It included an evaluation of 

capillary pressure effects. They evaluated a linear flood by a scaling 

factor, LVpw. The term, L is the total length of the system, V is the total 

flow rate per unit cross sectional area and P is the viscosity of the 
W 

water. They could assign a critical scaling coefficient to any reservoir 

material and any system of fluids. Floods performed at scaling coefficients 

lower than the assigned critical value are considered sensitive to the rate 

and length of the system. These floods would be significantly influenced by 

capillary end effects prior to breakthrough. The oil-recovery-versus-water- 

injection curves were independent of rate and length for scaling coefficients 

higher than the critical value. Stabilization occurred at this point. 

Jones-Parra and Calhoun (1953) obtained a method of estimating the 

critical values of the scaling coefficient with no other information than a 

capillary pressure curve. Their method made use of the steady-state relative 

permeabilities and static capillary pressures which caused the calculated 

values to deviate from the experimental values. The authors concluded that 

steady-state relative permeabilities cannot always be applied to a dynamic 

system. 

Kyte and Rapoport (1959) tried to provide a more detailed analysis of 

waterflood behavior in water-wet media with scaling and stabilization 

concepts. They studied the outlet end effect and found a distorted flooding 

behavior in water-wet media at low values of the scaling coefficient, LVvw . 
This end effect was described as holding back water production and 

consequently resulted in a higher oil recovery prior to water breakthrough. 

The outlet end effect became less noticeable as the scaling coefficient 

increased. They concluded that waterflooding in water-wet cores can be 

stabilized in order to overcome the distorting end effects. 

Peters and Flock (1979) studied the instability of a displacement front 

when a fluid displaces a more viscous fluid. This instability resulted in 

viscous fingering. They presented a dimensionless number and its critical 

value for use in predicting the onset of this instability. Experimental two- 

phase immiscible displacements in cylindrical cores =re conducted to verify 

their theoretical analysis. In order to apply this process, the wettability 

number needed to be estimated. The authors' theoretical predictions seemed to 

be consistent with experimental data. 



Edmondson (1965) described the  process of water d isplac ing o i l  a t  

e l e v a t e d  temperature. He indica ted  t h a t  t h i s  procedure may not  descr ibe  f l u i d  

f low by simple r e l a t i v e  permeabil i ty concepts. A thermal flood would develop 

two fronts--a cold water f r o n t  followed by a  hot  water f ron t .  The increase  i n  

temperature would cause o i l  and water v i s c o s i t i e s  t o  decrease i n  add i t ion  t o  a  

swe l l ing  of t h e  l iqu ids .  H i s  experimental ana lys i s  on consolidated cores 

showed e levated  temperature i n  a  hot water flood causes a  reduction i n  the  

r e s i d u a l  o i l  s a t u r a t i o n  and leads  t o  a  higher u l t ima te  recovery. H e  a l s o  

s tud ied  the  water o i l  permeabil i ty r a t i o s  and noticed a  d e f i n i t e  change with 

d i f f e r e n t  - temperatures f o r  a  given o i l .  H e  found a  temperature dependence on 

t h e  r e l a t i v e  permeabil i ty r a t i o  a t  middle and high water s a t u r a t i o n s  using 

Brea cores ,  but  t h e r e  was no cons i s t en t  t rend i n  the  data.  The author 

concluded t h a t  the  change i n  performance behavior was not s o l e l y  due t o  the  

r educ t ion  of the  v i s c o s i t y  r a t i o .  

Davidson ( 1969) conf inned the  temperature dependence of the  oil-water 

permeabi l i ty  r a t i o  a t  c e r t a i n  s a t u r a t i o n s  over a  temperature range of 75°F 

(23°C) t o  540°F (282'C) . Due t o  i n t e r f a c i a l  e f f e c t s ,  his r e s u l t s  showed a  

temperature dependence a t  low water sa tu ra t ions .  This dependence decreased a s  

t h e  s a t u r a t i o n  was increased.  The r a t i o  was then shown t o  be i n s e n s i t i v e  t o  

temperature u n t i l  the  oil-water permeabil i ty r a t i o  begins t o  decrease a t  very 

h igh water s a t u r a t i o n s .  This occurrence was thought t o  be due t o  the  

reduct ion  i n  r e s i d u a l  o i l  s a t u r a t i o n  with temperature. The temperature 

dependence appeared a t  the  extreme ends of the  r a t i o  curve depending upon the  

c h a r a c t e r i s t i c s  of the  porous medium. Gas-oil permeabilty r a t i o s  a l s o  

ind ica ted  a  temperature dependence over the  range of 75°F (23"C)to 500°F 

(250°C). Contrary t o  the  oil-water permeabil i ty r a t i o s  s tud ied ,  t h i s  

temperature dependence of gas-oil  permeabil i ty r a t i o s  was observed over the  

e n t i r e  gas s a t u r a t i o n .  This r e s u l t  was claimed t o  be due t o  molecular 

s l ippage  i n  t h e  gas phase. 

Poston e t  a l .  (1970) observed t h e  e f f e c t  of temperature on r e l a t i v e  

permeabi l i ty  of unconsolidated sands. The temperature l e v e l  used varied from 

70°F (21°C) t o  approximately 300°F (149°C). They noticed an inc rease  i n  

i r r e d u c i b l e  water s a t u r a t i o n  with inc reas ing  temperature while the p r a c t i c a l  

r e s i d u a l  o i l  s a t u r a t i o n  decreased with increas ing temperature. Higher 

temperatures r e s u l t e d  i n  an increase  i n  both r e l a t i v e  permeabil i ty t o  o i l  and 

water,  although the re  was a  r eve r sa l  i n  water r e l a t i v e  permeabi l i t ies  a t  low 



water saturations. During their experimental work, it became obvious that 

temperature affected the wettability of the unconsolidated sands. Thus, 

investigations were conducted on interfacial tension and contact angle as a 

function of temperature. For the water-oil-glass system used, the contact 

angle decreased with increasing temperature. This was thought to result from 

the system becoming more water-wet. The adhesion tension between both oil and 

water and a glass surface decreased wfth increasing temperatures probably due 

to a decrease in capillary forces. In addition, the interfacial tension was 

observed to decrease with an increase in temperature. In summary, their work 

showed temperature dependence on the individual permeabilities throughout the 

entire saturation range. The authors concluded that a water-wet 

unconsolidated sand becomes more water wet with increased temperatures and 

consequently, more efficient displacements are produced. 

Sinnokrot et al. (1971) also noticed sandstone samples became more water 

wet as temperature increased from 70°F (21°C)  to 325°F (163°C). The practical 

irreducible water saturation increased significantly. An interesting result 

from this study was that there was a decrease in the hysteresis between the 

drainage and imbibition curves. The hysteresis effect became extremely small 

at 300°F (149OC). 

Lo and Mungan (1973) studied the steady-state elevated temperature 

effects on oil-water relative permeabilities in consolidated porous media. 

The steady-state procedure requires the injection of both fluids 

simultaneously into the core. They recorded measurements on both oil-wet and 

water-wet systems. The effects of temperature on the relative permeability 

curves were similar in both systems. They observed an increase in initial 

water saturation along with a decrease in residual oil saturation with higher 

temperatures. The relative permeability to oil also increaaed. Wlrh 

increasing water saturation, relative permeability to water increased at a 

higher rate. In addition, greater effects were observed in systems with more 

viscous oils. The authors noted significant temperature sensitivity when the 

viscosity ratio was decreased with higher temperatures. This temperature 

dependence was not noticed when the viscosity ratio was not decreased. Thus, 

they claimed that a change in the viscosity ratio with temperature affected 

the relative permeability curves. 

Sanyal (1974) observed the changes in the petrophysical properties of 

reservoir rocks with elevated temperatures. He claimed more consideration 



should be given t o  t h e  changes i n  f l u i d  v i s c o s i t i e s  and rock geometry with 

temperature inc rease  and t h e i r  inf luence  on the  rock p roper t i e s  r a t h e r  than 

t h e  rock-fluid w e t t a b i l i t y .  . * 

Weinbrandt et  a l .  (1975) were the  f i r s t  t o  present  the  e f f e c t  of 

temperature on the  complete ind iv idua l  r e l a t i v e  permeabil i ty curves, inc luding 

end point  sa tu ra t ions .  Their  experimental study was done an small samples of 

a consol ida ted  rock under r e se rvo i r  condi t ions  of confining pressure. The 

r e s u l t s  coof inned, along with those of Poston et a l .  (1970), t h a t  i r r e d u c i b l e  

water  s a t u r a t i o n  inc reases  a s  temperature increases .  The res idua l  o i l  

s a t u r a t i o n  was found t o  decrease a t  higher temperatures. The r e l a t i v e  

permeabi l i ty  t o  water a t  floodout and a l s o  the  r e l a t i v e  permeabil i ty t o  o i l  

increased.  I n  add i t ion ,  t h e  r e l a t i v e  permeabil i ty r a t i o  (krw/kro) and 

a b s o l u t e  permeabi l i ty  were observed t o  decrease with an e levated  

temperature..  These changes i n  abso lu te  and r e l a t i v e  permeabi l i t ies  were 

explained by the  e f f e c t  of mechanical stresses induced wi th in  the  core by 

thermal expansion of the  rock g ra ins ,  r a t h e r  than i n t e r f  a c i  a 1  rock-f l u i d  

forces .  

S u f i  (1982) conducted a study applying t o  the  flow of ref ined o i l  and 

d i s t i l l e d  water through c lean,  unconsolidated sand. Be found no e f f e c t  upon 

o i l  and water r e l a t i v e  permeabi l i t ies  within the  temperature range studied of 

70°F (21°C) t o  186'F (86'C). The r e s i d u a l  o i l  s a t u r a t i o n  was a l s o  found t o  be 

independent of temperature. Due t o  a reduction i n  the  viscous forces  of the  

o i l  a s  temperature increased,  the  i r r e d u c i b l e  water s a t u r a t i o n  increased. 

Changes i n  the  end-point s a t u r a t i o n s  were not explained by expansion of the  

rock matr ix  o r  by a change i n  w e t t a b i l i t y  of the  system. Viscous f inger ing  

was noted a s  present ing  a problem i n  determining t r u e  breakthrough recovery. 

An o r i g i n a l  s t a b i l i z i n g  c r i t e r i o n  was developed t o  determine the  minimum r a t e  

f o r  a s t a b l e  flood. This r a t e  was one i n  which the  r e l a t i v e  permeabil i ty 

curves were independent of flow ra te .  An i n t e r e s t i n g  aspect  of t h i s  s tudy was 

t h e  incorpora t ion  of a pho toe lec t r i c  c e l l  t o  analyze produced f l u i d s  as a 

f u n c t i o n  of time. This  proved t o  inc rease  ~ccuracy and take less time than 

t h e  usual  ma te r i a l  balance technique. 

Welge (1952) developed a s impl i f ied  method f o r  computing o i l  recovery by 

gas o r  water drive.  Before h i s  s i m p l i f i c a t i o n ,  o i l  recovery was obtained by 

i n t e g r a t i n g  the  a rea  under a p lo t  of o i l  s a t u r a t i o n  versus d is tance  i n  t h e  

r e s e r v o i r .  H i s  method proved t o  be advantageous a s  i t  does not involve any 

numerical i n t e g r a t i o n  and s a t u r a t i o n  p l o t s  a r e  not necessary. 



Douglas et al. (1958) presented a numerical method for determining linear 

waterflood behavior including capillary pressure effects. The solution to 

their results showed two distinct effects of capillary pressure. The end 

effect was observed as it was included in the differential system as a 

boundary condition at the outflow face. In addition, their results showed a 

spreading of the invaded water front caused by the included capillary forces. 

Johnson et al. (1959) derived a theory to permit calculation of the 

individual relative permeabilities from data collected during a displacement 

test. Relative permeability curves could be obtained for normal-size core 

samples provided two conditions were satisfied. First, the flow velocity must 

be high enough to establish a stabilized displacement. Second, the flowing 

pressure gradient must be high in comparison with the capillary pressure 

difference between the flowing phases. The permeabilities are then calculated 

relative to the effective permeability at pre-waterflood saturation. This 

method was found by the authors to agree with direct measurements of relative 

permeabilities obtained in steady-state flow tests and was also less time 

consuming than other methods at that time. 

Land (1971) measured hysteresis loops for Alundum and Berea sandstone 

cores in an attempt to validate a technique for calculating imbibition 

relative permeabilities. He compared the calculated and measured relative 

permeability curves and found close matches. The measured trapped-gas 

saturation, which was the nonwetting phase, needed to be corrected to the 

critical gas saturation established by the imbibition curves. 

Jones and Roszelle (1978) stated the equations developed by Johnson - et 

al. (1959) were tedious and possibly subject to error due to the need to - 
evaluate derivatives. They developed graphical techniques equivalent to the 

.earlier equations for determining unsteady-state displacement relative 

permeabilities. The authors claimed this'method to be easier to use and more 

accurate. The calculated permeabilities are relative to the absolute water 

permeability. They believed another advantage to this technique was that it 

could be used to estimate the true end-point residual oil saturation. 

Provided that capillary end effects are negligible, they concluded that 

waterflood performance is more accurately predicted by using unsteady state 

data rather than steady-state data. This is because the relative 

permeabilities to oil and water are history dependent. 



Jennings (1958) s tud ied  the  e f f e c t s  t h a t  toluene e x t r a c t i o n  had on the  

c h a r a c t e r i s t i c s  of sandstone and limestone cores. H e  did t h i s  because another  

important  aspect  i n  experimental research  is labora tory  core cleaning. He 

compared abso lu te  permeabi l i ty  r a t i o s  before and a f t e r  toluene e x t r a c t i o n  and 

found no s i g n i f i c a n t  changes i n  w e t t a b i l i t y .  The toluene e x t r a c t i o n  increased 

t h e  permeabi l i ty  approximately 40% and a l s o  had an e f f e c t  on the  porosi ty.  

The m a t e r i a l s  removed ,from the  core by t h i s  procedure were mainly high- 

molecular-weight p a r a f f i n i c  and aromatic hydrocarbons. The author claimed 

t h a t  the  r e l a t i v e  permeabi l i ty  c h a r a c t e r i s t i c s  were not s i g n i f i c a n t l y  changed 

when the  cores were cleaned with toluene ex t rac t ion .  

S u f i  (1982) cleaned unconsolidated ,cores by a s e r i e s  of miscible 

displacements. To o b t a i n  a 100% water-saturated core,  mineral s p i r i t s  were 
- - 

used i n i t i a l l y  t o  f l u s h  o i l  from the  core. Isopropyl  alcohol  was then used t o  

d i s p l a c e  water and the  mineral  s p i r i t s  from. the  core. F ina l ly ,  acetone was 

used t o  dfsplace  the alcohol .  A 100% oi l -sa turared  cote  could tr;? o l t a t a e d  by 

r eve r s ing  t h i s  procedure. 

1 e2.3. EXPERIMENTAL EQUIPMENT AND PROCEDURE 

This  s e c t i o n  desc r ibes  the experimental apparatus,  procedures f o r  sand 

pack prepara t ion  and c leaning,  f l u i d  p roper t i e s  and procedures used f o r  the  

dynamic displacement experiments. 

Apparatus. The experimental equipment was designed and b u i l t  by Suf i  

( 1982). A s impl i f i ed  schematic of the  complete system is shown i n  Fig. 1.1. 

The f l u i d  in take  assembly c o n s i s t s  of a model 2248149 WIII Ruska constant  r a t e  

pump. The pump has two 500 cc capaci ty  cyl inders .  One cyl inder  was used t o  

d ischarge  o i l  and the  o ther  t o  discharge water, both a t  the  same ra te .  

From the  cy l inders  of the  Ruska pump, separa te  flow l i n e s  a r e  used t o  

f low o i l  and water i n t o  t h e  r e s t  of the  system. The f l u i d  e n t e r s  a . c o i l e d  

hea t  exchanger (20 f t )  of 118 in. OD s t a i n l e s s  s t e e l  tubing. This heats  the  

incoming f l u i d  t o  the  temperature of the  a i r  bath. 

A fovr-way valve i s  used ins ide  of the  a i r  bath. This valve is ra ted  t o  

500 p s i  a t  570°F (298'C). The four-way valve d i r e c t s  one f l u i d  through the  

co re  and the  o the r  f l u i d  bypasses the  core and passes through a condenser t o  a 

spring-loaded-back pressure regulator .  The back pressure can be s e t  between 0 

t o  500 psig. 



The f l u i d  d i rec ted  t o  the  core then goes out  of the  a i r  bath, through a 

condenser and i n t o  the  o i l  ana lys i s  assembly. 

A vacuum pump is used t o  evacuate the  o i l  and water flow l ines .  It is 

a l s o  connected t o  the  transduceer t a p  l i n e s  and the  o u t l e t  from the  core. A 

McLeod Gauge is  used t o  determine when a l l  l i n e s  t o  and from the  core a r e  

evacuated. 

To ensure the  f l u i d  flow has reached isothermal condi t ions ,  thermocouples 

a r e  located  i n  the  flow l i n e s  a s  follows: 

1. a f t e r  the  heat ing c o i l s  i n  the  o i l  and water l i n e s ,  

2. a t  the  i n l e t  of the  core,  

3. a t  the  o u t l e t  of the  core, and 

4. between the  condenser and the  f l u i d  a n a l y s i s  system. 

Pressure Monitoring. The pressure drop i n  the  core varied from 1.5 p s i  

t o  360 p s i ,  depending on the  s a t u r a t i o n  i n  the  core and the v i s c o s i t y  of the  

o i l  used. Fig. 1.2 shows the  conf igura t ion  of the  pressure transducers used 

t o  monitor d i f f e r e n t i a l  pressure. Five t ransducers  with ranges of 500, 100, 

25, 5 and 1 p s i  were used t o  monitor the  pressure  drop across  the  core. One 

s i d e  of the  t ransducers  connects t o  the  upstream pressure  t ap  of the  core and 

the  o ther  s ide  t o  the  downstream tap. Each transducer is  provided with a loop 

which provides the  same pressure (downstream pressure)  t o  both s i d e s  of the  

transducer p l a t e  when ac t iva ted .  

Output from the  transducers is  s e n t  t o  demodulators which convert the  

transducer s i g n a l  t o  a 0-10 v o l t  output.  The demodulators a r e  a l s o  connected 

t o  d i g i t a l  voltmeters  and a s t r i p  cha r t  recorder. The s t r i p  cha r t  recorder is  

used t o  g ive  a v i s u a l  and continuous record of the  pressure drop across  the  

core. 

Fluid  Production Analysis. The f l u i d  passes from the  a i r  bath t o  a heat  

exchanger and then through a three-way valve t o  a high-pressure-glass 

cyl inder .  Fig. 1.3 shows the  f l u i d  c o l l e c t i o n  apparatus. 

During a waterflood, the  column is i n i t i a l l y  f i l l e d  with water. The two- 

phase mixture flows i n  from the bottom. The o i l  f l o a t s  t o  the  top and water 

flows out  from another  o u t l e t  a t  the  bottom. A stopwatch is  used t o  record 

time while the  various l e v e l s  of o i l  production a r e  determined. 



A t  t h e  s t a r t  of an o i l f l o o d ,  the  column is i n i t i a l l y  f i l l e d  with o i l .  

The two phases e n t e r  from the  bottom a s  before,  only t h i s  time, o i l  is  removed 

from t h e  top. Water production was then monitored. 

This  procedure gave a v i s u a l  determination of f l u i d  production from the  

co re  and was found t o  be more accura te  than pas t  e l e c t r o n i c  methods. This 

system d i f f e r s  from t h e  f l u i d  production system used by S u f i  ( 1982). It is  

s i m i l a r  t o  the  f l u i d  production system designed by Mil ler  (1983) t o  measure 

r e l a t i v e  pe rmeab i l i t i e s  on long cores. 

Two items were considered t o  determine accura te  da ta  from the  separa tor  

- a c o r r e c t i o n  f o r  the  water i n  the  downstream dead volume and a co r rec t ion  

f o r  the  volume of produced f l u i d  i n  the  bubbles t r ave l ing  up the  water column 

t o  the  oil-water i n t e r f a c e .  

Sand Pack Prepara t ion  And Fluid Proper t ies .  Sand pack and f l u i d  

p r o p e r t i e s  a r e  l i s t e d  i n  Tabie 1.1. Sand f o r  the  unconsolidated sand pa& isas 

prepared from 170-200 mesh Ottawa s i l i c a  sand. Washing was done by shaking a 

sand and d i s t i l l e d  water mixture i n  a sea led  j a r  and then pouring off the  

d i r t y  water a f t e r  the  sand had s e t t l e d .  This procedure was repeated severa l  

t imes  u n t i l  t h e  water was c l ea r .  The sand was then oven-dried f o r  a few 

hours. 

Sand was packed dry ia the  inner  sleeve. Fig. 1.4 shows the  core holder 

assembly. The e n t i r e  assembly of the  s l eeve  and two end plugs f i t s  i n s i d e  the  

core-holder s h e l l .  The chamber between the  s h e l l  and the  s leeve  contains the  

conf in ing f lu id .  

The confining pressure  simulates a type of overburden pressure and i s  

only t r ansmi t t ed  a x i a l l y  t o  t h e  sand. This  is  done by means of a s l i d i n g  

o u t l e t  end plug. The sand experiences a pressure which is 70% 

of t h e  chamber pressure.  The end plug provides an a x i a l  p r e s m r e  and presses 

t h e  mconsol ida ted  sand aga ins t  the  i n s i d e  of the  sleeve. The reac t ion  from 

t h e  s l e e v e  then r e s u l t s  i n  a r a d i a l  confining pressure. The confining 

p ressure  f o r  the experiments was ra t ed  a t  2250 psig. 

Light  mineral o i l  was used t o  compare the  long-core r e s u l t s  from Mi l l e r  

(1983). Heavy mineral o i i  was used t o  compare r e s u l t s  with pfeVidds 

measurements on the  o r i g i n a l  apparatus done by S u f i  (1982). These two 

measurements were made t o , a i d  i n  i s o l a t i n g  equipment problems. 



Table 1.1 

PROPERTIES OF POROUS MEDIUM AND FLUIDS 

POROUS MEDIUM PROPERTIES: 

Porous medium is Ottawa sand (mesh 170-200) 

Permeability, k = 4.37 darcys 

Porosity, + = 37.8% 

Length, L = 17.8 cm 

Diameter, d = 2.54 cm 

Pore Volume, PV = 34.1 cc 

FLUID PROPERTIE S : 

Light Oil used is Bland01 

Viscosity at 70°F = 29.81 cp 

Density at 70°F = .847 gm/cc 

Heavy oil used is Kaydol 

Viscosity at 70°F = 177.65 cp 

Density at 70°F = .875 gm/cc 

Water used is distilled and demineralized 

Viscosity at 70°F = .979 cp 

Density at 70°F = 1.00 gm/cc. 

To change the oil in the oil pump cylinder, mineral spirits were first 

used to flush the oil. Acetone was then used to flush the mineral spirits and 

to easily dry the cylinder. The cylinder was then dried with nitrogen gas. A 

vacuum was pulled on the oil cylinder. The cylinder was then filled with a 

different viscosity oil and the oil was flushed through the system. 

Core Cleaning. A Pulsafeeder pump (Lapp, Model 5 ~ ~ 3 2 ~ ~ 6 5 l A x )  was used 

for the cleaning procedure. After each run, the core was cleaned by a series 

of miscible displacements. To produce a 100% water-saturated core, mineral 



s p i r i t s  were f i r s t  used t o  f l u s h  the  o i l .  Then, isopropyl  alcohol  , which is  

misc ib le  with both water and mineral s p i r i t s ,  was used t o  d i sp lace  the  f l u i d s  

wi th in  t h e  core. Acetone was then used t o  d i sp lace  the  alcohol.  Las t ly ,  the  

f i n a l  displacement was t o  f l u s h  the  acetone with water. The cleaning process 

was reversed  t o  ob ta in  a 100% oi l -sa tura ted  core. 

Experimental Procedures. Dynamic displacement experiments i n i t i a l l y  

began with a pump r a t e  c a l i b r a t i o n .  The constant  r a t e  Ruska pump ranged from 

5% t o  7% f a s t e r  than the  s e t  discharge speed. This  was found t o  be due t o  the  

mechanics of the  pump and not  due t o  f l u i d  compressiblity. Cores were 

i n i t i a l l y  100% s a t u r a t e d  with water. The f l u i d  c o l l e c t i o n  column was f i l l e d  

with o i l  and s e t  t o  m6nftor water productloo. 

Both p i s tons  of the  Ruska pump were s t a r t e d  a t  the  des i red  f looding 

r a t e .  Water flowed through the  four-way valve i n t o  the  core. A cha r t  

r ecorde r  continuously recorded the  pressure  drop across  the  core. O i l  l e f t  

t h e  f our-way valve t o  the  spring-loaded regula tor .  The regu la to r  was ad j usted 

u n t i l  t h e  pressures  a t  the  switching valve were the  same i n  both the water and 

o i l  l i n e s .  The four-way valve was then switched t o  al low o i l  t o  flow i n t o  the  

core. A s  t h e  t h e  o i l  i n j e c t i o n  continued, the  pressure drop increased. The ." 
appropr ia t e  t ransducer was used t o  monitor t h i s  pressure drop. The produced 

water  i n  the  col lec t ion-glass  column was monitored with time using a 

stopwatch. A v i s u a l  reading of the  water l e v e l  was recorded a t  s p e c i f i c  

times. Five pore volumes of o i l  were i n j e c t e d  t o  ensure t h a t  i r r e d u c i b l e  

water s a t u r a t i o n  was reached. Once i r r e d u c i b l e  water s a t u r a t i o n  was reached, 

the  water l e v e l  i n  the  g l a s s  column was noted. By mate r i a l  balance, the  core 

s a t u r a t i o n  was determined. 

Once again, the  spring-loaded regu la to r  was adjus ted  t o  match pressures  

i n  t h e  o i l  and water l i n e s  upstream of the  four-way valve. A waterflood was 

i n i t i a t e d  and the  col lec t ion-glass  column was s e t  t o  monitor o i l  production 

simultaneously. A v i s u a l  recording of the  o i l  l e v e l  was determined with time. 

The upstream dead volume was found t o  be 1.5 cc and the  dons t ream dead 

volume of the  flow l i n e s  from the core was 4.0 cc. This was eubtracted from 

t h e  produced o i l  during the  ma te r i a l  balance calcu1,ations. 

The present  s tudy is a cont inuat ion  of the  work done by Suf i  (1982). The 

o r i g i n a l  work incorporated an e l e c t r o n i c  photocell  t o  account f o r  f l u i d  

production. Fig. 1.5 shows a diagram of the  c e l l  and the  e l e c t r o n i c  equipment 



t h a t  enabled measurement of o i l  production. The as'sumption made i n  using t h i s  

technique is  t h a t  o i l  and water flow a s  d i s t i n c t  s lugs  through the  g l a s s  

c a p i l l a r y  tube. 

Fig. 1.5 a l s o  shows the  l i g h t  emi t t ing  diode (LED) which p r o j e c t s  through 

an opening i n t o  the g l a s s  tube. The l i g h t  then t r a v e l s  through the  tube and 

f l u i d  wi th in ,  being detec ted  by a pho toe lec t r i c  c e l l  a t  the  o ther  end of the  

block. Since o i l  and water have d i f f e r e n t  t e f r a c t i v e  ind ices ,  the  ' i n t e n s i t y  

of the  l i g h t  reaching the  photocell  is  higher i f  o i l  is i n  the  tube than i f  

the  tube conta ins  water. The output  from the  c e l l  was connected t o  an 

e l e c t t o n i c  ga te  which was, i n  tu rn ,  connected t o  a  frequency counter s e t  a t  

1000 Hz. 

The g a t e  compared the  vol tage  output from the  c e l l  aga ins t  a  s e t  

threshold  voltage. I f  the  c e l l  vol tage  was higher,  it ac t iva ted  the  counter 

only stopping when the  c e l l  voltage dropped below the  threshold voltage. An 

i n t e g r a t o r  was i n  s e r i e s  with the  ga te  i n  order  t o  read the  produced o i l  on a 

cha r t  recorder d i r e c t l y .  This assembly is  t h e o r e t i c a l l y  capable of b e t t e r  

accuracy than the  g l a s s  tube c o l l e c t i n g  the  produced f l u i d s .  It is i n  the  , 

process of being ca l ib ra ted  and improved. 

1.2.4. ANALYSIS OF DATA 

To c a l c u l a t e  r e l a t i v e  pe rmeab i l i t i e s  from dynamic displacement 

experiments, the  pressure drop and o i l  produced were continuously recorded as  

funct ions  of time. The pressure drop was recorded by the  cha r t  recorder and 

the  produced f l u i d s  were measured v i s u a l l y  from the  col lec t ion-glass  column. 

A computer program was wr i t t en  by Miller (1983) i n  BASIC f o r  a  Hewlett- 

Packard 98724 desk-top minicomputer. This  program c a l c u l a t e s  r e l a t i v e  

pe rmeab i l i t i e s  from t e s t  da ta  using the  Welge (1952) and Johnson, Bossler,  and 

Naumann (1959) equations. 

For t h i s  study, the  program was modified t o  incorpora te  a  constant  flow 

r a t e  and d i f f e r e n t  o i l  v i s c o s i t i e s .  This  program i n i t i a l l y  ca lcu la ted  

r e l a t i v e  permeabil i ty curves from long-core measurements and was revised t o  

genera te  curves f o r  a  small-core system. The flow l i n e  dead volume is a much 

higher percentage of the  t o t a l  pore volume f o r  a  s h o r t  core than f o r  a  long 

core. It was necessary t o  def ine  the  f r a c t i o n a l  flow of f l u i d  through the 

downstream dead volume a s  well a s  through the  porous medium. 



The p l o t t i n g  c a p a b i l i t i e s  of the  computer a r e  used t o  generate hard-copy 

p l o t s  of: 

1. recovery versus pore volumes i n j e c t e d ,  

2. recovery versus  the  r ec ip roca l  of the  pore volumes i n j e c t e d ,  

3. i n j e c t i v i t y  x pore volumes in jec ted  versus pore volumes i n j e c t e d ,  

4. i n j e c t i v i t y  x pore volumes i n j e c t e d  versus the  r ec ip roca l  of the  

pore volumes i n j e c t e d ,  

5. r e l a t i v e  permeabi l i ty  r a t i o  versus water s a t u r a t i o n  and, 

6. oil-water r e l a t i v e  pe rmeab i l i t i e s  versus water sa tu ra t ion .  

F igures  1.6 through 1.23 show some of the  prel iminary r e s u l t s .  Analysis 

of these  da ta  is  i n  progress. . 

1.2,5. GUIDELINES FOR MEASUREMENTS ON SMALL CORES 

The system design and procedures f o r  conducting measurements on short-  

co res  may d i f f e r  somewhat from those used on long-core measurements. This 

work r e s u l t e d  i n  cons idera t ions  t h a t  should be taken f o r  a short-core 

system, 

One of the most important cons idera t ions  i n  designing a short-core system 

i s  determining t h e  amount of dead volume i n  the  flow l i n e s .  The dead volume 

of a short-core system i s  a much higher percentage of the  t o t a l  pore volume of 

the  core  than f o r  a long-core system. Using a l a r g e r  dead volume w i l l  r e s u l t  

i n  more f l u i d  hold-up i n  the  s ides  of the  flow l ines .  This hold-up begins t o  

cause e r r o r s  i n  the  amount of f l u i d  produced with time, e spec ia l ly  when using 

a small  pore volume. A smaller  dead volume a i d s  i n  def in ing a more accura te  

f r a c t i o n a l  flow of f l u i d  through the  core. The ca lcu la t ions  used t o  analyze 

the  f r a c t i o n a l  flow of f l u i d  through the  dead volume of a short-core system 

a r e  discussed i n  Appendix A. 

Another cons idera t ion  f o r  short-core' measurements is t h a t  it provides a 

way t o  compare the  r e s u l t s  with long-core measurements using the  same porous 

medium and f l u i d  c h a r a c t e r i s t i c s .  The ob jec t ive  here is not t o  completely 

match t h e  two r e s u l t s ,  but t o  compare the  genera l  t rends.  This may aid  i n  

determining the  e f f e c t  o t  the  dead volluine and ~ b p i l l a r y - e t ~ d  effects of the 

small-core system. 

The system design f o r  any measurement should be e f f e c t i v e ,  but a l s o  

simple. I n  t h i s  s tudy,  it was found t h a t  numerous flow l i n e s  and connections 

caused d i f f i c u l t i e s  i n  i s o l a t i n g  system problems. 



The construction of an apparatus should follow after careful consideration of 

the properties to be measured are determined. 
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APPENDIX A - COMPUTER PROGRAM DSPLC FOR ANALYZING DISPLACEMENT DATA AND 
CALCULATING RELATIVE PERMEABILITY CURVES 

A computer program was written by Miller (1983) in BASIC for a Hewlett- 

Packard 9872A desk-top minicomputer. This program calculates relative 

permeabilities from test data using the Welge (1952) and Johnson, Bossler and 

Naumnn ( 1959) equations. The program originally calculated relative 

permeability curves for long-core systems. 

The following section discusses the program revisions and theory used to 

evaluate small-core systems. An example output and program listing are also 

included. 

A.l Theory to Evaluate Small-Core Systems. Miller (1983) outlined the data 

analysis details and calculations necessary to generate relative 

permeabilities from raw data. Corrections for dead volumes and density 

changes with temperature were made from mass balance calculations. 

There are some major differences between small-core and large-core 

evaluations. One is that the dead volume of the flow lines in a small-core 

system is a much higher percentage of the total pore volume. It was necessary 

to calculate the fractional flow of the displaciw fluid at different points 

in the downstream dead volume to account for this difference. 

The program uses the fractional flow of water at the outlet for two 

different calculations. One is concerned with the material balance of the 

fluids coming but of the core, taking into consideration the water in the 

downstream dead volume. The other is for a correction for the separator 

volume. This considers the amount of oil in the bubbles flowing through the 

glass-collection coluw. The program devePoped by Mlllcr (1983) used thcs s u e  

fractional flow of water at specific times for both of these calculations 

since his dead volume was so small. This fractional flow of water was 

determined at the end of the core before flowing through the downstream dead 

volume. Using this defined fractional flow of water for a small-core system 

resulted in too high a value of a calculated oil recovery before water 

breakthrough . 



To ob ta in  more accura te  values f o r  t h i s  small-core system, the  average 

f r a c t i o n a l  flow of water through the  dead downstream volume was used f o r  the  

ma te r i a l  balance ca lcu la t ions .  This was ca lcula ted  by taking the  s lope  of the  

recovery versus water in jec ted  curve a t  an e a r l i e r  point  on the  graph. This 

point  corresponded t o  a  volume smaller  by an amount equal t o  one half  of the 

dead volume. For the  separa tor  co r rec t ion  ca lcu la t ions ,  the  e n t i r e  dead 

volume was used a s  a  correc t ion  f a c t o r  t o  determine the  s lope  point  on the  

recovery versus water i n j e c t e d  curve. A s  a  r e s u l t  of these  two cor rec t ions ,  

equal  volumes of water in jec ted  and o i l  produced =re  ca lcula ted  before water 

breakthrough. Thus, the ma te r i a l  balance was preserved, and was presumably t o  

be more accura te  l a t e r  i n  the  runs. 

A.2 Example Output. Program DSPLC c a l c u l a t e s  recovery and i n j e c t i v i t y  

vs. pore volumes in jec ted  from raw data. This program curve matches the  

recovery and i n j e c t i v i t y  data. DSPLC was wr i t t en  i n  BASIC by Mil ler  (1983) 

f o r  a  Hewlett-Packard 9872A desk-top minicomputer. It was a l s o  revised t o  

incorpora te  d i f f e r e n t  o i l  v i s c o s i t i e s  and a constant  flow ra te .  The program 

can generate hard-copy p l o t s  of recovery versus pore volumes i n j e c t e d ,  

i n j e c t i v i t y  x pore volumes in jec ted  versus pore volumes i n j e c t e d ,  recovery 

versus the  r ec ip roca l  of the  pore volumes i n j e c t e d ,  i n j e c t i v i t y  x pore volumes 

i n j e c t e d  versus t h e  r ec ip roca l  of the  pore volumes i n j e c t e d ,  r e l a t i v e  

permeabil i ty r a t i o  vs. water sa tu ra t ion ,  and r e l a t i v e  permeabi l i t ies  vs. water 

sa tu ra t ion .  

An example ou tpu t  i s  shown on t h e  following page. 



Example Output Generated from Computer Program DSPLC 

PORE VOLUME 
CORE L a w c t n  
CORE DlARETER 
DEAD VOL'S: U 

D 
SEPARATOR OUTLET 
BUBBLE VELOCITY 
CIBSDLUT E ?ERR 
X N l T  SAT . -  MATER 
F x H n L  SAT - OIL 

SEOARRTOR 0-VOL 
T I M E  H E l c H T  C A L I B  I N J  D-P * 

iz.5e 
8.75 
7.75 
7.10 
5.75 
4.98 
3.60 

2-41 
2.40 
2.25 
2.60 
2.19 
1.95 
1.9e 
1.67 
1.85 
8.75 
1.70 
1 65 
1.63 
1.62 
1.60 

DRTE 4-27-ej 
CORE /RUM R13-1 
DISPLACEMENT D l r r  Y-OIL 
CORE TEMPERRTURE 65.6 P 
OUTLET TEHPERRTURE 69.6 F 
MRTER V~DCOSITY .9ea c p  
OIL VIS~OSITY ae.10 cC. 
VISCOSITY R~T IO  30.55 
MATE# DtNs!TY RRTIO 1.6088 
O I L  D E N s l f V  R n T 1 0  1.086e 

-. CURVE F I T S  C0 C 1 C2  - LE-CIAX U - A V G  
Rwcourry 4.9744Ln01 1.*9SbL-81 5 .5 i60 f -83  3.7 1.0 
I n f .  X Para V o l .  ln j .  1.3343E*00 1'4646E-00 -S.73165-87 9.4 1.9 

---- S u  - K r u  K r o  Yu.'Kc. P V i  R-ACT R-CRLC R-RE 1.P-ACT 1.P-CALC 1.P-kE - 
.a88 8.906 - 0 4 3  8.06P 



1 . 3  CAPILLARY PRESSURE AT HIGH TEMPERATURE 

T. C o u l t e r  

W o r ~  011 t h e  c a p i l l a r y  p r e s s u r e  a p p a r a t u s  i s  co11t iuu i11g  t h i s  

q u a r t e r  w i t h  s l i g h t  m o d i f i c a t i o n s  t o  t h e  c o r e  h o l d e r .  Work d u r -  

. i n g  t h e  l a s t  a c a d e m i c  y e a r  s h o w e d  t h e  p r e v i o u s  d e s i g i i  t o  h a v e  

s e v e r a l  p r o b l e m s  w i t h  f r a c t u r i n g  o f  t h e  p o r o u s  membrane  wheu  s u b -  

j e c t e d  t o  m o d e r a t e  s h e a r i i i g  

f o r c e s .  The  ilew d e s i g i i  w i l l  e n -  1- 

c o r p o r a t e  a  s t e e l  r i n g  a r o u i i d  t h e  

p l a t e  t o  p r e v e i i t  t h e  s h e a r i n g  t h a t  

r e s u l t s  f r o m  t o r q u i i i g  down t h e  c a p  

s c r e w s  011 t h e  e f f l u e n t  e n d  p l a t e  

( F i g u r e  1 . 2 4 ) .  T h i s  s h o u l d  a l s o  

e l i ~ i i i a t e  a n y '  s h e a r  t h a t  may r e s u l t  

when t h e  p l a t e  i s  s u b j e c t e d  t o  c o n -  

f i i i i i i g  p r e s s u r e .  T h e  f u l l  s u r f a c e  

a r e a  o f  t h e  p l a t e  w i l l  irow b e  e x -  

p o s e d  t o  t h e  c o ~ r f i u i u g  f o r c e  111- 

s t e a d  o f  h a v i n g  c o l r c e i r t r i c  a r e a s ,  

o n e  s u b j e c t e d  t o  t h e  c o u f i u i u g  

f o r c e  a n d  o n e  u o t .  ,: n ," --, n 
O t h e r  p r o b l e m s  t h a t  s u r f a c e d  1 I 

I 
C u r l i i g  t h e  l a s t  y e a r  w e r e  p a r t l y  * 

amn 
d y e  t o  p o o r  w o r k m a n s h i p  111 m a c h i n -  

i n g  t h e  c o r e  h o l d e r .  T h e s e  h a v e  FIG, 1 . 2 4  

d e a l t  w i t h  a n d  s h o u l d  no  l o n g e r  be  of  any consequence. 

A c h a n g e  111 o i l  h a s  beeir  made .  K a d o l  w i l l  b e  u s e d  i n s t e a d  

o f  B l a u d o l .  T h i s  i s  d u e  t o  t h e  c l o s e r  c o m p a t i b i l i t y  of  t h e  m o l e -  

c u l a r  s i z e  d i s t r i b u t i o n  o f  K a d o l  t o  t h e  p o r e  s i z e  d i s t r i b u t i o ~ i  o f  

t!:e p o r o u s  m e m b r a n e .  B l a i i d o l  p r o v e d  t o  p e r m e a t e  t h r o u g h  t h e  d i s c  

e t  v e r y  l o w  p r e s s u r e  d i f f e r e u t i a l s ,  i . e . ,  b e l o w  r e s i d u a l  o i l  

s a t u r a t i c n .  

R e s u l t s  s h o u l d  be  a v a i l a b l e  so011 on t h e  d e s i g i i  m o d i f i c a t i o n s  

a n d  w o r k  w i l l  c o i i t i i i u e  oil i i i v e s t i g a t i i i g  t e m p e r a t u r e  e f f e c t s  011 

c e p i l l a r y  p r e s s u r e  c u r v e s  111 u i i - c o i i s o l i d a t e d  p o r o u s  m e d i a  a t  r e s -  

e r v o i r  c o u d i t i o i r s .  



I .4 THE EFFECT OF PORE SHAPE ON MULTIPRASE FLUID now 
.. :I : c 

E. Soelberg 

The f low of f l u i d s  through the  pores of a  r e se rvo i r  depends upon the  

geometr ica l  s t r u c t u r e  of t h e  pore spaces, a s  well  a s  on the  physical  and 

chemical fo rces  which a r e  present .  One fundamental geometrical va r i ab le  which 

in f luences  flow i s  the  three-dimensional shape of each pore. I f  the  e f f e c t  of 

shape can be described mathematically, shape may be used a s  an add i t iona l  

f a c t o r  i n  the  s t a t i s t i c a l  ana lys i s  of pores,  and i n  the  simulat ion and 

modeling of flow i n  t h e  r e se rvo i r .  

Related i n v e s t i g a t i o n s  i n t o  the  e f f e c t  of shape on flow through porous 

media were made by P. C. Carman (1956), L. C. Graton (1935) and H. J. Fraser  

(1935). This  research  i s  based upon t h a t  which was done by Graton and Fraser  

i n  1935. 

The goal  of t h i s  research  is t o  descr ibe  mathematically the  shape of an 

a r b i t r s r y  pore, and the  d i s t r i b u t i o n  of various f l u i d  phases wi th in  the  pore 

a t  given s a t u r a t i o n s ,  i n  such a way t h a t  a  c o r r e l a t i o n  can be found between 

these  mathematically described p roper t i e s ,  and increased r e s i s t a n c e  t o  flow 

through t h a t  p a r t i c u l a r  pore due t o  the  i n t e r a c t i o n  of c a p i l l a r y  and viscous 

fo rces ,  provided the  physica l  and chemical p roper t i e s  of the  f l u i d s  and t h e i r  

i n t e r f a c e s  a r e  known. Previous work which had been done i n  co r re la t ing  the  

cross-sec t ional  shape of p ipes  with the  flow of single-phase f l u i d s  indica ted  

t h a t  the  reduct ion  i n  flow, as  the  cross  sec t ion  varied from the c i r c u l a r ,  

could be matched t o  the  inc rease  i n  the, r a t i o  of wetted perimeter t o  cross- 

s e c t i o n a l  a rea  i n  tu rbu len t  pipe flow, thus being s u i t a b l y  modeled by the 

hydrau l i c  r ad ius  theory. I n  laminar pipe flow t h i s  change i n  shape caused a 
/ 

change i n  the  momentum t r a n s f e r  i n  the  bulk of the  f l u i d ,  and was uut simply 

due t o  a  r e l a t i v e  inc rease  i n  boundary a rea ,  thus the  e f f e c t  of each shape 

requ i red  empir ica l  determination. 

The in t roduc t ion  of more than one f l u i d  phase, the  exis tence  of pores of 

mixed w e t t a b i l i t y ,  and the  changes i n  s i z e  and shape of the  pore channels,  

complicate the  a n a l y s i s  of f low i n  a r e a l  porous medium, and t h e i r  



I 

consideration requires the use of a geometrical approach in modeling the flow 

system. A potentially useful method of mathematically defining ehape, as well 

as location within a given shape, or set of shapes, has been devised by the 

author. The application of these mathematical techniques to the description 

of the changes in the shape of pores, and the location of pore fluids during 

flow is currently being investigated. An experiment to test the applicability 

of the model is being designed. 

It is anticipated that this research will assist in the prediction of the 

flow properties of foams and emulsions, as well as of the geometrically-based 

characteristics of relative permeability curves. 
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FLUID 

COLLECTION 

SUITCHIKG 
VALVES 

TO CORE 
UPSTRW: 
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FROM CORE 

DRAIN 

01 L WATER 

I I - 
PI IOt0-  
CELL 

. I 





RUN Rl3-1 ZS9.6 DEG-F) - 100CC/H- 

10 

RUN R13-1 (69.6 DEG-F) 

Q 10aCC/Hr 

WATER SATURATION 

F I ~ .  1.10 

RELATIVE PERMEABILITY RATIO V S .  SATURATION 



1 - 
RUN R14-2 (71.4 DEG-F) 

Q - 4EInCC/Hr 

WRTER SRTURAT ION 

F IG-  1-11 

FIG. 1.12 

R E L A T I V E  PERPIEABIL I T Y  R A T I O  V S  S A T U R A T . ~  ON 



RUN R15-2 (67.2 DEC-F) 

G1 - 400CC/Hr  



1 

RUN R16-1 (152 DEG-F) 

4 O - 400CC/Hr 

WATER SATURATION 

I ].-I5 



RUN R 1 7 - 1  (152 3EG-F) 

Q - 400CCAHr  



1 

RUN Rl8-1 (152 DEG-F) 

Q 100CC/Hr 



. 

Q 4 0 0 C C / H r  

RUN R10-1 (67a2 DEG-F) 

0 TRUE ~~ 
4 b  INmRREo mw 

I d  RUN Rl0-1 C67m2 DEG-F) I 

PORE VOLUMES INJECTED 



IJPORE VOLUMES INJECTED 



RUN R13-I (69.6 DEG-F) 

0tRLIE- 

A 3- ~ C i R a U w  

PORE VOLUMES IWECTEO 



F RUN R13-1 (69.6 DEG-F) 
9 

1HPORE VOLUMES INJECTED 



Sec t ion  2 

IN-SITU COMBUSTION 

In - s i t u  combustion research  has focused on two 

main d i r e c t i o n s :  

- The k i n e t i c s  of t he  r e a c t i o n s  of c rack ing ,  

p y r o l i s i s ,  and f u e l  depos i t i on  have been 
, . s tud i ed  under i n e r t  gases.  

- A tube run experiment us ing  enr iched  a i r  

has  been implemented. The r e s u l t s  were 

compared t o  t he  r e s u l t s  of a r e g u l a r  tube 

run. 



2.1 KINETICS OF IN-SITU COMBUSTION 

S . Abu-Khamsin 

The work in  t h i s  p r o j e c t  has been devoted t o  t h e  s tudy  of t he  coking 

phenomena of heavy crude o i l s  i n  porous media. More s p e c i f i c a l l y ,  t h e  purpose 

of t h e  c u r r e n t  r e sea rch  is t o  formulate  a p p r o p r i a t e  k i n e t i c  equa t ions  f o r  t h e  

c r ack ing  and coking r e a c t i o n s  t h a t  t a k e  p l a c e  immediately ahead of t h e  

combustfofi f r o n t  r e s u l t i n g  i n  f u e l  depos i t i on .  

The parameters  of t h e s e  equa t ions  w i l l  be determined by exper imenta l  

methods which a l s o  i n v e s t i g a t e  t he  e f f e c t  of va r ious  r e s e r v o i r  p r o p e r t i e s  and 

f low c o n d i t i o n s  on t h e  s a i d  r eac t ions .  

2.1.1. INTRODUCTION 

Recent k i n e t i c  s t u d i e s  r e l a t e d  t o  i n - s i t u  combustion d e a l t  mostly w i th  

t h e  phenomena of o i l  ox ida t ion  In porous rwdia. Both high temperature and low 

tempera ture  r e a c t i o n s  were modelled and c o r r e l a t e d .  Although d a t a  was long 

a v a i l a b l e  on t h e  o x i d a t i o n  of s o l i d  carbonaceous f u e l s ,  it was necessary  t o  

c a r r y  ou t  t h e s e  s t u d i e s  under r e s e r v o i r  cond i t i ons  i n  order  t o  i nco rpo ra t e  t he  

e f f e c t s  of o t h e r  phys i ca l  changes of the  o i l s ,  namely d i s t i l l a t i o n .  

The same l i n e  of reasoning  was followed when r e a l i z i n g  the  n e c e s s i t y  of 

t h e  c u r r e n t  i n v e s t i g a t i o n  s i n c e  c rack ing  and coking phenomena have a l r eady  

been heav i ly  s t u d i e d  by t h e  petrochemical  i ndus t ry .  The presence of a  s o l i d  

ma t r ix  with a  r a t h e r  l a r g e  su r f ace  a r e a  must have an  important  i n f luence  on 

t h e  coking r e a c t i o n  r a t e .  Also t h e  complex thermodynamics a s soc i a t ed  wi th  an 

advancing h e a t  wave a long  wi th  a n  i n c r e a s i n g  o x i d a t i v e  n a t u r e  of t h e  

environment have no t  been s t u d i e d  by t h a t  i n d u s t r y  f o r  obviorlrs reaanns .  

With the  advent  of computers, t h e  petroleum i n d u s t r y  has i n c r e a s i n g l y  

been f avo r ing  s imu la t i on  s t u d i e s  of t he  i n - s i t u  combustion process .  This  

n a t u r a l l y  gave rise t o  t h e  need f o r  more accu ra t e  mathematical formula t ion  of 

t h e  coking phenomena s i n c e  the crude assumptions u s u a l l y  a s s o c i a t e d  with t h i s  

phenomena, namely t h e  f u e l  concen t r a t i on ,  a r e  not  always va l id .  



2.1.2. PROCESS MODELLING 

I n  modelling t he  coking r e a c t i o n s  of crude o i l  i n  r e s e r v o i r s  undergoing 

i n - s i t u  combustion, one should t ake  i n t o  c o n s i d e r a t i o n  two s imultaneous 

phenomena. One is  d i s t i l l a t i o n  and t h e  o t h e r  is  cracking  and coking. 

Although each phenomena on mostly took p l ace  a t  d i f f e r e n t  ends of t h e  

temperature  s c a l e ,  a reg ion  e x i s t s  where both have comparable r a t e s .  Bearing 

i n  mind t h e  complexity of crude . o i l ,  s e p a r a t i n g  t h e  two phenomena becomes a 

r a t h e r  involved t a s k  e s p e c i a l l y  s i n c e  t h e  coking r e a c t i o n  i s  no t  s imple i n  

i t s e l f .  

The problem could be rendered s o l u b l e  by r e s o r t i n g  t o  t h e  lumping 

method. Crude o i l  w i l l  be regarded a s  composed of t h r e e  major groups: 

1. A l i g h t  f r a c t i o n  which w i l l  completely evapora te  before  undergoing any 

chemical change. 

2. A heavy f r a c t i o n  which w i l l  completely crack and produce coke. This  is 

mostly a spha l t enes  and waxes. 

3. A medium f r a c t i o n  which w i l l  undergo mild c rack ing ,  producing l i t t l e  coke 

and gas. 

The r e l a t i v e  s i z e s  of t he se  t h r e e  f r a c t i o n s  is  n a t u r a l l y  d i c t a t e d  by t h e  

condi t ions  of temperature  and p re s su re  and the  composition of t he  paren t  o i l .  

The coking r e a c t i o n  w i l l  be ass igned  a simple s to ich iomet ry :  

hea t  

hydrocarbon -------+ coke + gas 

On a mass b a s i s ,  t h i s  becomes, 

1 u n i t  hydrocarbon -----+ a coke + ( I -a)  gas 2 

The p r o p e r t i e s  of both gas and coke (H/C r a t i o ,  average molecular weight)  

depend ( s t rong ly  or  weakly?) on those  same p r o p e r t i e s  of t h e  hydrocarbon. The 

r a t e  of t he  r e a c t i o n  could be expressed by a f i r s t  o rde r  r e l a t i o n s h i p ,  

a l though h igher  order dependencies could be i n v e s t i g a t e d .  

The r e a c t a n t  he re  being a hydrocarbon w i t h i n  t h e  cokable  f r a c t i o n  of t h e  

o i l .  The concen t r a t i on  i s  expressed i n  mass per  u n i t  bulk volume, s i n c e  t he  



r e a c t i o n  i s  assumed t o  be l i q u i d  phase, and w i l l  be determined a p o s t e r i o r i .  

I n  equat ion  form, the  r eac t ion  r a t e  i s  wri t ten:  

r a t e  of consumption of r eac tan t  = constant  x concentrat ion of r eac tan t  

where k i s  the  r eac t ion  r a t e  constant  t h a t  could be expressed by an Arrehnius 

type equation 

Since t h e  species comprising t h e  ~ o k a b l e  f r a c t i o n  have s imi la r  molecular 

s t r u c t u r e s ,  it i s  probable t h a t  t h e i r  coking reac t ions  have comparable 

a c t i v a t i o n  energies .  This means t h a t  t h e i r  r e l a t i v e  concentrat ions,  hence the  

cokable f r a c t i o n ' s  average molecular welght ru and H/C r a t i o s  and the  
W 

coke and gas p roper t i e s ,  w i l l  remain constant  with time. However, t h i s  i s  

only t r u e  f o r  a s i n g l e  coking react ion .  

When temperature is r a i s e d ,  the  e f f e c t  of o ther  coke producing react ions  might 

become increas ingly  Y i g i ~ i f  i c a n t  . Thus the  p roper t i e s  of the reac t ing  mixture 

w l l l  gradually change. Therefore we can s impl i fy  t h e  model by assuming t h a t  

whatever the nature of the  r eac tan t s  ( o i l ) ,  che ovenal l  coking process has an 

e f f e c t i v e  a c t i v a t i o n  energy and frequency f a c t o r  t h a t  can be held constant 

throughout t h e  temperature sca le .  

4 2.1.3. FORMULATIONS 

The rater;  of production o r  consumption of the  r eac tan t s  and products 

could be r e l a t e d  according t o  equation ( Z ) ,  

where mc i s  the  cumulative mass of coke; gc i s  the  cnmulative mass of gas 

produced by the  coking reac t ion  only. Since the volume of the  o i l  phase is 

usua l ly  unknown, u n i t s  of t o t a l  mass r a the r  than concentrat ion w i l l  be used. 



Equation (3)  thus becomes 

By mater ia l  balance, the mass of cokable f r a c t i o n  a t  any time i s  given 

w h e r e  m o i  i s  t h e  mass of  t h e  o i l  p h a s e  b e f o r e  a n y  

s i g n i f i c a n t  c o k i n g  t a k e s  p l a c e .  S u b s t i t u t i n g  ( 4 )  and  ( 6 )  

i n t o  ( 5 )  

Subs t i tu t ing  k by i t s  Arrehenius form and rearranging 

dgc/dt 
A exp ( - E/RT ) = 

(1 - a) moi - gc 

A t  any temperature, the cumulative mass of gas produced by the  o r i g i n a l  

crude o i l  sample i s  

where gd i s  the  cumulative mass of the products of d i s t i l l a t i o n .  

D i f f e r e n t i a t i n g  Eq. (9)  with respect  t o  time 

A t  high temperatures, the  coking reac t ion  becomes dominant and gd 

approaches a constant  value. Also dgd/dt goes down t o  zero. 

Subs t i tu t ing  i n  Eq. (8)  

A exp ( -  E/RT ) = dg/dt  
( 1  - a moi + gd - 8 

- - dg/dt  
constant  - g 



I n  a  l a b o r a t o r y  experiment ,  g  can be monitored e a s i l y  with time and 

t empera tu re  . There fo re  p l o t t i n g  t he  l og  of t h e  r i g h t  hand s i d e  of 

Eq. (10)  vs  1/T should y i e l d  a  s t r a i g h t  l i n e  a t  high temperatures ,  only 

when t h e  c o r r e c t  va lue  of t h e  cons t an t  i n  Eq. (10) i s  used. The s l o p e  

of t h a t  l i n e  should be -E and i t s  i n t e r c e p t  A. F i n a l l y ,  it should be 

no t ed  t h a t  by d e f i n i t i o n  

m + gd = i n i t i a l  mass of crude o i l ,  M 
o i  0 

Theref  o r e  

a m = M - cons t an t  
o i  o 

But,  accord ing  t o  Eq.. ( 2 ) ,  a moi i s  equa l  t o  t h e  t o t a l  mass of coke 

produced a t  t h e  end of t he  cokixig process ,  M c r  Hence 

cons t an t  

The e f f e c t  of va r ious  parameters  on both t he  r e a c t i o n  cons t an t s  and 

t h e  r e a c t i o n  products  w i l l  be i n v e s t i g a t e d .  Some of t he se  parameters  

a r e  : 

1. P re s su re  

2. Temperature rise r a t e  

3. Matr ix  mineralogy 

4. O i l  base 

5. O~ygcn  conten t  of owaeping gas 

2.1.4. LABORATORY PROCEDURES 

A l a b o r a t o r y  appa ra tu s  was used t o  c a r r y  ou t  t h e  coking 

experiments .  The system is b a s i c a l l y  s i m i l a r  t o  t h e  one b u i l t  by 

F a s s i h i  (1981) wi th  some modi f ica t ions  and improvements t o  s u i t  t h e  

needs of t h i s  study. 

The appara tus  f a c i l i t a t e d  t h e  inves t i g a t l u n  ul: the coking reaer iono  

a t  va r ious  o p e r a t i n g  cond i t i ons  wi th  good accuracy. It a l s o  rendered 

t h e  experiments  easy  t o  execute  due t o  i t s  r e l a t i v e  degree of 

automation. 



Experimental Apparatus 

Figure 2.1 shows a flow diagram of t h e  appara tus .  The c e n t r a l  

u n i t s  of t h e  system a r e  t he  r e a c t o r  and t h e  ox id i ze r .  The o t h e r  

components provide t h e  necessary  gas meter ing and c o n t r o l ,  gas a n a l y s i s ,  

p r e s su re  r e g u l a t i o n ,  and da t a  ga ther ing .  

Reactor.  The r e a c t o r  c o n s i s t s  of t h e  coking ce l l ,  t h e  hea t ing  

furnace ,  and t h e  temperature  c o n t r o l l e r .  The coking c e l l  is made of a 

5" long,  1-1/16" I .D .  t h i c k  w a l l  p ipe  t h a t  is c losed  on both ends by 

plugs which a r e  held i n  p l ace  by screwed on caps. 

The high-temperature gas s e a l  is achieved wi th  two b ra s s  0 r i n g s  

between t h e  end plugs and t h e  p ipe  wi th  two sets of b o l t s  screwed 

through the  caps pushing t h e  plugs. 

Two t h i n  wal l  cups a r e  housed i n s i d e  t h e  c e l l ;  both with pe r fo ra t ed  

bottoms. The lower cup, which is  f i l l e d  with dry sand, i s  1" high and 

r e s t s  on a narrow she l f  halfway down t h e  c e l l  and a c t s  a s  a p r ehea t e r  

and d i s t r i b u t o r  of the  gas feed.  The upper cup, which is  packed wi th  

t h e  sample, is 2" high and r e s t s  on top  of t he  o the r  cup. A 2" long,  

118" tube  t h a t  runs along t h e  a x i s  of t h e  c e l l  i s  so lde red  t o  t h e  bottom 

of t he  sample cup and works a s  a guide t o  t h e  thermowell which houses a 

thermocouple. Screens of 200 mesh a r e  placed a t  t he  bottom of t he  cups 

f o r  added support  of t h e i r  conten ts .  

Gas feed is  preheated i n  a c o i l  of 118" tub ing  before  it e n t e r s  t h e  

c e l l  a t  i ts  lower end; it e x i t s  t he  ce l l  through a 114" tube. A l l  p a r t s  

of t he  c e l l  a r e  made of type 371 s t a i n l e s s  s t e e l .  F igure  2.2 ehows a 

schematic  of t h e  coking cell .  

The coking c e l l  is heated by a furnace  con t ro l l ed  by a l o g l l i n e a r  

temperature  c o n t r o l l e r  which could be programmed a t  d i f f e r e n t  rates.  

The temperature  was found t o  vary by a maximum of 10°F (5.5OC) ac ros s  

t h e  l eng th  of t h e  sample cup a t  any temperature  l e v e l .  Also, t he  r a d i a l  

temperature  g rad i en t  through the  sample was prev ious ly  determined t o  be 

n e g l i g i b l e  F a s s i h i  ( 1981). 

Oxid izer .  The purpose of t he  o x i d i z e r  i s  t o  completely convert  a l l  

hydrocarbons prodt~ced by the  r e a c t o r  t o  carbon oxides  and water.  A c o i l  

made of 7 f e e t  of 114" s t a i n l e s s  s t e e l  t ub ing ,  placed i n  a flirnace 

maintained a t  1250°F (677OC), s e r v e s  a s  t he  r e a c t i o n  vesse l .  A i r  i s  



prehea ted  i n  ano the r  c o i l  placed i n  t h e  same furnace and connected t o  

t h e  upstream end of t h e  f i r s t  c o i l .  The t o t a l  res idence  time of t he  gas 

s t r eam through the  o x i d i z e r  averages 20 seconds. These condi t ions  of 

tempera ture  and v e l o c i t y  guarantee complete oxida t ion .  

Gas Supply and Processing.  Nitrogen and air  a r e  suppl ied  by high 

p r e s s u r e  c y l i n d e r s  through two-stage p re s su re  r egu la to r s .  Gases a r e  

passed through D r e i r i t e  beds f o r  f i l t r a t i o n  and drying before  e n t e r i n g  

t h e  r e a c t o r  o r  o x i d i z e r .  The gas e f f l u e n t  from the  o x i d i z e r  i s  cooled 

by a condenser made up of a 1/8" tub ing  c o i l  i n  an i c e  bath maintained 

a t  -5OC. Another D r e i r i t e  bed i s  connected t o  the  condenser f o r  maximum 

dryness .  

Flow and Pressure  Regulation. Gas feed  f o r  both the r e a c t o r  and 

o x i d i z e r  a r e  r egu la t ed  by s e p a r a t e  e l e c t r o n i c  mass flow c o n t r o l l e r s .  

A f t e r  maintaining about 10 p s i  e r e s s u r e . d i f f e r e n t i a 1  ac ros s  the  flow 

senso r ,  the  r equ i r ed  flow r a t e  could be obtained by s e t t i n g  the  d i a l .  

Gas e f f l u e n t  from the  system is  metered wi th  an e l e c t r o n i c  mass 

flowmeter and vented t o  the  atmosphere. A 0-500 p s i  a d j u s t a b l e  back- 

p re s su re  r egu la to r  placed a f t e r  the  condenser w a s  used t o  maintain t h e  

r equ i r ed  p re s su re  i n  t he  system. 

Gas Analysis.  Concentrat ions of CO, C02, and 02 i n  t h e  e f f l u e n t  

gas were measured by t h r e e  on-line gas ana lysers .  A cons tan t  po r t ion  of 

t h e  gas s t ream is d i v e r t e d  i n t o  t h e  ana lyse r s  and then  recombined with 

t h e  r e s t  of t h e  s t ream before  t h e  flowmeter. 

The gas ana lyse r s  a r e  c a l i b r a t e d  . i n i t i a l l y  with n i t rogen  f o r  t h e  

z e r o  po in t s  and then  p e r i o d i c a l l y  w i t h ' s t a n d a r d  gas mixtures f o r  t he  

upsca le  poin ts .  C a l i b r a t i o n  i s  performed a t  the  same condi t ions  of 

p re s su re  and f l o w r a t e  a s  those dur ing  the  experiment.  Figure 2.3 shows 

t h e  flow scheme designed t o  minimize d is turbances  in  the  system when 

swi t ch ing  the  ana lyse r s  between on-line and c a l i b r a t i o n  modes. 

Data Co l l ec t ion .  The readings  of most of t he  ins t ruments  a r e  

scanned by a da t a  logger  and recorded by a mini-computer a t  th ree-minute  

i n t e r v a l s .  . Those ins t ruments  inc lude  t h e  r e a c t o r ' s  temperature 

i n d i c a t o r ,  t h e  mass flowmeter, and t h e  t h r e e  gas ana lysers .  Those 

r ead ings  a r e  a l s o  recorded on s t r i p  c h a r t s  f o r  monitoring and back-up 

purposes.  The d a t a  a r e  then  processed,  analysed,  and output ted  a f t e r  

t h e  end of t he  experiment by another  mini-computer . 



Tes t  Ma te r i a l s .  A l i m i t e d  v a r i e t y  of test m a t e r i a l s  w i l l  be 

employed i n  t h i s  study. However, t h e  m a t e r i a l s  s e l e c t e d  could be 

combined t o  s imula te  wide v a r i a t i o n s  i n  r e s e r v o i r  p r o p e r t i e s .  

P r o p e r t i e s  of t he  Crude O i l s .  Three crude o i l s  belonging t o  t h e  

t h r e e  d i f f e r e n t  o i l  bases w i l l  be used i n  t h i s  study. For comparison 

purposes,  t he  major i ty  of t h e  tests w i l l  be made on t h e  Huntington Beach 

crude whose ox ida t ion  c h a r a c t e r i s t i c s  were thoroughly i n v e s t i g a t e d  by 

F a s s i h i  (1981). P r o p e r t i e s  of t h i s  o i l  and i t s  d i s t i l l a t i o n  tests a r e  

a v a i l a b l e  i n  t h e  same re fe rence .  

P r o p e r t i e s  of t he  Sand Packs. Most of t h e  experiments  w i l l  be made 

wi th  mixtures  of sand and o i l .  Sands of var ious  s i e v e  ana lyses  w i l l  be 

used t o  check t h e  e f f e c t  of s u r f a c e  a r e a  on t h e  r eac t ions .  Some c l ay  

minera l s ,  mostly k a o l i n i t e ,  w i l l  be added t o  s tudy  t h e i r  c a t a l y t i c  

e f f e c t s .  Some experiments  wi th  n a t u r a l  core  m a t e r i a l s  a r e  a l s o  

planned. These co re s  have t o  be pu lver ized ,  however. 

A batch s u f f i c i e n t  f o r  s e v e r a l  runs is prepared by mixing sand and 

o i l  i n  p ropor t i ons  t h a t  approximately y i e l d  t h e  d e s i r e d  po ros i t y  and 

s a t u r a t i o n .  

Operation. A t y p i c a l  exper imenta l  run is s t a r t e d  by tamping a  

sample of t h e  s a n d l o i l  mixture i n  t he  sample cup, assembling the  coking 

c e l l  and p re s su re  t e s t i n g  it wi th  n i t r o g e n  f o r  l eaks .  The c e l l  is  then 

p laced  i n  t h e  r e a c t o r  furnace wi th  t h e  thermocouple i n  p l ace  and t h e  

system p re s su r i zed .  

Once the  des i r ed  system p re s su re  and t h e  o x i d i z e r ' s  temperature  a r e  

reached, The gas feed t o  both r e a c t o r  and o x i d i z e r  is s t a r t e d  and t h e  

temperature  program i n i t i a t e d .  A s  mentioned e a r l i e r ,  t h e  ana lyze r s  a r e  

c a l i b r a t e d  p e r i o d i c a l l y  throughout t h e  experiment.  

When the  hydrocarbon product ion  r a t e  becomes i n s i g n i f i c a n t ,  

s i g n a l l i n g  t he  near  completion of t h e  coking process ,  t h e  gas  f eed  t o  

t h e  r e a c t o r  is switched from n i t r o g e n  t o  a i r  a t  a  very smal l  r a t e .  The 

purpose is  t o  burn a l l  t h e  coke depos i ted  and o b t a i n  its mass and 

p r o p e r t i e s .  Once t h e  burning s t a g e  is over t h e  system is shu t  down and 

l e f t  t o  cool  down t o  room temperature .  The con ten t s  of t h e  coking ce l l ,  

which a r e  c l ean  burned sand,  a r e  then weighed t o  determine the  i n i t i a l  

amount of o i l  p r e c i s e l y .  



2.1.5 RESULTS 

Before t he  i n s t a l l a t i o n  of t h e  p re sen t  o x i d i z e r ,  another  design was 

i n  use  of which performance was u l t i m a t e l y  deemed u n s a t i s f a c t o r y .  The 

o l d  des ign  c o n s i s t e d  of a  c y l i n d r i c a l  p ipe  6" long and maintained a t  

600°F (315OC) by an i n t e r n a l  hea t e r .  Seve ra l  improvements were 

a t tempted  on t h i s  des ign  but a l l  proved f r u i t l e s s .  They inc lude  

i n s u l a t i n g  t h e  c y l i n d e r  from t h e  o u t s i d e ,  an e x t r a  h e a t e r  on t h e  

o u t s i d e ,  packing the  c y l i n d e r  with smal l  s t e e l  r i n g s  f o r  b e t t e r  mixing, 

and f i n a l l y  a  glow plug was i n s t a l l e d  hoping t o  provide a  hot spot  f o r  

t h e  burning r e a c t i o n .  Coke was always found depos i ted  on the  i n t e r n a l  

w a l l s  of t he  c y l i n d e r  i n  a d d i t i o n  t o  l i q u i d  hydrocarbons i n  t h e  

condenser.  

So f a r ,  a l l  t h r e e  exper imenta l  runs conducted with the  p re sen t  

system have been s u c c e s s f u l .  The i n i t i a l  and flow cond i t i ons  -of t he se  

runs  a r e  l i s t e d  i n  Table 1. The only parameter changed i n  t he se  runs i s  

t h e  system p re s su re .  This  was t o  i n v e s t i g a t e  t he  e f f e c t  of p r e s su re  on 

t h e  coking r e a c t i o n  both d i r e c t l y  and i n d i r e c t l y  through a l t e r i n g  the  

d i s t i l l a t i o n  c h a r a c t e r i s t i c s  of t he  o i l .  

The r e s u l t s  a r e  presen ted  i n  g r a p h i c a l  form i n  F igures  2.4, 2.5, 

and 2.6. P l o t t e d  i n  t h e s e  f i g u r e s  a r e  t h e  atomic hydrogen/carbon r a t i o  

of t h e  produced gas ,  t h e  mass r a t e  of product ion of t he  gas normalized 

t o  t h e  i n i t i a l  mass of o i l ,  and t h e  temperature  of t he  sample; a l l  vs. 

t ime. The da t a  from t h e  coke burning s t a g e  of the  runs a r e  not  shown on. 

t ,hese f igvres .  



Although the  temperature  of t h e  coking c e l l  was programmed t o  

i n c r e a s e  l i n e a r l y  with t ime,  dev i a t i on  from t h i s  behavior  i s  observed. 

The cause of t h i s  dev i a t i on  w i l l  be i n v e s t i g a t e d .  

The abnormally high va lues  of t h e  H/C r a t i o  both a t  t he  beginning 

and towards t h e  end of these  experiments is caused by the  concen t r a t i ons  

of t he  carbon oxides  being of t h e  same o rde r  of magnitude a s  t h e  

accuracy of the  instruments .  However a t  medium t o  high temperatures  a  

c l e a r  downward t r end  is observed. 

The graph of t h e  cumulative mass of gas fo l lows  a  f a m i l i a r  S-shaped 

curve t y p i c a l  of s imple r e a c t i v e  systems l i k e  t he  one a t  hand. 

The most i n t e r e s t i n g  .and important  curve is t h a t  of t h e  mass r a t e  

of product ion.  A s  mentioned e a r l i e r ,  both t he  d i s t i l l a t i o n  and the  

coking reac t ion(s ' )  c o n t r i b u t e  t o  t h i s  curve i n  cont inuous ly  varying 

degrees .  

A t  low tempera tures ,  t he  curve resembles t he  e r ror - func t ion- l ike  

shape of d i s t i l l a t i o n  curves.  A twin-peak shape is  observed a t  400°F 

(204OC) t h a t  g r adua l ly  d i sappears  a s  p re s su re  i s  r a i s e d .  The peak a t  

high temperatures  is obviously caused by t he  coking r e a c t i o n ,  s i n c e  i t  

i n c r e a s e s  in s i z e  with p re s su re  a s  more r e a c t a n t  becomes a v a i l a b l e  f o r  

coking due t o  suppressed d i s t i l l a t i o n .  

The segment of t h e  curves  a t  medium temperatures  is t h e  m e  t h a t  

r e q u i r e s  a long look s i n c e  it r e f l e c t s  t h e  working of both processes .  

It i s  intended t o  p l o t  t h e  r e s u l t s  from Equation (10) f o r  each 

f i g u r e  and look f o r  t h e  semi-log s t r a i g h t  l i n e  a t  t h e  h igh  temperature  

s i d e  of the  graph. This  l i n e  w i l l  provide t h e  k i n e t i c  parameters f o r  a t  

l e a s t  t he  high temperature  coking r eac t ion .  Based on t h i s  and on t h e  

d i o t i l l a t i u ~ l  d a t a  a v a i l a b l e  f o r  the  crude o i l  a  simple s imu la to r  w i l l  be 

w r i t t e n  t o  match the  experimental  d a t a  and check t h e  t h e o r e t i c a l  model. 
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2.2 ENRICHED A I R  COMBUSTION 

1 

A. S. McFatlane, G. Andrade, P. A. P e t t i t  

2.2.1. INTRODUCTION 

In - s i t u  combustion i s  the  process  of i g n i t i n g  crude o i l  and propagat ing a 

combustion f r o n t  through an o i l  r e s e r v o i r .  H i s t o r i c a l l y ,  compressed a i r  has 

been t h e  i n j e c t i o n  gas t h a t  propagates  and moves the  f r o n t .  However, i n  a 

1954 AIME paper,  #. J. Ramey, Jr. suggest.ed oxygen enrichment of t he  i n j e c t e d  

gas s t ream t o  improve t h e  i n - s i t u  combustion process.  

The idea  of i n - s i t u  combustion or iginat .ed i n  1923 when a patent was 

g ran ted  on a s i m i l a r  process .  However, i t  was no t  u n t i l  1952, i n  Oklahoma, 

t h a t  two modern f i e l d  t e s t s  were conducted. Now, i n - s i t u  combustion has 'been 

t e s t e d  i n  over a hundred f i e l d  a p p l i c a t i o n s  many of which Rave been reviewed 

and compared i n  t he  l i t e r a t u r e  (Farouq A l i ,  1972; Brigham e t  a l . ,  1980). 

2.2.2. LITERATURE SURVEY 

The l i t e r a t u r e  provides  a c l e a r ,  concise explana t ion  of thermal and 

hydrodynamic a s p e c t s  of i n - s i t u  combusttian. As the cambuotion front (anne R, 

Fi.g.  2.7) approaches a volume element i n  t he  porous bed, t he  temperature of 

t h e  volutne elerueat s t a r t s  r i s i n g .  A s  a r e s u l t ,  water and Rome l i g h t  ' 

hydrocarbons a r e  vaporized and c a r r i e d  ahead i n  t he  gas s t ream (zone E, Fig.  

2.7). The vapors soon con tac t  t h e  co lde r  a r eas  and condense. Then, a f t e r  t h e  

l e a d i n g  edge of t he  gas s t ream passes  through the  element,  t he  o r i g i n a l  o i l  i s  

sub jec t ed  t o  h o t  water  d r i v e ,  vapor i za t ion ,  steam and gas d r ive ,  and misc ib le  

displacement by the  recondensed l i g h t  hydrocarbons. 

When the  temperature of t he  volume element exceeds 600°F (315OC), t h e  

r e s i d u a l  o i l  Ln the  element cracks Snto a v o l a t i l e  f r a c t i o n  and a non-volat i le  

heavy r e s idue  (zone C, Fig. 2.7). P a r t  of the v o l a t i l e  f r a c t i o n  condenses i n  

t h e  coo le r  zone downstream, and t h e  r e s t  remains Iu tlre gas phaoa. The non- 

v o l a t i l e ,  n o n - d i s t i l l a b l e  residuum c o n s i s t i n g  of coke, t a r ,  and p i t c h  

c o n s t i t u t e s  t h e  primary f u e l  f o r  combustion. 



The cracking zone is followed by the  combustion f r o n t  whose temperature 

may range from 600 t o  1200°F (315 t o  650°C). A zone of c l ean  sand (zone A, 

Fig.  2.7) i s  l e f t  behind the  f r o n t  where only the  i n j e c t i o n  gas is flowing 

( F a s s i h i  and Brigham, 1982). 

The l i t e r a t u r e  a l s o  o u t l i n e s  t h e  uses  of l abo ra to ry  combustion tube  

s t u d i e s .  They have been widely used t o  c h a r a c t e r i z e  combustion p r o p e r t i e s ,  

l i k e  those descr ibed above, and t o  a i d  i n  t he  s e l e c t i o n  and planning of f i e l d  

t e s t  opera t ions .  Cady and Moss ( 1981) s p e c i f i c a l l y  o u t l i n e  p i l o t  t e s t  design 

f a c t o r s  based on oxygen enriched i n j e c t i o n  of t he  gas stream. 

Moss and Cady (1982) a l s o  found t h a t  the  coke depos i t i on  and the  burning 

zone a r e  on the downstream s i d e  of the  peak combustion temp.erature where the  

temperature decreases  sharp ly  from the  peak t o  t he  steam pla teau .  

Hansel,  e t  a l . ,  (1982) expla ined  t h e  process  of increased  f r o n t a l  

v e l o c i t y  with increased  oxygen concen t r a t ion  when the  t o t a l  i n j e c t i o n  r a t e  i s  

matched. They a l s o  r epo r t ed  combustion tube r e s u l t s  us ing  oxygen 

concent ra t ions  a s  high a s  95 percent .  

Oxygen Compared t o  A i r .  The recent  combustion l i t e r a t u r e  compares oxygen 

enrichment of the  i n j e c t e d  gas s t ream t o  the  convent ional  a i r  i n j e c t i o n .  

Hansel, e t  a l .  (1982) repor ted  c h a r a c t e r i s t i c s  t h a t  t h e  two processes  have i n  

common. They a r e  ( 1 )  apparent  coke composition, (2 )  t he  amount of coke l a i d  

down, (3 )  combustion temperature and ( 4 )  oxygen u t i l i z a t i o n  e f f i c i ency .  

The l i t e r a t u r e  a l s o  p o i n t s  out  t h a t  when comparing t h e  advantages of 

oxygen and a i r ,  t h e  s p e c i f i c  f i e l d  c h a r a c t e r i s t i c s  must be considered.  

Theref ore, only the gene ra l  advv~lLageb w i l l  be discueeed* 

Under c e r t a i n  condi t ions  of flow r a t e  and pressure ,  pure oxygen can be 

l e s s  expensive than the  equiva len t  amount of oxygen i n  a i r .  S p e c i f i c a l l y ,  a s  

t h e  i n j e c t i o n  p re s su re  is  r a i s e d ,  the  energy needed t o  compress air inc reases  

f a s t e r  than  the  energy needed t o  s epa ra t e  oxygen from n i t r o g e n  and then r a i s e  

t he  oxygen pressure  t o  t he  requi red  l eve l .  Thus, c a p i t a l  investments f o r  a i r  

compression equipment e s c a l a t e  more r ap id ly  wi th  i n c r e a s i n g  p re s su re  and flow 

r a t e  than do c a p i t a l  investments f o r  a i r  s epa ra t ion  and oxygen compression 

(Hvizdos, e t  a l . ,  1982). ,/ . 



Hvizdos, e t  a l . ,  (1982) a l s o  presen ted  the  case  of increased  we l l  spacing 

f o r  t h e  oxygen en r i ched  system. They noted t h a t  t h e  t o t a l  i n j e c t i o n  r a t e  

could  be reduced t o  match the  oxygen f l u x  while  t h e  product ion r a t e  would 

remain t h e  same a s  t h a t  f o r  a i r .  

S u b s t i t u t i n g  pure oxygen f o r  a i r  but matching t h e  oxygen f l u x  a l s o  y i e l d s  

a lower r a t e  and v e l o c i t y  a t  which gas  e n t e r s  t h e  producing w e l l  and, 

t h e r e f o r e ,  y i e l d s  a lower g a s l o i l  r a t i o .  This  s i m p l i f i e s  pumping 

c o n s i d e r a t i o n s  and l e s s e n s  environmental  concerns. 

The p a r t i a l  p r e s s u r e  of carbon d ioxide  i n  oxygen enr iched  i n - s i t u  

combustion w i l l  be on t h e  o rde r  of f i v e  t imes g r e a t e r  than  the  carbon d ioxide  

p a r t i a l  p r e s su re  i n  a i r  i n j e c t i o n  i n - s i t u  combustion. The advantages of 

i n c r e a s e d  carbon d iox ide  p a r t i a l  p r e s su re  i nc lude  swe l l i ng  of t he  o i l ,  reduced 

o i l  v iocoo i ty ,  h ighcr  u l t i m a t c  o i l  recovery,  and g r e a t e r  mvcu~ent  of u l l  LU 

t h e  producing w e l l s  (Hvizdos, e t  a l . ,  1982). 

2.2.3 DANGERS AND SAFETY CONSIDERATIONS 

James Hansel of A i r  Products  & Chemicals fnc.  and Jon Moss of Te j a s  

Petroleum Engineers  have superv ised  s u c c e s s f u l  l abo ra to ry  combustion runs wi th  

concen t r a t i ons  of oxygen g r e a t e r  than 21% i n  t h e  i n j e c t e d  gas stream. They 

were consul ted  t o  determine t h e  s t e p s  we should t ake  t o  make our experiments 

s a f e .  Following a r e  t h e i r  sugges t ions .  

A i r  Products  & Chemicals Inc.  The crude o i l  and Ottawa sand f o r  Hansel ' s  

t ube  mixture were hea ted  s e p a r a t e l y  before  being combined i n  a small cement 

mixer. Five percent  s i l i c a  f l o u r  was added t o  r e p l i c a t e  t he  c l ay  p r o p e r t i e s  

of t he  model r e s e r v o i r .  A l l  mixing equipment were c leaned  by us ing  t h e  

s o l v e n t  l , l , l - t r i c h l o r o e t h a n e  and d r i e d  i n  t h e  gaseous n i t rogen .  

The s e p a r a t o r  a t  t h e  bottom was f i l l e d  wi th  3 mm g l a s s  beads t o  reduce 

t h e  impact should a high percentage of oxygen be produced and r e a c t  with t h e  

producing hydrocarbons. The combustion tube i t s e l f  was t o t a l l y  enclosed i n  a 

h igh  p re s su re  v e s s e l  f i l l e d  wi th  argon. Should t h e  combustion tube break, 

cor rode ,  o r  b u r s t ,  t h e  h igh  p re s su re  argon would f i l l  t he  combustion tube  

r a t h e r  than t h e  oxygen and hydrocarbons f i l l i n g  t h e  atmosphere. Copper O- 

r i n g s  were used t o  s e a l  t h e  combustion tube  f langes .  Inconel ,  a h igh  

tempera ture  a l l o y ,  was used f o r  t h e  thermowell and Vermicul i te  was used f o r  

e x t e r i o r  i n s u l a t i o n .  



< 

Tejas  Petroleum. Moss suggested t h a t  a "pre-burn time" be considered.  

This  accounts  f o r  t h e  t ime r equ i r ed  t o  b u m  approximately 10 percent  of t h e  

combustion tube wi th  a i r  before  swi tch ing  t o  oxygen. The pre-bum time keeps 

pure oxygen and hydrocarbons w e l l  w i t h i n  t h e  formation before  they are allowed 

t o  mix and r e a c t .  Cons i s t en t  wi th  t h e  experiments  r epo r t ed  i n  t h e  l i t e r a t u r e ,  

when t h e  swi tch  from a i r  t o  oxygen is made, t h e  flow r a t e  should be reduced t o  

match the  oxygen f l ux .  The a c t u a l  i n j e c t i o n  r a t e ,  then ,  is slow compared t o  

t h e  a i r  bum. 

He a l s o  s a i d  t h a t  oxygen l i n e  va lves ,  f i t t i n g s ,  and elbows should be 

p laced  such t h a t  they reduce v a r i a t i o n s  i n  , t h e  v e l o c i t y  of t h e  oxygen 

stream. Turbulence c r e a t e s  t h e  p o t e n t i a l  f o r  p a r t i a l  impingement and s c a r f i n g  

of t he  oxygen l i n e .  Also, oxygen s u r f a c e  l i n e s  should never be used f o r  any 

o t h e r  gases.  

Moss suggested a temporary swi tch  t o  a i r  i n j e c t i o n  i f  t h e  oxygen 

concen t r a t i on  a t  t h e  o u t l e t  reached 5-10 percent .  H e  a l s o  suggested t h a t  a 

L u c i t e  o r  s o l i d  metal  b a r r i e r  be placed i n  f r o n t  of t he  core  ho lde r  

appara tus .  F i n a l l y ,  he s a i d  t h a t  s a f e t y  goggles a r e  a must. 

2.2.4 STATEMENT OF PURPOSE. 

One l abo ra to ry  combustion tube  run was made with a i r  i n j e c t i o n  (Run 100- 

01) and one was made with 32.5% oxygen i n j e c t i o n  (Run 100-02). An a t tempt  was 

made t o  mimic a l l  o the r  parameters  of t h e  two runs s o  t h a t  t h e  e f f e c t s  of t h e  

two d i f f e r e n t  i n j e c t i o n  gases  could be s tud i ed .  

The fo l lowing  parameters  were analyzed and a r e  d i scussed  i n  t h e  S e c t i o n  

6: (1) temperature  prnf  i lss,  ( 2 )  leaxdmum burning f r o n t  temperature ,  ( 3 )  

burning f r o n t  v e l o c i t y ,  ( 4 )  p r e s su re  drop and flow r a t e  ac ros s  t he  sand f a c e ,  

( 5 )  cumulative o i l  and water  product ion,  (6)  o i l  recovery a s  a funcion of 

burned volume, ( 7 )  produced gas composition, and (8)  H/C r a t i o  of t h e  f u e l .  

2.2.5 PROCEDURE 

Reservoi r  C h a r a c t e r i s t i c s .  The crude o i l  used f o r  the  experiments  was 

ob t a ined  from t h e  Banning Lease of t h e  West Newport F i e l d ,  Newport Beach, 

C a l i f o r n i a ,  which i s  operated by Mobil O i l  Company. The o i l  used was produced 

du r ing  t h e  week of March 14, 1983 from Zone B a t  a depth of 1500 f e e t .  The 

cr~ide o i l  p r o p e r t i e s  l i s t e d  i n  Table  3.1 were ob ta ined  from Mobil and were 

determined i n  a 1962 a n a l y s i s  of t h e  o i l .  



P r o p e r t i e s  of t h e  Sand Pack. Both combustion runs,  descr ibed  i n  Sec t ion  

4, were made wi th  a  mixture  of sand,  c l ay ,  water  and t h e  Newport Beach crude 

o i l  a t  r a t i o s  def ined  hy Table 2.2. The sand was cleaned and d r i e d  p r i o r  t o  

weighing and mixing t o  remove d i r t  and t r a c e  c l ay  p r o p e r t i e s .  Table  2.3 shows 

a s i e v e  a n a l y s i s  of t h e  sand. The c l ay  was analyzed us ing  x-ray d i f f r a c t i o n  

and was found t o  con ta in  mostly k a o l i n i t e .  The d i f f r a c t i o n  p a t t e r n  and 

k a o l i n i t e  peaks (shown by " K ' s "  on t h e  d i f f r a c t i o n  diagram) of t h e  c l ay  a r e  

shown i n  F igure  2.8. 

For mixing purposes ,  a  po ros i t y  of 35 percent  was assumed, based on 

p rev ious  tests us ing  a  tamper t o  pack t h e  combustion tube.  The bulk,  pore ,  

and g r a i n  volumes were then c a l c u l a t e d  a s  shown i n  Table 2.4. The bulk volume 

was c a l c u l a t e d  from t h e  dimensions of t h e  tube. S p e c i f i c a l l y ,  92 c m  of t h e  

102 cm tube  was packed wi th  the  o i l l s a n d  mixture.  The ou te r  diameter of t he  

t ube  is  3  inches  (7.53 cm) and, wi th  a  w a l l  t h i cknes s  of 0.016 inches  (0.041 

cm), t h e  i nne r  d iameter  i s  2.968 inches.  

From the  p o r o s i t y  and bulk volume, t h e  pore volume was ca l cu l a t ed .  From 

t h e  pore volume, o i l  s a t u r a t i o n ,  and o i l  s p e c i f i c  g r a v i t y ,  the  weight of o i l  

needed t o  y i e l d  t he  d e s i r e d  s a t u r a t i o n  was ca l cu l a t ed .  The sand weight was 

c a l c u l a t e d  from the  g r a i n  volume and a  sand-grain dens i ty  of 2.67 gm/cc. The 

wa te r  weight was c a l c u l a t e d  from t h e  water  s a t u r a t i o n ,  pore volume, and 

d e n s i t y  of water .  The c l ay  conten t  was ca l cu l a t ed  from 5% of t he  sand volume 

by weight as opposed t o  5% of t h e  g r a i n  volume. It was f e l t  that the  l a t t e r  

would have overcompensated f o r  t h e  c l ay  conten t  of the  r e s e r v o i r .  I t  should 

be noted t h a t  p o r o s i t y  was c a l c u l a t e d  i n  Table  2.5 a s  t h e  d i f f e r e n c e  from one 

u1 the racios 6f sand and c l a y  volume t o  bulk volume. 

From t h e  pe rcen t  of each component i n  t he  mixture  and the  t o t a l  weight of 

t h e  mixture  i n  t h e  t ube ,  t h e  weight and volume of each component i n  the  tuhe 

could be ca l cu l a t ed .  Therefore ,  a f t e r  t h e  tube  was par.ked, t h e  a c t u a l  

p o r o s i t y  and o i l  s a t u r a t i o n  achieved were ca l cu l a t ed  a s  shown i n  Table 2.4 and 

d i scus sed  i n  Sec t ion  7. 
TABLE 2.2 

Rescrvoi.r  C h a r a c t e r i s t i c s  of the Weot Newport F i e l d  

Gravi ty  16' APT 
O i l  S a t u r a t i o n  45.3 % 
Water S a t u r a t i o n  37.6 % 
Gas Saturation 17.1 % 
Permeabi l i ty  t o  A i r  505 md 
P o r o s i t y  32.3 % 
Estimated Bb l s l ac - f t  1160 



TABLE 2.3 
S ieve  Analys i s  

Sieve S i ze  , ,, Percent  by Weight 
i : ~  Retained 

Pan 

Type of Sand 

Type of Clay 

Ottawa Sand ( U n i s i l  Corp.) ' 

Graded 20-30 

F i r e  Clay, Mix-Kwik 
(Lone S t a r  Ind.) 

TABLE 2.4 
I n i t i a l  C a l c u l a t i o n s  f o r  the  Sand Pack 

Po ros i t y  = 0.35 L = 92 c m  r = 1.484 i n  So = 0.453 
O i l  Gravi ty  = 0.95932 gm/cc Sand Grain Density = 2.67 gm/cc 

V b  = L x n r  2 =  92 cm x n (1.484 i n )  (2.54 cmlin? = 4106.5 c c  

" = 4 x v b =  
0.35 x 4106.5 cc = 1437.3 cc 

P 
V = V  - V  = 2 6 6 9 . 2 c c  

.R h P 
Weight of o i l :  
S x V x yo = 0.453 x 1437.3 cc x 0.95932 gmlcc = 624.6 gm 
0 P 

Weight of sand: 
V x y = 2669.2 cc x 2.67 gm/cc = 7126.8 gm 

R g 

Weight of water :  
s vP Yw = 0.376 x 1437.3 x 0.999014 p / c c  = 539.9 gm 

W 

Weight of c l ay  : 

Wtsand 
x 0.05 = 356.3 gm 

Prepara t ion  of System Apparatus. The c e n t r i f u g e  b o t t l e s  used f o r  

product ion c o l l e c t i o n  were weighed before  t he  run and numbered f o r  

record keeping during t h e  run. ' The D r i e r i t e  i n  t he  drying tube  was 

changed and t h e  tube i t s e l f  was t e s t e d  f o r  l e aks  t o  150 p s i .  A l l  gas 

ana lyze r s  were c a l i b r a t e d .  Heat ing t ape  was wrapped around t h e  



s e p a r a t o r '  t o  f a c i l i t a t e  product ion  of t h e  o i l .  The a r e a  between the  

combustion tube  and t h e  p re s su re  s h e l l  was f i l l e d  w i th  Diamond Shamrock - - 
Dacotherm I n s u l a t i o n .  

For t h e  oxygen-enriched run, a l l  i n l e t  gas flow l i n e s  were removed 

and c leaned  thoroughly wi th  i sop ropy l  a l coho l  and acetone and d r i e d  wi th  

gaseous n i t r o g e n  before  t h e  run. The s e p a r a t o r  was f i l l e d  w i th  3 nun 

g l a s s  beads. 

P repa ra t i on  of t h e  Combustion Tube. Two 600 wa t t ,  110 v o l t  h e a t e r  

bands were a t t a c h e d  t o  t h e  combustion tube,  one above the  sand f a c e  and 

one below. Both h e a t e r s  were capable  of s t a r t i n g  i g n i t i o n  but t he  

h e a t e r  above t h e  sand f a c e  was p r e f e r a b l e  because it would be l e s s  

l i k e l y  t o  t r i g g e r  a coking r eac t ion .  The lower h e a t e r ,  being i n  t h e  o i l  

saturakccl oonc, would bo more l i k e l y  ts triggar a coking reecrfon i n  

a d d i t i o n  t o  c r e a t i n g  i g n i t i o n .  However, had t h e  t o p  h e a t e r  

mal iunc t ioned ,  t h e  lower one would have been a v a i l a b l e  a s  a l a s t  r e s o r t .  

Two-hundred-mesh sc reens  were c u t  t o  f i t  t h e  lower f l ange  and were 

a t t ached  t o  t h e  bottom of t he  thermowell. The bottom f l a n g e  was then  

bo l t ed  t o  t h e  bottom of t he  tube  wi th  t h e  greased rubber  O-ring i n  

p lace .  

The sand,  c l ay ,  o i l ,  and water  were mixed a s  ou t l i ned  e a r l i e r .  The 

amount needed f o r  one run  was doubled and mixed s o  t h a t  t h e  tube  

con ten t s  of both runs would be I d e n t i c a l .  This  mixture was then tamped 

i n t o  t h e  combustion- tube t o  a h e i g h t  of 10 c m  from t h e  top.  Three 

samples of t h e  o i l  sand mixture were taken  dur ing  t h e  packing procedure,  a t  

90, 60, and 20 c m  from t h e  top  of t h e  tube.  Dry sand was poured i n t o  t he  t op  

10 cm before  b o l t i n g  t h e  t op  f l ange  i n  place.  The tube was then leak- tes ted  

and loaded i n t o  t h e  p r e s s u r e  s h e l l .  

F i n a l l y ,  t h e  combustion tube  was heated overn ight  t o  a r e s e r v o i r  

L e l u p e i ~ i t u ~ e  of 150'1t (65r5°C)e The t 6 p  heaccr WOO O C ~  a t  150°F (65,5'C), L11u 

middle h e a t e r  a t  140°F (60°C), and t h e  bottom h e a t e r  a t  1 8 0 ' ~  (76.S°C). The 

s l i g h t  d i f f e r e n c e s  i n  t h e  t h r e e  s e t t i n g s  account f o r  hea t  l o s s e s  and y i e l d  t h e  

ambient r e s e r v o i r  temperature  of 150' F (65.5"C). The bottom hea re r  was s e t  

a t  a h ighe r  tempera ture  because t h e r e  were more hea t  l o s s e s  from the  bottom 

f l a n g e  than  from t h e  top. The middle and top  h e a t e r s  were set lower because 

t h e r e  was minimal hea t  l o s s  from the  t op  and s i d e s  and because the  lower hea t  

l o s s e s  d i s s i p a t e d  from t h e  bottom t o  t h e  top. 



TABLE 2.5 

Actual  P r o ~ e r t i e s  of t h e  Sand Pack 

Percent  of Each Component i n  t h e  Combustion Tube: 

O i l :  624.6 gm 18647.6 gm = 7.22 % 

Sand: 7126.8 gm 18647.6 gm = 82.4 % 

Water: 539.9 gm 18647.6 gm = 6.24 % 

Clay: 356.3 ~ 1 8 6 4 7 . 6  gm = 4.1% 

Run 100-01 : 21% Oxygen 

8808.6 gm = t o t a l  weight of o i l ,  sand,  water ,  and c l a y  i n  t h e  tube  

O i l  volume: (8806.6 gm)(0.0722) / (0.95932 gmlcc) = 663.1 c c  

Sand volume: (8806.6 gm)(0.824) / (2.67 gm/cc) = 2718.3 cc 

Water volume: (8806.6 gm)(0.624) / (0.999014 gm/cc) = 550.3 cc 

Clay volume: (8806.6 gm)(0.041) I (2.67 gmlcc) = 135.9 cc 

Po ros i t y  = 1 - ((vs + v,) / vb] = 30.5 % 

So = Vo I (Vb)(Poros i ty )  = 52.9 % 

Run 100-02: 32.5% Oxygen 

8452.0 gm = t o t a l  weight of o i l ,  sand, water ,  arid claji iil the  tube 

O i l  volume: (8452.0 gm)(0.0722) 1 (0.95932 gmlcc) = 636.38 c c  

Sand volume: 2608.85 cc 

Water volume: 532.9 c c  

Clay volume: 130.4 cc  

Po ros i t y :  33.3 % 



The Combustion Runs. The system p re s su re  was r a i s e d  t o  100 p s i  f o r  

t h e  two runs ,  and k e p t  t h e r e  throughout the  runs.  To c r e a t e  i g n i t i o n ,  

a i r  was passed through the  system. The i g n i t e r  was connected t o  t h e  top  

h e a t e r  band and was s e t  a t  60 v o l t s  o r  2.5 amps. The thermocouple was 

pos i t i oned  a t  t h e  sand f a c e  t o  monitor t h e  temperature  rise. A f t e r  a 

s t a b l e  f r o n t  was formed, a t  a minimum temperature  of 600°F (315"C), t h e  

i g n i t e r  was tu rned  o f f .  

The flow r a t e  was set a t  2.5 s tandard  l i ters  per  minute (SLPM) f o r  

a i r  i n j e c t i o n  and a t  1.6 SLPM f o r  32.5% oxygen i n j e c t f o n .  The swi tch  

from a i r  t o  32% oxygen was made a t  2.5 hours f o r  run 100-02. Produced 

gas  r a t e  and produced gas composition were recorded on gas ana lyze r s  and 

on the  Tek t ron lc s  4054 d a t a  logger .  

Temperature,  a s  a func t ion  of d i s t a n c e  from the  top  of t he  pack, 

and i n l e t  and o u t l e t  p r e s su re s  were measured manually and a t  r e g u l a r  

t ime i n t e r v a l s .  Product ion samples were taken cont inuous ly  when t h e  oil 

bank reached t h e  s e p a r a t o r  and o therwise  were taken  a t  r egu la r  

i n t e r v a l s .  Data-taking o p e r a t i o n s ,  o u t l i n e d  i.n t.he Appendices, were 

repea ted  u n t i l  t he  burning f r o n t  was w i th in  5 c m  of t he  bottom f lange .  

The runs were then  terminated.  

d =. I n  most thermal  recovery 

processes ,  s u r f a c t a n t s ,  whether o r f g f n a l l f  p r e sen t  i n  t h e  crude o i l ,  o r  

produced l a t e r  a s  a r e s u l t  of o i l  ox ida t ion ,  tend t o  emulsify t he  crude 

o i l .  Consequently,  i n  both combustion tube runs of t h i s  experiment,  t he  

produced o i l  samples cons i s t ed  of emulsions of water i n  o i l .  

A f t e r  t h e  samples were weighed, a few drops of a demule i f ic r  (RP- 

890, T re t -o - l i t e ,  provided by P e t r o l i t e  Co., Brea, C a l i f o r n i a )  and 10 cc 



of mineral  s p i r i t s  were added. The samples were then  loaded i n t o  a  

c e n t r i f u g e  t o  s e p a r a t e  t h e  o i l  and water .  This  method d id  break t h e  

emulsions.  

2.2.6. RESULTS 

The temperature  p r o f i l e s  a r e  very s i m i l a r  f o r  t h e  two runs.  

However, Figures  2.9 and 2.10 show t h a t  t h e  maximum f r o n t  temperature  

and steam p l a t e a u  temperature  of t h e  h igh  oxygen b u m  were s l i g h t l y  

h ighe r  than the  a i r  burn. 

F igure  2.11 shows t h a t  t h e  maximum temperature  curve of t he  high 

oxygen b u m  passes  over and above t h a t  of t h e  a i r  b u m  a t  4.2 hours and 

remains h igher  t o  the  end of both runs. However, the  most important  

p o i n t  i s  t h a t  t he  abso lu t e  d i f f e r e n c e  is smal l  enough t o  be cons idered  

i n s i g n i f i c a n t .  

Figure 2.12 shows t h a t  t h e  f r o n t a l  v e l o c i t y  was a l s o  s l i g h t l y  

g r e a t e r  f o r  t he  h igh  oxygen run than  f o r  t h e  a i r  run but ,  aga in ,  t h e  

a b s o l u t e  d i f f e r e n c e  is small .  The s lope  of t he  v e l o c i t y  p r o f i l e  f o r  t h e  

a i r  b u m  was 13.14 cm/hr and, f o r  t h e  h igh  oxygen bum,  was 13.86 

cm/hr. The v e l o c i t y  p r o f i l e s  were der ived  from t h e  temperature  p r o f i l e s  

by p l o t t i n g  run time versus  t h e  f r o n t  l o c a t i o n  a t  a  cons t an t  temperature  

of 700" F. 

F igure  2.13 shows t h a t  t h e  flow r a t e  ac ros s  t h e  sand f ace  was 

r e l a t i v e l y  cons t an t  f o r  t h e  two runs.  F igure  2.14 shows t h a t  t h e  

average p re s su re  drop ac ros s  t h e  sand pack was r e l a t i v e l y  high f o r  both 

runs.  Th i s  was t h e  r e s u l t  of packing t h e  tube  t i g h t e r  than  was 

expected,  y i e l d i n g  lower p o r o s i t y ,  h igher  o i l  and water s a t u r a t i o n s ,  and 

lower gas s a t u r a t i o n  and effective gas pe rmeab i l i t y  than  were 

a n t i c i p a t e d .  



Figure  2.14 a l s o  shows t h a t  t h e r e  was no s i g n i f i c a n t  decrease  i n  

t h e  p re s su re .  drop f o r  t h e  h igh  oxygen b u m  when t h e  swi tch  was made from 

a i r  t o  32.5% oxygen at 2.5 hours. The p re s su re  drop f o r  t h e  high oxygen 

burn should have decreased a s  much a s  two-thirds t h a t  of t he  a i r  b u m  a t  

t h e  time of t h e  switch.  I n s t e a d ,  t h e  p re s su re  drop simply continued i t s  

gradua l  dec l ine .  Th i s  was probably due t o  t h e  bu i ld  up of t h e  l i q u i d  

bank. 

F igu re s  2.15 and 2.16 show t h e  curves of cumulative o i l  and water  

p roduct ion  ve r sus  f r o n t  l o c a t i o n  t o  be c o n s i s t e n t  f o r  both rune. The 

curve f o r  t he  tilgh oxygen bur11 11as the aame a l s p c  66 chc 31b buru Gcll 

has been s h i f t e d  s l i g h t l y  t o  t he  r i g h t  because t h e  t o t a l  o i l  i n  t he  tube 

was l e s s  than  

t h e  t o t a l  o i l  i n  t h e  tube f o r  t h e  a i r  burn. The same comparison i s  t r u e  

f o r  the  cumulat ive water  p roduct ion  curves.  

F igure  2.17 shows recovery versus  burned volume where burned volume 

is  the r a t i o  of t h e  d i s t a n c e  t r a v e l e d  t o  t o t a l  pack l eng th ,  92 cm. 

Recovery is  t h e  r a t i o  of cumulative o i l  t o  t o t a l  o i l  produced. The 

s l i g h t l y  h ighe r  o i l  recovery f o r  t he  high oxygen burn is  the  r e s u l t  of a  

lower average H/C r a t i o ,  shown i n  Figure 2.18, which i n d i c a t e s  t h a t  more 

o i l  i s  being cracked and produced ahd l e s s  coke Is being l e f t  behind. 

F igure  2.19 shows produced gas composition. A f t e r  2.5 hours,  the  

h igh  oxygen b u m  produced an average of 20% C02 compared t o  t h e  a i r  burn 

average of 12%. Likewise,  t h e  h igh  oxygen burn produced an average of 

7% CO af ter 2.5 hours  compared t o  t h e  a i r  b u m  average of 4%. Increased  

amounts of C02 and CO produced a t  t h e  f r o n t  s w e l l  t h e  o i l  ahead of t he  

f r o n t  and leave  less So, behind t h e  steam p l a t eau .  



2.2.7. CONCLUSIONS AND SUGGESTIONS 

I g n i t i o n  was ob ta ined  e a s i l y  and a l l  coking r e a c t i o n s  were t h e  

d i r e c t  r e s u l t  of t h e  burning f r o n t  i t s e l f .  The emulsion i n  t h e  

product ion samples was more n o t i c e a b l e  f o r  t h e  high oxygen b u m  than f o r  

t h e  a i r  burn but was broken up wi th  t he  demul s i f i e r  and minera l  s p i r i t s .  

Suggest ions f o r  f u t u r e  runs  i nc lude  running t h e  experiment a t  

h igher  concen t r a t i ons  of oxygen a s  w e l l  a s  burning n a t u r a l  core  m a t e r i a l  

a s  opposed t o  a  s y n t h e t i c  o i l l s a n d  mixture.  Also, high oxygen a t  

p r e s su re s  g r e a t e r  than 100 p s i  would provide r e s u l t s  more c l o s e l y  

approximating r e s e r v o i r  condi t ions .  

P a r t i c u l a r l y '  f o r  t he  high oxygen runs,  we would sugges t  adding a  

few drops of demul s i f i e r  and 10 m l  of water  t o  t h e  c e n t r i f u g e  b o t t l e s  

before  weighing and sample c o l l e c t i o n  t o  a l l e v i a t e  t h e  emulsion 

problem. This  problem could p o t e n t i a l l y  y i e l d  an apparent  t o t a l  o i l  

product ion g r e a t e r  than t h e  i n i t i a l  o i l  because t h e  c o l o r  of t h e  

emulsion is  so  c l o s e  t o  t h a t  of t he  o i l ,  it is d i f f i c u l t  t o  t e l l  whether 

t h e  product ion is  o i l  o r  emulsion. 

Suggest ions f o r  a d d i t i o n a l  a n a l y s i s  inc lude  a  comparison of hea t  

l o s s e s  between a i r  and high oxygen burns. This  could be done by 

comparing the  d i f f e r e n c e  between t.he hea t  generated by the  system and 

the heat  i n  the  system as a func t ion  of run time. 

APPENDIX A - DATA COLLECTION 

Day Before t h e  Run: 

(1)  Top h e a t e r  s e t  a t  150°F (65.5OC), middle h e a t e r  set a t  

140 OF 

(60°C), and bottom h e a t e r  s e t  a t  180°F (76.5OC). 

( 2 )  C a l i b r a t e  gas ana lyze r s :  
CO s e t  a t  range 1 and c a l i b r a t e d  a t  6.56% CO 
C02 s e t  a t  range 1 and c a l i b r a t e d  a t  15.65% C02 

02 s e t  a t  range 0-25 and c a l i b r a t e d  a t  21% O2 wi th  air and 0% wi th  N2 



( 3 )  Set back p re s su re  r e g u l a t o r  t o  100 p s i g  ( f o r  low p re s su re  runs )  and 

check system f o r  leaks .  

Day of t h e  Run: 

( 1 )  Turn on t empera ture  r e c o r d e r ,  mass flow c o n t r o l l e r ,  f low meter,  cha r t  

r eco rde r s ,  and power box. 

( 2 )  Begin cont inuous c i r c u l a t i o n  of i c e  water  through the  condenser. 

(3 )  Open main va lves  of a i r  and n i t r o g e n  c y l i n d e r s ,  f o r  a i r  run, and 

oxygen/ni t rogen and n i t r o g e n  c y l i n d e r s  f o r  oxygen run. 

( 4 )  I f  p r e s s u r e  has dropped from p re s su r ing  up the  system the  day 

be fo re ,  r a i s e  i t  back t o  100 psig.  

( 5 )  Take f i r s t  t empera ture  p r o f i l e  t o  f i n d  out ambient t empera ture  

of t h e  tube.  

( 6 )  Begin flow of n i t r o g e n  through t h e  system. 

( 7 )  Turn on i g n i t o r  t o  2.5 amps wi th  the  mass flow c o n t r o l l e r  c losed.  

(8 )  Turn on clock t o  i n d i c a t e  beginning of t he  run a t  time 0.0 and 

c o l l e c t  f i r s t  product ion sample. 

( 9 )  When 600°F (315OC) has been reached a t  t h e  sand f a c e ,  switch t o  

i n j e c t i o n  gas and i n c r e a s e  mass flow c o n t r o l l e r  t o  d e s i r e d  r a t e  

( i . e . ,  2.00, 2.50.' 3.00 SLPM). Adjust  ana lyzer  flow r a t e  accordingly.  

(10)  When i g n i t i o n  has  s t a r t e d ,  t a k e  t he  second product ion  sample. Wait 

u n t i l  i g n i t i o n  i s  e s t a b l i s h e d  before  t u rn ing  of f  t he  i g n i t e r  but do 

no t  wai t  longer  than necessary .  The e x t r a  hea t  generated w i l l  

d i s t u r b  t h e  temperature  p r o f i l e  a t  0-5 cm. 

( 11) Take t h e  second temperature  p r o f i l e .  Then l o c a t e  t h e  thermocouple 

a t  5 c m  below t h e  f r o n t  and w a i t  f o r  t h e  f r o n t  t o  approach. 

(12)  Take f i r s t  p r e s su re  reading.  

Continuous Data Co l l ec t i on  Throughout t h e  Run: 

( 1 )  Every q u a r t e r  hour t ake  a  p re s su re  read ing  and product ion sample. 

When t h e  o i l  bank reaches the  s e p a r a t o r ,  produce cont inuously i f  necessary.  

(2 )  Every ha l f  hour take  a  tempera ture  p r o f i l e .  I f  the  f r o n t  i s  moving 

f a s t e r  than 5 cm/hr t ake  a  p r o f i l e  every 5 c m  t h a t  t h e  f r o n t  moves. I f  it  is  

moving t o o  f a s t  t o  c o l l e c t  da t a  i t  may be d e s i r a b l e  t o  reduce a i r  f low r a t e .  

( 3 )  Every hour c a l i b r a t e  t h e  gas ana lyzers .  



2.3 USE OF COMPUTERS I N  IN-SITU COMBUSTION LABORATORY EXPERIMENTS 

J . BARUA 

2.3.1 INTRODUCTION 

The p r o j e c t ' s  aim was t o  devise  and implement methods by which computers 

could be e a s i l y  used t o  he lp  out  i n  l a b  experiments.  The t h r e e  main s t e p s  

decided upon were: 

( a )  Data a q u i s i t i o n  system -- A system t o  d i r e c t l y  record experimental  d a t a  on 

a computer. 

( b )  Apparatus changes -- Changes made t o  experimental  appara tus  t o  make it 

p o s s i b l e  t o  use computerized da ta  c o l l e c t i o n .  

( c )  Real-time c o n t r o l  -- Use of the  computer no t  only t o  record d a t a  but t o  

c o n t r o l  and c a r r y  out  t he  experiment.  

The i n - s i t u  combus t i o n  tube experiment was chosen a s  t he  guinea-pig f o r  

two reasons.  F i r s t ,  because it is a f a i r l y  complex and lengthy experiment and 

subsequent d a t a  a n a l y s i s  i s  t ed ious  and secondly,  because t he  s h i f t  towards 

h igher  oxygen l e v e l s  in  he i n j e c t e d  gas adds an element of danger.  The d a t a  

a q u i s i t i o n  and appara tus  modi f ica t ions  have been completed and the  real- t ime 

c o n t r o l  w i l l  be implemented i n  t h e  nea r  fu tu re .  

2.3.2 DATA ACQUISITION SYSTEM 

A Tekt ronix  4054 desktop computer and an E a s t e r l i n e  Angus da ta logger  a r e  

used f o r  t h i s  purpose. The da ta logger  i s  programmable f o r  channel s e l e c t i o n ,  

range,  thermocouples,  scan i n t e r v a l  e t c .  They communicate through a RS232 

communications i n t e r f a c e .  This  is  a most convenient i n t e r f a c e  s i n c e  . i t  is  

p o s s i b l e  t o  connect equipment from var fous  sources  without  having t o  worry 

about t h e  f i n e  d e t a i l s  of e l e c t r i c a l  communications. Software was developed 

t o  make i t  easy f o r  a ca sua l  u se r  t o  program t h e  system and record  h i s  da ta .  

A f t e r  f i n i s h i n g  t h e  experiment the  d a t a  can then be t r a n s f e r r e d  t o  o t h e r  

computers f o r  processing.  General ly  i t  i s  s e n t  t o  an HP 9845 where analysis 

and p l o t t i n g  a r e  done. This  system has been used f o r  t h e  l i n e a r  steam model 

where ou tpu t s  from over two dozen ins t ruments  a r e  recorded and the  read ings  

can be r e a d i l y  p l o t t e d  t h e r e a f t e r .  The system i s  being r e g u l a r l y  used f o r  t he  

r e a c t i o n  k i n e t i c s  experiment a l s o ,  and t h i s  p a r t i c u l a r  experiment has now 



become s o  convenient  t h a t  a f t e r  s e t t i n g  up h i s  experiment and t h e  d a t a  

a c q u i s i t i o n  system, t h e  r e sea rche r  can then r e t u r n  a t  the  end of h i s  5-6 hour 

run and s h o r t l y  t h e r e a f t e r  get  h i s  f i n a l  r e s u l t s .  Otherwise,  s e v e r a l  days of 

manual ana lyses  would be requi red .  

2.3.3 APPMTUS CHANGES 

The f i r s t  t h i n g  done was t o  upgrade a l l  ins t ruments  which provided only a  

v i s u a l  r ead ing  t o  i n c l u d e  a  vo l t age  ou tput  s o  t h a t  t h i s  could be e a s i l y  

measured by t h e  d a t a  a c q u i s i t i o n  system. Simple switches and b a t t e r y  c e l l s  

were used on s p a r e  channels  of t he  d a t a  a q u i s i t i o n  system t o  record instrument  

range changes o r  c a l i b r a t i o n  checks. Thus swi tch ing  a  p re s su re  t r a n s m i t t e r  

from a low p re s su re  t r ansduce r  t o  a  h igh  p re s su re  t ransducer  would a l s o  switch 

i n  a  sma l l  vo l t age  from a b a t t e r y  ce l l  on a  spa re  channel which was p rev ious ly  

he ld  a t  ze ro  vo l tage .  Then i n  the  d a t a  a n a l y s i s  program t h i s  spa re  channel 

would be checked t o  s ee  the  c o r r e c t  m u l t i p l i c a t i o n  f a c t o r  f o r  the  vo l t age  

recorded dur ing  t h a t  scan from the  p re s su re  t r a n s m i t t e r .  

The main measurement i n  the  comhustion tube appara tus  is  the  temperature  

p r o f i l e .  This  is  u s u a l l y  measured by manually pushing a  small  diameter  

thermocouple i n t o  a  longi t .udina1 thermowell and read ing  t h e  temperature  a t  

va r ious  p o i n t s  on t h e  tube.  The d a t a  a q u i s i t i o n  system could e a s i l y  record 

t h e  temperature  but t h e r e  wasn ' t .  any way t o  record the  corresponding p o s i t i o n  

of t h e  thermocouple. An a t tempt  was made t o  make a  machine t h a t  would i n s e r t  

t h e  thermocouple so chat  i t  would be p o s s i b l e  t o  record L l ~ e  posiLion of the 

thermocouple a l s o .  Af t e r  cons iderab le  development a  machine was designed and 

b u i l t  t h a t  could do t h i s  job and be c o n t r o l l e d  e i t h e r  manually o r  by 

computer. A computer can determine the  spac ing  of the temperature  readings.  

For example, where t h e  s lope  of the  temperature  p r o f i l e  i s  high o r  when tlw 

tempera ture  is  above a  c e r t a i n  va lue ,  t he  computer can decide t h a t  read ings  

need t o  be c l o s e  spaced. The beauty of u s ing  a  computer a s  a  c o n t r o l l e r  i s  

t h a t  t h e  program and dec i s ion  po in t s  can be r e a d i l y  changed. The c u r r e n t  

v e r s i o n  of t he  machine, shown i n  a t t ached  f i g u r e ,  uses  so l eno ids  t o  hold and 

move t h e  thermocouple i n  1 cm. increments  e i t h e r  i n  or  out.  Where c lo se  spaced 

r ead ings  a r e  n o t  r equ i r ed  i t  has t o  simply s t e p  s e v e r a l  t imes without  s topping  

t o  measure t he  temperature  a f t e r  each s t e p .  The machine c o n s i s t s  of a  moving 

s l i d e  which is  p u l l e d  e i t h e r  up or  down by so l eno ids  over the  s t r o k e  d i s t a n c e  

of 1 cm. On t h i s  moving s l i d e  a r e  two so l eno ids  which ope ra t e  a  c o l l e t  t h a t  



g r i p s  the  thermocouple. On t h e  base a r e  two more so l eno ids  t h a t  g r i p  t he  

thermocouple and hold it s t a t i o n a r y  whi le  t ak ing  a  read ing  o r  when the  moving 

s l i d e  is  p o s i t i o n i n g  i t s e l f  f o r  t he  next  s t roke .  An e l e c t r o n i c  c o n t r o l  box 

was a l s o  made t o  provide the  c o r r e c t  sequencing f o r  t he  so l eno ids  and a l s o  t o  

keep t r a c k  of the  p o s i t i o n  of t he  thermocouple. This  was b u i l t  us ing  s tandard  

TTL I C s .  The beauty of. d i g i t a l  c i r c u i t r y  i s  t h a t  each ch ip  i s  a  bu i ld ing  

block wi th  a l l  t he  i n t e r n a l  engineer ing  done and by simply p u t t i n g  the  blocks 

t o g e t h e r  i t  i s  p o s s i b l e  t o  make a  "bui ld ing"  wi th  l i t t l e  knowledge of 

e l e c t r o n i c s .  The c o n t r o l  box accep t s  e i t h e r  manual ope ra t i on  or  computer 

ope ra t i on  and provides  posit ' ion in format ion  both v i s u a l l y  and t o  the  computer 

d i r e c t l y .  

2.3.4 REAL TIME CONTROL 

Since the  major o b s t a c l e  t o  automating the  combustion tube was overcome 

with the  f a b r i c a t e d  machine, it became poss ib l e  t o  use a  computer t o  c o n t r o l  

t he  experiment.  The computer hardware a v a i l a b l e  could no t  be .used t o  c o n t r o l  

t h e  equipment and it was necessary  t o  purchase added hardware. A survey of 

var ious  op t ions  was made and i t  has been decided t e n t a t i v e l y  t o  use a  S i n c l a i r  

home computer with add-on c o n t r o l  boards. The ove r r id ing  advantage of t h i s  

was thought t o  .be i t s  low cos t .  The low c o s t  would make i t  f e a s i b l e  t o  s e t  up 

s i m i l a r  systems f o r  o the r  experiments too. Another reason was t he  p a i n f u l  

exper ience  of breakdowns i n  the  o the r  computers. Though r a r e ,  a  breakdown 

g e n e r a l l y  meant s e v e r a l  hundred d o l l a r s  f o r  r e p a i r  charges.  I n  c o n t r a s t  t h e  

complete S i n c l a i r  computer could be rep laced  f o r  less than the equ iva l en t  of 

one hour s e r v i c e  charge. We a re  p r e s e n t l y  acqu i r ing  t h i s  system and hope t o  

implement i t  i n  the near  f u t u r e .  



Equipment used In the circuit ( Mg.2.11  

Pressure Gauge 12. Needle Valve 

Prietlte Bed 13. 4-way Valve 

3-way Valvs 14. 2-micron Fllter 

60-micron Filter 15. Oxygen Analyzer 

Mass FLOW Controller 16. Carbon ?!onoxide Analyzer 

Furnace 17. Carbon Dioxide Analyzer 

Temperature Controller 18. Rotameter 

Ice Bath 19. Mass Ylowmcter 

Digital Temperature Reader 20. Chaxt Recorder 
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SECTION 3 

This project was initiated in 1976. Ite goal was 

to define a process to reduce gravity override and 

channelling in steam injection. A preliminary 

literative search made it clear that the best 

chance to success was to use surfactant solutions 

as foaming additives to the steam. This year's 

work has focused mainly on trying to understand 

the mechanisms of the flow of steam, inert gases 

and surfactants in presence of sf1 in porous 

medi a. 



3.1 LITERATURE SURVEY OF FOAM now IN POROUS MEDIA 

B. Beckner 

3.1.1 Foam V i s c o s i t y  and Mob i l i t y  

It is well known that the viscosity of foam is significantly higher than either 

the liquid or gas constituents that produce the foam. Marsden end Khan (1966) 

measured surface foam viscosities with a modified Fann VG Meter over a wide 

range of shear rates with foam qualities (the ratio of gas volume to total volume) 

of seventy to  ninety percent. After flow through - a porous media, the apparent - .  

viscosity of foam was found to linearly increase with foam quality a t  a constant 

8hear rate (Fig. 1). Apparent foam viscosity decreased with increasing shear 

ra te  (Fig. 2)  - this is indicative of non-Newtonian flow behavior. The measured 

surface viscosities ranged from 50 to 500 cp with a slight increase in viscosity 

noted as the surfp-tant concentration increased from 0.1 to  1.0 percent. Calcu- 

lated values for apparent viscosity of foam in porous media from endpoint rcIa- 

tive permeability-apparent viscosity ratio curves range from 30 t o  100 cp. 

Marsden and Khan reported that the effective permeability-apparent viscos- 

ity ratio (foam mobility) decreases with increasing foam quality and that the 

rate of decrease becomes less as  the absolute permeability decreases. They 

also plotted relative permeability-viscosity ratio versus foam saturation and 

found that  the curve was concave downward rather than the usuai shape of a 

wetting-phase relative permeability curve which is concave upward. A potential- 

ly useful relationship between foam quality (r) and pressure (P) was also given 

where f is foam quality measured a t  atmospheric pressure, PB. This relation- 

ship assumes applicability of Boyle's law and negligible gas solubility in solution. 



Raza and Marsden (1967) found that apparent foam viscosity increases with 

quality and range from 15 cp to  255 poise for capillary tubes of 0.25 t o  1.50 mm 

radius. The apparent viscosity increases with increasing tube radius as  well as  

quality. 

Holm (1968) found that  the majority of forces (expansion, diffusion, adsorp- 

tion and thCpresence 6f oil) tend to make the foam bubbles large and/or weak 

and that decreasing the quality of a foam from a concentrated foaming solution 

results in a denser foam with a better displacement ediciency than decreasing 

the quality of a foam formed from a dilute foaming agent. He also found that  

foam mobility increased with increasing foam quality and decreasing surfactant 

concentration. The mobility-concentration relationship could be explained by 

the decreasing appatent viscosity of foam with decreasing surfactant concentra- 

tion. The decreasing viscosity with increasing quality relationship reported by 

Minssieux would help explain the mobility-quality relationship reen by Holm. 

This explanation is not complete in itself as it does not address possible relative 

permeability eflects. 

David and Marsden (1969) showed that, in foam flow in a capillary tube, slip 

a t  the tube wall is 8 significant factor. They corrected for slip by calculating the 

slip coefficient, 8, from the slope of a plot of flow rate versus tube radius cubed. 

The slip velocity was then calculated and the remaining-now due only to  iluidity 

was calculated from the slope of a plot of %/nr3 versus the ahear stress a t  the 

wall, T. After correcting for slip they found that the shear stress-shear rate re- 

lationship was coincidental for wet foams (Fig. 3) and dry foams (Fi. 4) in a tube ' 

of given diameter. This suggests that the apparent viscosity of foam. corrected 

for slippage, is bdependent of foam quality. They also found that  the corrected 

apparent foam viscosity increases with capillary tube diameter and decreases 



with increasing shear stress or shear rate. 

Minssieux (1974) found foam viscosity, measured outside the porous media 

and a t  a constant shear rate. to increase linearly with increasing foam quality 

up to  a quality of 90 to  92 percent (Fig. 5). Above a quality of 92 percent, foam 

viscosity increased sharply in a non-linear manner with increasing foam quality. 

This is consistent 4 t h  the viscosity-quality relationship given by Marsden and 

Khan. Minssieux9s surface foam viscosity values ranged from 20 to  almost 300 

cp. Minssieux also calculated foam viscosities within porous media by ,applying 

the differential form of Darcy's law and solving for foam viscosity. These calcu- 

lated viscosities when plotted against foam quality show decreasing viscosity 

with increasing quality - the reverse of the relationship for quality versus viscosi- 

ty found outside the porous media (Fig. 6). He suggests that this difference 

might be explained as a change in the fiow behavior of foam from flow as a body 

outside the media to  flow conditions that tend toward two-phase flow, due to par- 

tial foam dissociation, within the porous media. This linear relationship between 

decreasing calculated viscosity and increasing foam quality was also observed in 

the presence of a residual oil phase (Fig. 7).  The relative permeability of the 

foam used in the calculations was assumed to be that of water. The calculated 

viscosities.were slightly'lower in the presence of oil a t  all qualities. The range of 

the calculated viscosities, with or without residual oil. was 1 to 4 cp. In oil dis- 

placement tests the greatest drive efficiency, i.e. the most favorable mobility ra- 

tio, was found with the lowest quality foam. This complements the calculated 

viscosity-quality relationship showing the highest viscosity, which reduces foam 

mobility, at the lowest quality. 

Holbrook, Patton and Hsu (1981) showed that apparent foam viscosity was a 

strong function of 'density (reciprocal of quality). A t  a particular shear rate the 



apparent foam viscosity increases exponentially with increasing foam quality 

(Fk. 8). A possible reason for the exponential relation instead of the linear ap- 

parent viscosity-quality relationship found by other investigators b that  Hol- 

brook e: d, covered a much wider range of foam qualities. from about 25 per- 

cent to QB+ percent. Over a limited range the curve might be construed as 

linear. The sharp increase in apparent viscosity a t  high qualities is very notice- 

able and is probably the same phenomenon repo.rted by Minssieux (1974). Hol- 

brook e t  d., measured the viscosity in a capillary viscometer and showed that 

the measured viscosities were dependent on the tube diameter and length. To 

get some idea of the viscosity of foam in porous media a plot of apparent viscosi- 

ty versus reciprocal length was made for each tube diameter (Fie. 8). These ex- 

ponential curves were then extrapolated to  zero to  ae t  the viscosity at infinite 

tube length. These viscosity - tube diameter pairs a t  infinite length were plotted 

(Fig. 10) and the resulting exponential curve extrapolated down to the range of 

reservoir pore size. The resulting range of foam viscosities was 50 t o  150 cp. 

This viscosity calculation was only done for 97 percent quality foam. These 

viscosity values are in the range of calculated foam viscosities from Marsden and 

Wan  (1988) but is well in excess of the calculated values of Minssieux (1974). 

One of the most useful findings of Holbrook et d .  was that the power-law re- 

lationship of Ostwald and de Waele was found to adequately describe the shear 

stress-shear rate relationship (Fig. 11) for foam. From this relationship the ap-. 

parent viscosity can be expressed as 

= KjP" (el 

where y is the shear rate and the constant "K" and exponent "n" may be deter- 

mined empirically. If we know this power-law relationship holds then the viscosi- 

ty of foam in porous media might be modeled in a manner similar to  the viscosi- 



ty model used in the simulation of polymer floods. 

Holcomb, C.allaway and Curry (1981) showed that foam viscosity measured 

in capillary tubes increased with increasing surfactant concentration (Fig. 12) 

up t o  a certain value.and then leveled off. The very high shear rates used in 

their study resulted in very low foam viscosities in the range of 0.2 to  0.6 cp. 

The shear rates were calculated from 

where v is velocity and d is the tube' diameter. All of the viscosities were mees- . 

ured a t  88 percent foam quality. They also showed that foam viscosities a t  high 

shear rates a re  d e c t e d  by the type of surfactant (anionic/cationic, anionic, 

nonionic, anionic/nonionic) used to  generate the foam. 

Shah and Sharma (1981) reported that chain length compatibility of the 

foaming agents has a strong effect on the surface viscosity of foams. They have 

shown that mixed anionic and nonionic foaming agents (specifically ClpHsSO,Na 

+ 019~250~)  with similar chain lengths give a maximum surface viscosity. with 

surface viscosity decreasing as the difference in chain lengths increases. A max- 

imum in fluid displacement efficiency and breakthrough time was observed with 

foaming agents of similar chain lengths. This suggests that similar chain lengths 

produced foams with a more favorable mobility than foams produced from dis- 

similar chain length compounds. Also, mired anionic and nonionic foaming 

agents gave higher Uuid displacement efficiencys than foaming agents that were 

anionic alone. 

Sharma, Shah and Brigham (1982) showed that surface viscosity increases 

rlightly with increasing surfactant concentration (Fig, 13) and becomes a con- 

stant value for concentrations greater than or equal to the critical micelle con- 



centration. This is similar to  the results presented by Holcomb ot d.. 

(1981) The lluid displacement efliciency increased as the concentration of foam- 

ing agent bcreased up to the critical micelle concentration, beyond which no 

significant improvement in displacement efficiency occurred. Tbey also ob- 

served a linear relationship between fluid displacement efliciency and the per- 

meability of the porous media. Foams are more-efficient in higher permeability 

porous media. A linear relationship (Fig. '14) was also observed between the in- 

verse of the relative air mobility (calculated from Darcy's law for rqal gas flow) 

and the absolute permeability of the porous media. 

3 A . 2  Foam Flow, Stability and Generation in Porous Media. 

Bernard (1963) was one of the flrst t o  rhov that in-situ foam  ene era ti on was 

dependent on the type of other fluids present in the media. In dynamic' foam 

generation tests outside porous media be showed that the best foams were gen- 

erated in water, the poorest in oil, and foams of intermediate quality -re 

formed in mixtures of oil and water. The suppressive effect of oil on.surfactant 

foamability was also seen in sand-pack experiments where the displacement 

efficiency of a gas drive with surfactant was reduced by tbe presence of oil. 

Bernard and Holm (1864) found that hi any psroiis media a foam bank can..  . 

be maintained indefinitely if a small volume of surfactant is continuously or in- . . 

termittently added to the gas stream. They also found that foam stability in- 

creases as  the absolute permeability of the media decreases. 

Mnr~den and Khan (1966) described the no* of foam through m porous medi- 

um as an "intimate gas-liquid mixture". 

Raza and Marsden (1987) ah'owed that foam Bow through capillary tubes. 



when represented as a log-log plot of shear stress versus shear rate, exhibited 

two diderent flow regimes (Fig. 15). At low shear rates foam behaves somewhat 

as  a Newtonian fluid while a t  higher shear rates some degree of plug-like flow is 

evident. A slope of less than unity on the shear stress-shear rate plot is one in- 

dication of a possible pseudoplastic fluid. It is not uncommon for pseudoplastic 

fluids to exhibit Newtonian behavior a t  low and/or high shear rates. They con- 

cluded that the aqueous foams used in their experiments have the now behavior 

characteristics of pseudoplastic fluids. 

Holm (1968) used tracers in the gas and liquid phases to  study the now of 

foam in porous media. The appearance of these two tracers at two different 

pore volumes of injected gas support his conclusion that foam flows through 

porous media not as a body but as  two distinct phases moving a t  different rates. 

The gas phase was suggested to  be discontinuous with membrane rupture and 

formation allowing the gas phase to  move through the media. He also suggested 

that  diffusion was a factor contributing to  gas flow. The liquid phase was pro- 

posed to  move through the lamella, the film network supporting the bubbles. 

The gas diiusion rate that he calculated was much lower than the observed gas 

tlow rate  and he was unable to  experimentally verify the role of gas difiusion in 

foam flow through porous media. Holm also found that oil lowers the capability 

of foam to trap gas, possibly by reducing the number of bubbles formed and 

their fllm strength. Holm suggested that the individual viscosities of gas and 

liquid should be used in any foam flow calculation along with some method of in- 

cluding the number and strength Of the generated roar11 films. He also obser-vad 

foam flow through a capillary tube hlled with sand grains of approximately the 

rame diameter of the tube. Bubble rupture, regeneration and coalescence was 

Been and when low quality loam (75 percent) was injected some very small bub- 

bles passed through the larger constrictions but not through the entire pack. 



Pseudoplastic fluids are usually represented by a line with a slope of unity 

a t  low shear rates followed by a transition to  another line of slope less than unity 

with a final transition to  a line of slope unity a t  very high shear rates. Capillary 

tubes smaller than those used by Raza and'Marsden were used by David and 

Marsden (1989) to  analyze foam flow. They found the same pseudoplastic 

behavior reported by Raza and Marsden. David and Marsden also showed that 

slippage a t  the tube wall is significant but the now behavior of foam, after slip 

correction, is still pseudoplastic in nature. In their paper, David and Marsden 

explain foam stability in terms of surface free energy. The large interfacial area 

in foams result in a significant amount of surface free energy. A decrease in this 

energy occurs when the foam breaks down into its constituent phases and is 

&us a spontaneous process. They state that t h i ~  energy decrease can take 

place suddenly via fU.m rupture or slowly through didusion of gas from a smaller 

bubble to  a larger bubble due to  a higher capillary pressure in the smaller bub- 

ble. 

Raza (1970) showed that the flow of foam through a porous medium is 

significantly diierent from the flow of a high viscosity Newtonian fluid. He ob- 

served that the pressure daerential  in the core existed predominantly across 

the foam-filed portions of the core (Fig. 16). When the entire porous medium 

was filled with foam the pressure dropped linearly across the entire core. This 

constant pressure gradient supports the notion of foam flowing as a single fluid 

through the medium. 

Raza also studied the generation of loam in porous media and found that 

the quality of foam generated depended on the type of foaming agent, the foam- 

ing agent concentration, the properties of the porous media (homogeneity, per- 

meability), the pressure level and the type and saturation of other fluids present 



in the porous .media. For surfactant concentration greater than 0.1 percent., the 

quality of foam a t  gas breakthrough was independent of concentration. Below 

0.1 percent, decreasing the concentration decreased the in-situ foam quality a t  

gas breakthrough (Fig. 17). At  these lowei- concentrations weaker fllms are gen- 

erated making retention of a high gas saturation for high foam quality difficult. 

Adsorption by Ottawa sand does not significantly effect solution foamability for 

surfactant concentration greater than 0.1 percent. In homogeneous porous 

media, the quality of foam generated increases with increasing permeability. No 

such correlation found for nonhomogeneous media. 

A t  any pressure level, <he pressure differential applied bar !it.tls effect on 

the foam quality generated. The foam quality is lower the higher the pressure 

level a t  a bed pressure diflerential - this may be explained by foam bubble ex- 

pansion at lower pressures. In all cases the generated foam quality is drastically 

reduced when oil is present, with crude oil being worse than refined oil. Increas- 

ing the oil saturation increases this reductive edect. 

Mast (1972) studied foam flow in etched glass micromodels and found that  

foam stability influenced the flow characteristics of foam. In all experiments 

mome Liquid and gas were transported as foam (a flowing foam phase) and as the 

stability of the foam increased so did the proportion of liquid and gas transport- 

ed  as foam. lncreased foam stability was achieved by increasing the concentro- 

tion of surfactant in the liquid phase to  a maximum of 1 percent. The flow of un- 

rtable foan-1 occurred more as two-phase flow. with liquid now through the Pla- 

teau borders and gas flow via progressive breaking and regeneration of bubbles. 

As a rtable foam flowed through the micromodel, the bubbles subdivided 

and the average diameter of the foam bubbles became smaller than the average 

pore diameter. The Bow of a foam phase then became thc primary mechanisni 
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of liquid.and gas transport throughout the medium. He also observed that much 

of the produced foam was generated at the well-medium interface. No liquid 

cbannels were seen in the foam llow experiments. Mast described foam.bow . t 

through the micromodels as "the movement of liquid and gas through a partially 

blocked porous medium". Mast suggests that foam drainage is an important fac- 

tor in determining the behavior of foam in porous media. Because of capillary 

action, the Liquid phase in the large pores tends to  drain into smaller surround- 

ing pores. This drainage process should continue until a pressure equilibrium 

between the liquid phase in the borders of the foam and the liquid phase in the 

small pores has been reached. The size of the gas bubbles left in the large pores 

depends on the otability of the foam after this drainage process baa equ'Wrat- 

ed. 

Minssieux (1974) had difficulty maintaining steady-state foam Flow in meter 

long unconsolidated packs. In .short packs i t  was possible to  impose a s d i c i e n t  

pressure dinerentid that exceeded the elasticity limits of the foam dlms 

mtopped at the pore constrictions. X-ray measurement of the in-situ duid sa- 

turations during steady-state foam llow showed an almost uniform duid matura- 

tion distribution throughout the pack (Fig. 18), regardless of the quality of the 

injected foam or pressure level of the porous media, This ruggests that foam 

does not advance as a single fluid in porous media with an expansion of the foam 

as the pressure drops along tbe media. Tbe diderent bow velocities of gas and 

liquid in the presence of foam was meen from gas breakthrough before  the  pro- 

duction of a connate water bank or  oil-water emulsion. It was suggested t h a t  

partial degradation of tbe foam front in contact with o i l  caused gas t o  migrate 

ahead of the displacement front. It was d s o  found that foam s t a b i l i t y ,  a s  meas- 

ured by liquid drainage from foam, was induenced by the l i q u i d  phase v i s c o s i t y .  

It was proposed that the major force in the instability d foams generated from 
" 



low viscosity surfactants is liquid drainage and film rupture causing foam stabili- 

ty t o  increase with increasing quality. Foams generated from high viscosity 

liquids a re  unstable due to gas diffusion between bubbles making foam stability 

increase with decreasing quality. 

Chiang, Sanyal, Castanier, Brigharn and Sufi (1980) found that liquid 

recovery and breakthrough time sharply increased when the sand-pack was sa- 

turated with a surfactant solution as compared to water saturated packs. The 

presence of foam sharply reduced the gravity override of gas. In-situ foaming 

generally increased with surfactant concentration until the critical micelle con- 

centration was reached - additional surfactant beyond the CMC had little etlect 

on the performance of the foam process. The average foam/liquid saturation 

behind the front was lowest a t  the CMC of surfactant. 

Onete, Al-Khafaji, Sanyal, Castanier and Brigharn (1980) showed that several 

surfactants were eflective in generating in-situ foam and the associated mobility 

ratio reduction a t  simulated steam injection conditions - pressures of 300 to  500 

psig and temperatures up to  400 degrees Fahrenheit. The concentration versus 

time relation (Fig. 19) showed an initial strong decline with surfactant concen- 

tration for samples with oil and sand present showing the initial strong decline 

and then becoming almost parallel t o  those curves for samples without oil or 

na~~r l .  

Holbrook, Patton and Hsu (1981) showed that foam flow in capillary tubes is 

pseudoplastic in nature end can be represented by a power-law relationship 

between shear stress, 7, and shear rate, 7, as 

where "K" and "n" can be'determined from the shear stress-shear rate plot. 



Holcornb, Callaway and Curry (1981) videotaped flowing foam through a 6.35 

mm diameter tube a t  pressures from 500 to 2000 psig. The flowing structures of 

stable foams were hexagonal prisms with dodecahedrons observed a t  the higher 

pressures. 

Lord (1981) analyzed foam flow through pipes by using an equation of state 

for foam coupled to  an isothermal, steady-state mechanicaI energy balance. He 

was able to  obtain an expression for foam density (quality) and pressure any- 

where in a static or dynamic column of foam. His equation of state was derived 

from the real gas law with the assumption of no mass transfer between the gas 

and liquid phases of the foam. I t  is 

where 

ZRT a = W U 7  

and 

where W is the mass fraction of gas. M is the molecular weight of the gas and VL 
8 

is the volume per unit mass of the liquid pbase. The predicted bottomhole pres- 

Bures from this method was within 5 percent of the measured pressures for ei- 

ther the static or dynamic case. 

Al-Khafaji, Wang, Castanier and Brigham (1982) studied the effect of various 

salts on surfactant degradation. Calcium chloride was found to cause surfactant 

degradation a t  a concentration of 0.5 percent by weight and greater. Sodium 

chloride a t  2 percent by weight and greater also caused surfactant precipitation 

and degradation. Sodium bicarbonate and potassium chloride had little effect 

on the surfactant system. They also studied the degradation of surfactant with 



time (Fig/ 20). 

3.1.3 Flow Blockage and Relative Permeability Effects 

The blockage of gas now is one of the most important properties of foam in 

porous media. Bernard and Holm (1984) conducted laboratory experiments to 

.determine the effect of foam on gas now in porous media. They found foam to be 

very effective in reducing gas permeability. Foam saturated sands with an abso- 

lute .permeability of 100 to  146,000 md had gas permeabilities that were less 

than one percent of the absolute permeability. For example, a t  50 percent gas 

~iitui'mliu11 1Lu g m ~  pwrmsmbUty of 8 146.000 m d  nand-pack was 0 rrld wklle ai the 

same gas saturation a 4000 md pack had a gas permeability of 0.3 md. A t  80 

percent gas saturation the gas permeabilities were 0 and 1.3 md for the 148,000 

and 4000 md packs. The greater the absolute permeability of the medium the 

greater was foam's effectiveness in reducing gas permeability. Tbe change of 

gas permeability with time showed that gas permeability increases with contin- 

ued gas injection and then becomes constant for considerable time periods (Fig. 

21). The transition t o  the oonstant value of gas permeability was less than 500 

minutes for all but the highest permeability (100 Darcy) pack tested. The resis- 

tance of foam to  gas now vas observed with pressure gradients as high as  50 

psi/ft, indicating that normal reservoir pressure gradients will not break down 

the foam fflms. It was also found that when foam was present in a core.under a 

particular pressure gradient; the water and gas saturations in the core were the 

same as when foam was absent (Fig. 22). However a t  a given gas saturation, the 

.permeability to gas in the presence of foam was much less than the gas permea- 

bility in the absence of foam. 

A later study by Bernard, Holm and Jacobs (1965) showed that the presence 

of foam had no effect on the water ~aturation-water relative permeability rela- 
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tionship (Fig. 23). The relative permeability to water remained a unique func- 

tion of water saturation and does not depend on oil saturation or the presence 

or absence of foam. Foam does effect water permeability in an indirect manner. 

The presence of foam creates a higher trapped gas saturation and since the re- 

lative permeability 'to water decreases with increasing gas saturation foam 

should indirectly lower the water relative permeability. They also found that in- 

creasing the foaming agent concentration from 0 to 1 percent increased the 

trapped gas saturation, that the highest trapped gas saturation occurred in the 

highest permeability core and that oil reduced the ability of foam to trap gas., 

Raza (1970) tried to make steady-state, gas-foaming solution relative per- 

meability tests with the objective of correlating gas and liquid saturations. t o  

various gas-liquid flow ratios. He was unable to do this as it was found that re- 

gardless of the initial saturations or fluid flow rates the steady-state gas and 

liquid saturations remained the same. I t  appeared that the gas and water rela- 

tive permeabilities were changing with flow rate in such a way as tonlways give 

the same saturation values a t  steady-state conditions. .These saturations were 

dependent on the permeability of the porous medium - with higher steady-state 

gas 'saturations found in the higher permeability media. These stablized satura- 

tions were the same tor aurfactant oonoentratiens of 2, 0.5 or  0.1 percent. 

These results show that water relative permeability in the presence of foam is 

not a single-value function of water saturation but depends on water now rate 

end possibly the permeability of the porous medium. 

The flow blocking characteristics of foam was also Investigated by Raza. A 

gas displacing brine test without foam had gas breakthrough after 8 minutes 

and the gas Bow rate sharply increased to more than 500 cc/min (Fig. 24). When 

a 0.5 BV foaming solution slug preceded gas injeetien thc gas brcnkthrough time 



increased to  350 hours and the gas flow rate increased gradually to 1.1 cc/min. 

In water injection tests without oil present, foam increased water breakthrough 

time from 8.5 to  330 minutes with the stablized water now rates being 5.25 

cc/min and 0.75 cc/rnin for the nonfoanr and foam displacement tests. The wa- 

t e r  restriction by foam decays with time more readily than does the gas restric- 

tion. 

Albrecht end Marsden (1970) showed that the pressure at which foam 

blocks gas !low is dependent on the steady-state gas injection pressure prior to 

blocking, the type of porous media, foamer solution saturation and surfactant 

concentration. The increase in foam stability and film strength with increasing 

murfactant concentration explains the increasing blocking pressure (the pres- 

rure  at which gas !low stops) with increasing foaming w e n t  concentration. Sirni- 

larly, a t  decreasing foamer solution saturations (higher gas saturations) the 

foam dlms are  weaker and less able to block gas don. There was no relationship 

between permeability and blocking pressure but the consolidation of the media 

played an important role in determining the blocking pressure. They found that 

gas blockage occurred a t  a higher pressure in unconsolidated media than conso- 

lidated media. They explain this result via the homogeneity of the unconsolidat- 

ed media. The more uniform pore sizes of the unconsolidated media should pro- 

duce a foam with a bubble size slightly larger than the size of the pore constric- 

tions resulting in very many dlrns t o  resist gas now. The greater range of pore 

dzes in a consolidated media nu-dd generate a foam with smaller bubbles as the 

bubble size is controlled by the rmaller pores during foam generation. Since 

mmaller bubbles would actually now through the larger pores, fewer dlms across 

the pores would be established and less resista'nce to  gas flow would be encoun- 

tered. 



Bernard and Holm (1970) showed that both continuous and slug-wise injec- 

tion of foaming solution significantly reduced the permeability of a porous medi- 

um to gas. In model studies designed to  test the eflectiveness of foam in reduc- 

ing leaks from natural gas storage reservoirs, they found that foam reduced the 

gas permeability by as much as 99 percent and that a 93 percent reduction was 

evident 1000 hours after cessation of foaming agent solution injection. The 

reduction in gas leakage was dependent on the type of surfactant, the amount of 

foamer injected, and the manner (continuous or slug) in which the surfactant. 

was injected. 

Mast (1972) stated that flow blockage due to  the presence of foam was the 

result of a phase distribution within the porous media. Capillary action causes 

liquid to  drain from foam in the large pores into the smaller surrounding pores. 

This results in gas and some liquid in the larger pores with most of the liquid 

phase in the smaller pores. After the phase distribution, the liquid phase is still 

continuous but the gas is blocked by the small, liquid-filled, connecting pores. 

Bernard, Holm and Harvey (1979) showed that the use of surfactant greatly 

reduced the mobility of injected COz. fnstead of a foam, the surfactants prob- 

ably formed an emulsion with the dense C02 nuid. Surfactants were found to  

reduce COz mobility by as much as 90 percent. The mobility reduction was 

somewhat tempered in the presence of oil. This is advantageous as  i t  is highly 

desirable to  obtain the greatest mobility reductions in reservoir zones free of oil 

and lesser reductions in oil saturated zones. The permeability reductions were 

not permanent and could be removed with several pore volumes of water. 

Dilgren, Deemer and Owens (1982) defined the ratio of the permeability to  

steam vapor in the presence of foam to the permeability to steam vapor in the 

absence of foam as the permeability reduction factor. They show permeability 



reduction factors ranging from 1.0 to  0.025. The permeability to steam was cal- 

culated from two pressures within the media and  equations for isothermal, nin- 

gle phase now of an ideal gas. They assumed that the reduced mobility of steam 

foam is due to  permeability reduction only, no eflective viscosity increase of 

rteam is considered. The tests were made in the presence of 30 percent Kern 

River crude oil. The permeability reduction factor decreased sharply with in- 

cpeasing surfactant concentration (Fig. 25) up to  about 0.5 percent. above which 

little change in the permeability reduction factor with concentration was noted. 

The permeability reduction factors were relatively insensitive to NaCl concentra- 

tions over the range of 1 t o  5 percent by weight (Fig. 28). The permeability 

reduction factors were also rather insensitive to  the mole faction of nonconden- 

rible gas. Higher steam quality (50 percent versus 20 percent) produced weaker 

foams, i.e. foams with higher permeability reduction factors. 
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3.2. TWO DIMENSIONAL HOMOGENOUS MODEL 

S. Mahmood 

302.1 INTRODUCTION 

A 2-dimensional g l a s s  model packed with unconsolidated sand was used t o  

determine how o i l  is  displaced by gas i n j e c t i o n  i n  the  presence of su r fac tan t  

a f f e c t s  v e r t i c a l  conformance and recovery, and what are  the  parameters 

a f f e c t i n g  the behavior of such processes. 

V e r t i c a l  char t s  were developed t o  help in .  understanding the influence 

of the  important parameters on the  f r o n t a l  behavior. 

3.2.2 APPARATUS 

A homogenous, two-dimensional flow model ( re f .  1980, Chiang et. al.)  

allowing v i sua l  observation and determination of production h i s t o r y  was used 

f o r  t h i s  study. The model is  packed with unconsolidated sand (180-220 mesh 

s i z e )  t o  represent  a slice of a r e s e r v o i r  of 14 darc ies  permeability and 35% 

poros i ty .  It has dimensions of 4 f t  length,  1 f t  height  and thickness. 

The model is  equipped with mass flow r a t e  c o n t r o l l e r s  ( fo r  both gas and 

l i q u i d ) ,  f r a c t i o n a l  c o l l e c t o r ,  gas t o t a l i z e r ,  pressure gauges and regula tors ,  

c h a r t  recorder and automatic camera. 

3.2.3 EXPERIMENTAL PROCEDURE 

Before each series of runs, the  sandpack was t rea ted  by i n j e c t i n g  large  

volumes of a s u r f a c t a n t  s o l u t i o n  and giving enough residence time so  t h a t  the 

su r face  p roper t i e s  of the  porous medium remain constant during the runs. Each 

run was performed by: 

( 1) Cleaning the  model. 

(2)  Flushing the model with d i s t i l l e d  water. 

(3)  Displacing the  water with one of severa l  o i l s  u n t i l  i r r educ ib le  

water s a t u r a t i o n  is  reached. 

(4) In jec t ing  gas and su r fac tan t  i n  one of the following sequences: 

( a )  A s u r f a c t a n t  s lug  followed by N2. 

(b)  Al ternate  s lugs  of N2 and surfac tant .  



( c )  Preformed foam i n j e c t i o n .  

(d) Simultaneous N2 and s u r f a c t a n t  i n j e c t i o n .  

The produced f l u i d s  were co l l ec ted  through a constant  volume f r a c t i o n a l  

c o l l e c t o r  and metered immediately o r  s to red  i n  a closed conta iner  sa tu ra ted  

wlth vapors. of the same o i l  t o  minimize evaporat ion loss .  The volumes itere 

then metered a f t e r  breaking the emulsions. Gas and l i q u i d  i n j e c t i o n  r a t e s  and 

t h e  pressure  drop across the  model were recorded by the  cha r t  recorder. 

Photographs were taken a t  f ixed i n t e r v a l s  t o  record f r o n t  p r o f i l e s .  

The mate r i a l  balance ca lcu la t ions  were made and r e s u l t s  were compared 

with v i s u a l  observations t o  support. any conclusion. 

3.204 OPERATING CONDITIONS 

The runs were performed a t  room temperature and atmospheric pressure wi th  

r a t h e r  low pressure drops (0-40 pfig). N2 - in jec t ion  was e i t h e r  a t  cons tant  

pressure  o r  cons tant  flow ra te .  

Suntech N, an alkyl-toluene s y n t h e t i c  su l fona te  wlth avg. molecular wt. 

of 420 and apparent c r i t i c a l  micelle concentrat ion of about .3Xlweight a c t i v e  

was used throughout the  study i n  concentra t ion  varying from .01 t o  1% by 

weight. The hydrocarbons used were mineral o i l s  i n  v i s c o s i t y  range of 0.6 t o  

220 cp a t  7S°F (24OC). 

3.2.5' V e r t i c a l  Coverage 

The p red ic t ion  of recovery i n  any secondary o r  enhanced o i l  recovery 

process r equ i res  an es t imat ion  of v e r t i c a l  coverage. Extensive work has been 

done t o  es t imate  the  v e r t i c a l  coverage f o r  waterf looding o r  gas i n j e c t i o n  

processes,  but very l i t t l e  information is ava i l ab le  f o r  foam flooding. Such 

an es t imate  can only be poss ib le  i f  the  important parameters t h a t  inf luence  

f t o n t a l  behavior are i d e n t i f i e d  and t h e i r  e f f e c t  is understood. 

This  study focuses on the  identification of these  parameters and the  

i n v e s t i g a t i o n  of t h e i r  ef f e c t  on v e r t i c a l  conformance. v e r t i c a l  coverage 

c h a r t s  were developed t o  be used i n  conjunction with o ther  c h a r t s  t o  est imate 

the  recovery performance of a gas-surfactant f load. 



3.2.6 DESCRIPTION OF THE RUNS 

Seven runs were performed using o i l s  of d i f f e r e n t  v i s c o s i t i e s  a t  

d i f f e r e n t  constant  gas i n j e c t i o n  r a t e s  and d i f f e r e n t  concentrat ions of 

s u r f a c t a n t  so lut ion.  The important va r iab les  a r e  b r i e f l y  outl ined:  

Table 3.1 

Run 

# 

D l  1 

Dl2 

D 13 

E 14 

E 15 

F 16 

F 17 

O i l  

(name ) 

Hexaee 

Cyclohexane 

Bland01 

Cyclohexane 

Cy c lohexane 

Cyclohexane 

Cyclohexane 

Gas Rate 

(Sccm) 

200 

200 

200 

1 

47 

200 

200 

Surf. Conc. Soi 

Gas and s u r f a c t a n t  s o l u t i o n  were in jec ted  simultaneously in a l l  the  runs i n  

t h i s  s e r i e s ,  and s u r f a c t a n t  t o  gas r a t i o  was maintained a t  1:40. 

The discuss ion t h a t  fol lows,  the re fo re ,  is va l id  only f o r  the above 

described operat ing condit ions.  Extrapola t ion t o  o ther  condit ions is  not 

rclrra~ltad. 

3.2.7 n o w  MECHANISM 

I n  a l l  the runs where gas and su r fac tan t  were in jec ted  simultaneously the  

fol lowing behavior was observed: 

- The gas broke through a t  the top of the  model almost immediately. 

- Dietz tongues of su r fac tan t  so lu t ion  underiding the  sandpack and of gas 

averrfdlng davelnped. 

- When the  two tongues s t a r t e d  t o  & e t ,  a  foam bank s t a r t e d  t o  flow i n  the 

a rea  previously swept by the gas. The flow of t h i s  foam. bank is  almost 

p i s ton  l i k e ,  reduces s i g n i f i c a n t l y  the  mobil i ty of the gas and increases 

the  pressure gradient  i n  the o i l  zone hence increasing the  production. 

The e f f e c t  of su r fac tan t  presence on mobil i ty r a t i o  did not seem t o  be 

s i g n i f i c a n t  a t  the beginning of the runs because, i n  almost a l l  runs, the 

breakthrough of gas was instantaneous. There was no evidence of mobil i ty 



reduct ion  i n  the  e a r l y  s t age  of in jec t ion .  Well a f t e r  breakthrough, mobil i ty 

of the  gas gradual ly  reduces and then s t a b i l i z e s  a t  a  low value. The most 

obvious explanation f o r  t h i s  l a g  time i n  foam genera t ion  is  the  su r fac tan t  

losses  t o  adsorpt ion  and p a r t i t i o n i n g ,  and the p a r t i t i o n i n g  of the  su r fac tan t  

molecules i n  the  o i l  phase. Therefore, a  f i n i t e  amount of su r fac tan t  so lu t ion  

has t o  pass through the  porous medium t o  counter the  foamicidal a c t i o n  of o i l .  

The reduction i n  mobi l i ty  does. not  seem t o  be caused by r e l a t i v e  

permeabil i ty e f f e c t ,  s ince  t h i s  reduction is  very s t rongly  dependent on flow 

r a t e  and is  genera l ly  charac ter ized  by a sudden and sharp jump. Simi lar ly ,  i f  

l i q u i d  i n j e c t i o n  i s  switched from s u r f a c t a n t  s o l u t i o n  t o  f r e s h  water under the 

same condi t ions ,  the  mobil i ty immediately goes back t o  i t s  i n i t i a l  high value. 

The gas-surfactant  i n j e c t i o n  may bes t  be modeled by considgring i t  as  a  

combination flood of an improved gas and low tens ion f lu id .  Gravity overr ide  

by gas was observed i n  a l l  runs and s u r f a c t a n t  had very l i t t l e  e f f e c t  i n  

reducing t h i s  overr ide  a t  the  beginning of i n j e c t i o a .  

Only a very small  amount of s u r f a c t a n t  s o l u t i o n  flowed simultaneouly with 

t h e  gas through the  gas-swept top zone. The excess s u r f a c t a n t  was always 

drained down due t o  g r a v i t y  and formed a bank. The lower p a r t  of the  sandpack 

was under s u r f a c t a n t  f lood a s  t h i s  bank grew i n  s i z e  and advanced t o  the  

producing end. The majori ty of the  sandpack was under su r fac tan t  f lood and 

only a very small a rea  on top  was swept by gas. 

The presence of s u r f a c t a n t  increased the  pressure  drop i n  every s i n g l e  

run. The e f f e c t  of increased pressure drop was, n a t u r a l l y ,  t o  increase  o i l  

production ra t e .  This  caused the e m  t a  invade downward from the  top, 

inc reas ing  the  s i z e  of gas-swept top zone gradually. 

It may be presumed t h a t  even i f  foam were generated i n  the  sandpack, i n  

e a r l y  s t ages ,  i t s  v i s c o s i t y  never exceeded 0.6 cp, s ince  a favorable mobil i ty 

r a t i o  was not observed, even a t  very low flow r a t e  ( =  2 f t  per day) and low 

v i s c o s i t y  o i l  (0.6 cp). However, a t  l a t e r  s t ages  of f looding,  generat ion of 

foam is evident  and the  mobil i ty of the  gas is s u b s t a n t i a l l y  reduced; i n  some 

cases  a s  much a s  severa l  hundred times. 

The pore-level behavior of su r fac tan t  presence was not meant t o  be 

observed i n  t h i s  model. No remarkable change i n  i r r e d u c i b l e  o i l  s a t u r a t i o n  

was noticed i n  any of the  runs,  and the  producing volumes vere highly 

dependent on v e r t i c a l  coverage. 



3.2.8 DETERMINATION OF IMPORTANT PARAMEW,RS 

A s  mentioned i n  e a r l i e r  s e c t i o n s ,  gas-surfactant  i n j e c t i o n  seems t o  

behave l i k e  a combination flood such t h a t  the  top  por t ion  of the  model is 

under gas  f lood with increased v iecos i ty  and lower p o r t i o n . i s  under su r fac tan t  

f lood.  General ly,  the  a r e a  under su r fac tan t  flood is  much g r e a t e r  than the 

a r e a  under gas f lood,  s o  t h a t  s u r f a c t a n t  f lood behavior has a  pronounced 

e f f e c t  on recovery. Some important parameters observed during these  

experiments have been mentioned f o r  both gas-flood and surfactant-f lood.  

( a )  Surfac tant  Flood: 

The three  fo rces  Which appear to  have a major e f f e c t  an the  f r o a t  

p r o f i l e s  i n  su r f  a c t a n t  f loods  a r e  c a p i l l a r y ,  g rav i ty  and viscous forces.  The 

v iscous  fo rces  a c t  i n  a  d i r e c t i o n  p a r a l l e l  t o  the  flow only, while the  g rav i ty  

f o r c e s  a c t  * i n  a d i r e c t i o n  normal t o  the flow. The c a p i l l a r y  forces  act i n  a l l  

d i r e c t i o n s  simultaneously and have an e f f e c t  of improving v e r t i c a l  

conformance. Therefore,  high c a p i l l a r y  fo rces  a r e  des i rab le  f o r  inc reas ing  

coverage. 

High g r a v i t y  fo rces  could he lp  i n  promoting g r a v i t y  segregation whereas 

high v iscous  f o r c e s  a i d  i n  channeling. The f r o n t  p r o f i l e  i n  s u r f a c t a n t  

displacement process is  influenced by the  r a t i o  of these  forces.  The r a t i o s  

of these  fo rces  a r e  c a l l e d  c a p i l l a r y ,  g r a v i t y  and Bond numbers, defined as  

fo l lows : 

Viscous Force 
Nc = Capi l l a ry  NO. = 

Capi l l a ry  Force 

Gravity Force 
G = Gravity No. = Viscous Force 

E 
Uravi t v  Force 

B = Bond No. = 
N~ 

Cap i l l a ry  Force 

(High Capi l la ry  No. promotes 
channell ing) 

(High Gravity No. promotes 
Segregation) 

(High Bond No. promotes 
Searega tion 

H Mobil i ty Rat io  = 
( k / ~ )  su r f .  
(kip) o i l  



Unfortunately, these  th ree  parameters a r e  mutually r e l a t ed .  Changing one 

fo rce  has a b e n e f i c i a l  e f f e c t  on one but is det r imenta l  t o  one another. Thus 

the  es t imat ion  of optimum coverage within allowable ' l i m i t s  of operat ing 

condi t ions  is  r a  ther  complex. 

The mobil i ty r a t i o  determines the  magnitude of i n s t a b i l i t i e s  i n  the  f r o n t  

and has, therefore ,  very profound e f f e c t  on coverage. 

(b) Gas Flood : 

The dens i ty  d i f fe rence  between gas and l i q u i d  i n  these  runs (where 

pressure  were c lose  t o  atmospheric) i s  very large .  S imi la r ly ,  gas being a 

non-wetting phase, has very low c a p i l l a r y  force. Gases a l s o  have v i s c o s i t y  

lower than l i q u i d s  by orders of magnitude. 

The dimensionless parameters discussed i n  the  previous sec t ion  do apply, 

a t  l e a s t  t h e o r e t i c a l l y ,  f o r  gas flooding. However, these runs were 

charac ter ized  by very high c a p i l l a r y ,  g rav i ty  and bond numbers a s  described 

above. Therefore, a l l  runs present  very severe g r a v i t y  segregat ion  and the  

e f f e c t  of changing these  three  parameters was hardly noticed within p r a c t i c a l  

range. 

The mobi l i ty  r a t i o  of the  gas and o i l  phases, however, had a very 

pronounced e f f e c t .  For lower mobi l i ty  r a t i o s ,  gas invaded v e r t i c a l l y  downward 

and gradual ly  increased the  s i z e  of the  gas tongue. The mobil i ty r a t i o  is  

very s t rong ly  dependent on the v i s c o s i t y  of the  gas-surfactant  mixture, and i n  

t u r n ,  such v i s c o s i t y  a l s o  varied with the  concentra t ion  of s u r f a c t a n t ,  the  

r a t e  of gas flow and the type of o i l .  

3.209 RECOVERY QIARTS. 

Figures  3.1 t o  3.5 a r e  the  recovery c h a r t s  obtained from these  

experiments. The v e r t i c a l  coverage was p lo t t ed  aga ins t  the  v i s c o s i t y  of o i l ,  

s u r f a c t a n t  concentrat ion and gas i n j e c t i o n  respect ive ly .  

I n  each s e r i e s  of runs,  only one parameter had been changed, whereas 

o ther  parametere were kept constant.  

3.2.10 CONCLUSIONS TO DATE 

(1)  A proper s lug  deslgn is very important f o r  optimizing foam-flood perfor- 

mance. The s u r f a c t a n t  may have an adverse e f f e c t  i f  not properly used. 

(2)  Surfac tant  gas mixture could reduce the  mobi l i ty  of the gas by orders of 

magnitude. 



(3)  Addit ional  recovery is obtained by an increase  of v e r t i c a l  coverage. 

A decrease i n  r e s i d u a l  o i l  s a t u r a t i o n  was ne i the r  expected nor observed 

because c a p i l l a r y  number i n  these  experiments was much lower than 

v e r t i c a l  value requi red  t o  d isplace  the r e s idua l  o i l  drople ts .  

( 4 )  Foam can survive  i n  the  presence of o i l .  However, because of adsorption 

and p a r t i t i o n i n g  of s u r f a c t a n t  molecular on o i l - su r fac tan t  i n t e r f a c e  and 

on pore g ra ins ,  a  c e r t a i n  amount of su r fac tan t  i s  required t o  s a t u r a t e  

the  su r faces ,  but foam can co-exist with o i l  a f t e r  t h i s  i n i t i a l  

s a t u r a t i o n  is  obtained. 

(5) Presence of s u r f a c t a n t  reduces the c a p i l l a r y  fo rces ,  so t h a t  v e r t i c a l  

conformance can be severe ly  a f fec ted  i f  su r fac tan t  is  allowed t o  form a  

bank, and i f  the  movement of t h i s  bank is  unchecked, 

( 6 )  Gas-surfactant i n j e c t i o n  seems t o  hehsve l i k e  a combination f lood,  where 

t h e  top  por t ion  is  under improved gas-inject ion and lower p a r t  i s  under 

s u r f a c t a n t  flood. The e f f e c t  of the  su r fac tan t  presence is t o  maintain 

higher pressure drops, so t h a t  the  l i q u i d  production r a t e s  a re  increased 

and gas invades v e r t i c a l l y  downward. The coverage, the re fo re ,  depends 

upon the  behavior of s u r f a c t a n t  bank and the reduction of gas mobility. 

( 7 )  The s u r f a c t a n t  bank movement is  contro l led  by c a p i l l a r y ,  Bond and g rav i ty  

numbers and the  o i l / s u r f a c t a n t  v i s c o s i t y  r a t i o .  The mobil i ty reduction 

is  con t ro l l ed  by the degree of foam generat ion i n  porous medium. 

(8) Areal coverage c h a r t s  a r e  being developed i n  a  hope t o  provide snme 

i n e i g h t  on the  s e n s i t i v i t y  of vertical  conformance tn ~ p r t a i n  parameters, 

and may poss ib ly  be used f o r  predic t ion  of recovery performance under 

c e r t a i n  condit ions.  



3.3 TWO DIMENSIONAL LAYERED MODEL WITH CROSSFLOW 

G. Ahmed 

3.3.1 INTRODUCTION 

The two dimensional layered model crossflow projec t  examines the behavior 

of i n t e r f a c i a l  tens ion between o i l  and s u r f a c t a n t  s o l u t i o n  under varying 

condi t ions  of su r fac tan t  concentra t ion ,  s a l i n i t y  and temperature, and 

i n v e s t i g a t e s  the e f f e c t s  of v a r i a t i o n s  i n  flow r a t e  and i n t e r f a c i a l  tens ion on 

recovery of o i l  f o r  a waterflood i n  a layered (communicating), two- 

dimensional, sca led ,  sandmodel, i n  which v i sua l  observations can a l s o  be made. 

3.3.2 INTERFACIAL TENSION MEASUREMENTS 

This port ion of the research examined the behavior of i n t e r f a c i a l  tens ion 

(IFT) between su r fac tan t  so lu t ions  and o i l  under varying condi t ions  of 

su r fac tan t  concentrat ion,  s a l i n i t y  and temperature. The purpose was t o  r e l a t e  

the  behavior of i n t e r f a c i a l  tens ion with the  r e s u l t s  of o the r  ongoing 

experiments on use of foam f o r  enhancing o i l  recovery. It was expected t o  

provide some i n s i g h t  t o  explain c e r t a i n  changes i n  behavior observed i n  other  

displacement experiments. It covered a l imi ted  range of i n t e r f a c i a l  tens ion 

re levant  t o  foam and does not include the  ultra-low IFT used i n  the  case of a 

s u r f a c t a n t  flood. A Spinning Drop Tensiometer was used f o r  measurement of 

IFT. Suntech-IV su r fac tan t  and White Mineral o i l  (Kaydol, equivalent  t o  

Chevron 15) were se lec ted  f o r  comparison t o  o ther  ongoing SUPRI experiments. 

Ef fec t  of Surfac tant  ConcerlTraLio~~. A s  expected, IFT reduces with 

increase  i n  su r fac tan t  concentra t ion  up t o  the  C r i t i c a l  Micel le  Concentration 

(CMC). Above the  CMC, there  is  a very l i t t l e  change i n  IFT. Refer t o  Figure 

3.6. The IFT between Kaydol o i l  and d i s t i l l e d  (deionized) water (measured 

with a r ing  tensiometer)  i s  about 45 dyne/cm. It drops t o  about 4 dyne/cm 

with a concentrat ion of 0.000071 percent (weight) of Suntech-IV i n  the aqueous 

phase. The IFT curve does not fol low a cons is tent  behavior. I n  a c e r t a i n  

range below the  CMC, the value of IFT increases  with an increase  i n  su r fac tan t  

concentrat ion.  Accordingly, based on t h i s  l o c a l  minimum value of i n t e r f a c i a l  

tens ion,  0.00071% (weight) appears t o  be a l o c a l  CMC. The ac tua l  CMC is  

eetLrnilterl a t  0.2A4W (weight),  The unusual behavior of IFT below the CMC i s  



probably due t o  the  broad range of equivalent  weight of molecules forming 

Suntech 1V. The hydrophilic-hydrophobic balance between o i l  and water so lub le  

s p e c i e s  a t  the  h igher  and lower end respec t ive ly  of the  average equivalent  

weight(420) of Suntech IV a t  varying concentra t ions  could r e s u l t  i n  t h i s  kind 

of behavior. 

E f f e c t  of Temperature. Quite unexpectedly, IFT increases  with an 

i n c r e a s e  i n  temperature. The curves f o r  25, 45, and 65OC follow i d e n t i c a l  

p r o f i l e s  which inc rease  with temperature. It is  not reasonable, however, t o  

assume t h i s  inc reas ing  t rend w i l l  continue up t o  temperatures used i n  

r e s e r v o i r  steam i n j e c t i o n .  It is  q u i t e  poss ib le  t h a t  IFT inc reases  

s i g n i f i c a n t l y  a t  steam temperatures,  which may r e s u l t  i n  d i f f e r e n t  behavior 

a t  c e r t a i n  concentra t ions  of surf a c t a n t  so lu t ion .  

E f f e c t  of S a l t .  Addit ion of s a l t  (NaC1) t o  the aqueous so lu t ion  has a 

s i g n i f i c a n t  e f f e c t  on IFT. The e f f e c t  is more pronounced i n  the  region of 

lower concentra t ions  of su r fac tan t .  Refer t o  Figure 3.7. A value of 1.0% 

(weight) of NaCl appears t o  be an "optimum s a l i n i t y "  from the  point  of view of 

reduct ion  i n  IFT. 

Refrac t ive  Index and CMC A s  shown i n  Figure 3.8, r e f r a c t i v e  index of the 

aqueous s o l u t i o n  inc reases  with an inc rease  i n  s u r f a c t a n t  concentrat ion up t o  

a maximum value and then reduces sharply  beyond t h a t  concentration. The point  

of maximum r e f r a c t i v e  index coincides  with the  CMC. This  is  an expected 

bevavior. The inc rease  i n  the  concentra t ion  of monomers i n  the  aqueous phase 

i n c r e a s e s  the r e f r a c t i v e  index. However, a t  the  CMC the  monomers s t a r t  

forming ordered p a t t e r n s  (micel les)  which a r e  more o r  l e s s  t ransparent .  

Ref rac t ive  index p r o f i l e  could be used f o r  a quick es t imate  of approximate 

CMC . 
Comments on Technique. The Spinning Drop Tensiometer is  a s a t i s f a c t o r y  

technique f o r  measurement of IFT, e s p e c i a l l y  below 5 dyne/cm. For repeatable  

accuracy,  it  is h e l p f u l  t o  pre-equi l ibra te  both phases, otherwise phase 

p a r t i t i o n i n g  of s u r f a c t a n t  i n t o  the o i l  drop a f f e c t s  the value of IFT. 

Conclusions. 

(1) The Spinning Drop Tensiometer is  found s u i t a b l e  f o r  measurement of low 

IFTe 

(2)  Suntech-IV e x h i b i t s  some unusual behavior of IFT with v a r i a t i o n s  i n  

concentra t ion ,  s a l i n i t y  and temperature. 

(3) IFT inc reases  with increase  i n  temperature. 

(4)  S a l t  reduces the  IFT s i g n i f i c a n t l y .  



(5) IFT decreases with increase  i n  su r fac tan t  concentrat ion but there  a r e  

l o c a l  peaks and minima. 

(6 )  A s  revealed by t h i s  s tudy,  high opera t ing  temperature and in termedia te  

concentrat ion of Suntech-N (about  0.001% by weight) could r e s u l t  i n  

increased IFT and possibly a change i n  foaming charac ter is t ics . ,  

3.3 - 3  LAYERED MODEL 

This study i n v e s t i g a t e s  the  e f f e c t s  of v a r i a t i o n s  i n  flow r a t e  and 

i n t e r f a c i a l  tens ion on o i l  recovery f o r  a waterflood i n  a layered,  sca led ,  

sandmodel, which allows v i s u a l  observation. I n  the  case of a s t r a t i f i e d  

r e s e r v o i r  with v e r t i c a l  communication, the viscous pressure gradient  i n  the 

v e r t i c a l  d i r e c t i o n  plus c a p i l l a r y  imbibi t ion  and g rav i ty  segregation could 

cause a crossflow of o i l  i n t o  the  most permeable l a y e r ( s )  under favorable  

condit ions.  An inves t iga t ion  i n t o  these  condi t ions  is expected t o  lead t o  an 

optimizat ion of water£ lood by taking the  maximum advantage of the  c ross£  low. 

An attempt w i l l  a l s o  be made t o  analyze the  crossflow, es t imate  the  t i m e  

required for  the  f r o n t  t o  become s t a b i l i z e d ,  and p red ic t  the  speed of advance 

of the  s t a b i l i z e d  f ront .  

Experimental Technique. A three-layered, sca led ,  two-dimensional g las s  

model containing water-wet sand is being used f o r  displacement runs. The 

l a y e r s  a r e  intercommunicating and a r e  separated by a t h i n  l i n e  of colored 

water-wet sand. 

Se t t ing  Up Apparatus. The e x i s t i n g  apparatus was improved by:- 

( a )  s o r t i n g  out  plumbing and reducing dead volume. 

(b )  adding s downetream pressure gilrige f o r  a l t e r n a t i v e  reading of 

pressure drop. 

( c )  adding a second i n j e c t i o n  vesse l  t o  inc rease  speed and f l e x i b i l i t y .  

(d) adding a flow-meter and a t o t a l i z e r  f o r  gas ma te r i a l  balance. 

(e )  adding a f r a c t i o n  c o l l e c t o r  f o r  produced f lu ids .  

Sand-Pack Cleaning. A layered model is d i f f i c u l t  t o  c lean  espec ia l ly  i f  

s u r f a c t a n t  has ea r lPe r  been introduced dur ing  a displacement. Ordinari ly,  

c leaning f l u i d s  channel through the  high permeabil i ty layer .  The following 



miscible  procedure appeared e f f e c t i v e  f o r  cleaning the  sandpack containing 

r e s i d u a l  o i l  s a t u r a t i o n  and su r fac tan t  so lu t ion:  

Mineral s p i r i t  1.0 pore volume 

T e r t i a r y  Butanol Alcohol 1.0 pore volume 

D i s t i l l e d  (deionized) water 5.0 pore volume 

C02 severa l  pore volumes 

D i s t i l l e d  water seve ra l  pore volumes 

To be su re  of thorough cleaning i t  i s  he lp fu l  t o  measure the  absolute  

permeabil i ty of the  sandpack (100% water s a t u r a t e d )  a t  the  end of each 

c leaning procedure, 

It was intended t h a t  the various runs would be i u  Ll~e fullr~wlripl gpnpral 

sequence : 

(1)  Displacing o i l  ( a t  i r r e d u c i b l e  water s a t u r a t i o n )  by water up t o  a  

cut-off water-oi l-rat io of 50:l to 100:l. I n j e c t i o n  pressure was t o  

vary with each run. 

( 2 )  Displacing some of the  remaining o i l  with 3 t o  4 pore volumes of 

s u r f a c t a n t  so lu t ion  (above CMC). 

(3) With r e s i d u a l  o i l  and s u r f a c t a n t  so lu t ion  i n  the  sand-pack, 

c r e a t i n g  foam (by simultaneous i n j e c t i o n  of N2 and su r fac tan t  

s o l u t i o n )  t o  block the  high permeabil i ty layer/a fnr djsplac ing 

a d d i t i o n a l  o i l  from the  t i g h t  layers .  

The f i r s t  3 runs were completed using Kaydol o i l  and Suntech-IV 

s u r f a c t a n t .  The blocking e f f e c t  of foam was crea ted  and good q u a l i t y  foam was 

produced. However, the  da ta  did not appear repeatable ,  primari ly because of 

reduct ion  i n  permeabi l i ty ,  poss ib ly  a s  a  r e s u l t  of su r fac tan t  absorpt ion  on 

sand gra ins .  The reduction of permeabil i ty appeared more pronounced i n  the  

t i g h t  l aye r  thus  making i t  a l l  the  more d i f f i c u l t  t o  d isplace  o i l  from it. It 

was d i f f i c u l t  t o  c lean  the  sandpack of the  adsorbed su r fac tan t  a f ter  every 

run. 

A s  a r a ~ u l t  of these prablcms, we decided to  cevlutr  the run sequence as 

fol lows:  

(1)  Complete a l l  t he  water displacement runs t o  study the e f f e c t  of 

change of flow r n t p  on recovery p r o f i l e s  of o i l e  of eeleeted 

v i s c o s i t i e s .  

(2)  Then undertake the runs involving change of i n t e r f a c i a l  tension hy 

the  use of su r fac tan t s .  



Three o i l s  were s e l e c t e d  covering a  f a i r l y  wide range of v i s c o s i t y  - 
Kadol (150 cp ) ,  Bland01 (30 cp) and Klearo l  (15  cp). Four runs were planned 

f o r  each o i l - type  a t  i n j e c t i o n  p re s su re  of 1.0, 5.0 15.0 and 20.0 psig.  The 

o u t l e t  p r e s su re  f o r  a l l  runs  is  atmospheric  pressure .  The i n j e c t i o n  p re s su re  

i s  thus  equal  t o  t he  p re s su re  drop ac ros s  t he  model. E igh t  runs have been 

completed and p a r t i a l  r e s u l t s  obtained.  

Design of I n j e c t i o n  Rate lpressure .  A l i t e r a t u r e  search  on displacement  

s t u d i e s  on layered  models (exper imenta l  and numerical)  revea led  t h e  fo l lowing  

c l u e s  f o r  des ign ing  an optimum i n j e c t i o n  scheme. 

( a )  Low f low-rates  produced h igher  o i l  recovery f o r  t h e  same volume of 

water i n j e c t e d .  

( b )  Higher o i l  recovery r e s u l t s  from a secondary o i l  bank which i s  

formed by c ross f low of o i l  from low pe rmeab i l i t y  l a y e r s  i n t o  the  

high permeabi l i ty  l a y e r l s .  

( c )  Crossflow occurs  a t  t h e  i n t e r f a c e  of va r ious  l a y e r s  a s  a  r e s u l t  of 

c a p i l l a r y  imb ib i t i on ,  g r a v i t y  s eg rega t ion  and v i scous  p re s su re  

g rad i en t .  

( d )  Crossflow of o i l  i n t o  high pe rmeab i l i t y  l a y e r  t akes  p lace  j u s t  

behind t h e  f lood  f r o n t  i n  t he  high pe rmeab i l i t y  l aye r .  

Most of t h e  above obse rva t ions  a r e  confirmed by our experimental  obse rva t ions  

and r e s u l t s .  We were a b l e  t o  c o n t r o l  t h e  f low regime i n  each l a y e r  by 

c o n t r o l l i n g  t he  i n j e c t i o n  pressure .  A t  h igh  i n j e c t i o n  p re s su re  (h igh  flow 

r a t e ) ,  water channels  through t h e  h igh  pe rmeab i l i t y  l a y e r  i n  t h e  form of 

v i scous  f i n g e r s  l eav ing  t h e  t i g h t  l a y e r s  r e l a t i v e l y  untouched. A t  very low 

i n j e c t i o n  p re s su re  (low f low r a t e ) ,  f low is dominated by c a p i l l a r y  f o r c e s  wi th  

water  breakthrough from t h e  t i g h t e s t  l aye r .  It may be p o s s i b l e  t o  des ign  an 

i n j e c t i o n  p re s su re  producing a  n e a r l y  uniform f r o n t a l  advance ac ros s  a l l  t he  

l a y e r s .  Such a  p re s su re  ( r a t e )  would be f a i r l y  low, which l i k e l y  would render  

t he  des ign  imprac t i cab l e  i n  t he  f i e l d  f o r  economic reasons.  We decided t o  t r y  -, 
one of t he  displacement  runs with a  low i n j e c t i o n  r a t e l p r e s s u r e  up t o  

breakthrough of water  and then sha rp ly  i n c r e a s e  t he  r a t e  f o r  the  remaining 

l i f e  of t he  waterf lood.  This  des ign  of Low-High i n j e c t i o n  r a t e  was w p e c t e d  

t o  g ive  t h e  fo l lowing  advantages: 

( a )  Improved r e l a t i v e  pe rmeab i l i t y  t o  water i n  t h e  t i g h t  l a y e r l s  dur ing  

t h e  low i n j e c t i o n  r a t e .  Th i s  would cause more f low of water  i n  

t i g h t  l a y e r s  during t h e  l a t e r  high r a t e  p a r t  of t h e  run thus  

reducing t h e  e f f e c t  of channel l ing  and improving the  displacement  



e f f i c i ency .  

(b)  Increased crossflow of o i l  from t i g h t  l aye r s  t o  the  most permeable 

l aye r .  This  would form a secondary o i l  bank behind the  flood f ron t  

i n  the  most permeable l aye r  which would be produced soon a f t e r  the 

break through. 

( c )  Higher displacement r a t e  l a t e r  t o  produce the  remaining 

d i sp laceab le  o i l  quickly,  which would compensate f o r  the slow 

production r a t e  up t o  the  breakthrough, 

Runs Completed and P a r t i a l  Results .  Recovery p r o f i l e s  of viscous o i l  

(Kaydol) a re  given a t  Fig. 3.9. A l l  curves a r e  i d e n t i c a l  i n  shape but the 

Low-High pressure ( i . e  1.2 ps i  up t o  breakthrough and 20 p s i  t h e r e a f t e r )  shows 

a small  inc rease  i n  recovery of 1-2% HCPV f o r  2.5 pore volume water 

i n j e c t e d .  Figures 3.10 - 3.13 show WOR vs Recovery (HCPV). A s  indica ted  i n  

Fig. 3.10, the  Low-High r a t e  run produces a secondary o i l  bank of about 6 t o  7 

% HCPV between 0.28 and 0.35 HCPV. 

Recovery p r o f i l e s  of l e s s  viscous o i l  (Klearol)  a r e  shown i n  Figure 

3.14. A l l  curves a r e  i d e n t i c a l  i n  shape but the  Low-High r a t e  run shows a 

s i g n i f i c a n t  inc rease  i n  recovery, 7-82 HCPV, throughout the  run. The 

comparison between 0.4 p s i  up t o  breakthrough and 20 p s i  t h e r e a f t e r  t o  20 p s i  

throughout is  a l s o  shown separa te ly  a s  well i n  Fig. 3.15. Figures 

3.16-3.19 ehow WOR ve recovery f o r  various i n j e c t i o n  pressures.  Fig. 3.15 

p e r t a i n i n g  t o  Low-High r a t e  run a l s o  shows a secondary o i l  bank of about 5% 

HCPV produced between 0.52 and 0.57 HCW. Breakthrough recovery vs i.nject3on 

pressure  is  shown i n  Fig. 3.19. For less viscous o i l  (Klearol)  breakthrough 

recovery decreases  with an increase  i n  pressure drop(ra te) . In  the  case of 

v iscous  oil(Kaydo1) breakthrough recovery is l e s s  a f fec ted  by v a r i a t i o n s  i n  

f low rater 

Crossflow & Stab i l i zed  Front. A t  the  beginning of displacement, the 

f lood f r o n t  t r a v e l s  i n  d i f f e r e n t  l a y e r s  with d i f f e r e n t  speeds (roughly 

propor t ional  t o  the  r a t i o  of the  l aye r  permeabi l i t ies) .  A s  the  f r o n t  i n  the 

most permeable l a y e r  moves ahead, crossf law of water from it a160 increases as 

a r e s u l t  of c a p i l l a r y  imbibi t ion ,  g rav i ty  segregation and viscous pressure 

gradient .  The increased crossflow slows down the  speed of the  f r o n t  i n  the  

high permeabil i ty l a y e r  but increases  the speed of f r o n t a l  advance i n  the  

t i g h t  l aye r / s .  This tends t o  bring about a more s t a b i l i z e d  f r o n t  which moves 

a t  a uniform in termedia te  speed across a l l  the  layers .  An attempt is  being 

made t o  analyze the  equi l ibr ium of fo rces ,  quantify the  crossflow, iden t i fy  



the  s t a b i l i z a t i o n  time of the f r o n t  and p red ic t  the  uniform intermediate speed 

of f r o n t a l  advance. 

L i t e r a t u r e  search has revealed t h a t  experimental o r  numerical models 

s tudied  i n  the past  on s t r a t i f i e d  re se rvo i r  behavior have genera l ly  been of 

the  following two types : 

(1)  Two laye r s  with a communicating in te r face .  Experiments have been 

done f o r  high permeabil i ty l a y e r  above a s  well a s  below. 

( 2 )  A number of l aye r s  but ordered i n  permeabil i ty i.e., permeability 

inc reas ing  towards bottom laye r s  or  v ice  versa. 

More recovery has been achieved with low i n j e c t i o n  r a t e s  with the  high 

permeabil i ty l aye r  on top and low permeabil i ty l aye r  a t  the bottom. This i s  

because of the increased e f f e c t  of the  g rav i ty  segregation.  When the  low 

permeabil i ty l aye r  is below, a l l  the three  crossflows ( g r a v i t y ,  c a p i l l a r y  and 

viscous)  a c t  downward and thus combine the  e f f e c t .  When the  t i g h t  l aye r  i s  

above, the g rav i ty  crossf  low a c t s  opposi te  t o  the  c a p i l l a r y  and viscous 

crossflow. Our model i n  t h i s  respect  is unique. It has t h ree  l aye r s  with the 

h ighes t  permeabil i ty l aye r  i n  the  middle, intermediate permeabil i ty l a y e r  a t  

the  top  and the  l e a s t  permeable l aye r  a t  the  bottom with the  permeabil i ty 

r a t i o  of 4 : 2 : 1  respect ive ly .  This arrangement w i l l  tend t o  balance out  the 

e f f e c t  of g rav i ty  and w i l l  tend t o  give r e s u l t s  of crossflow r e s u l t i n g  mainly 

from c a p i l l a r y  imbibi t ion  and viscous pressure gradient .  

Conclusions. This research is ongoing and the  data  has not  ye t  been 

f u l l y  analyzed /or  evaluated. Once completed, i t  is  expected t o  increase  our 

understanding of crossf  low mechanisms and lead t o  information t h a t  can be used 

i n  optimizat ion of waterflood i n j e c t i o n  p r e s s u r e l r a t e  f o r  a  layered rese rvo i r  

with v e r t i c a l  communication. The LorHigh r a t e  i n j e c t i o n  scheme shows a 

d i s t i n c t  advantage and appears promising towards achieving t h i s  

optimizat ion.  It is  intended t o  compare these  experimental r e s u l t s  with 

simulated runs using a black o i l  simulator.  



3.4 THERMAL STABILITY OF SURFACTANTS, ADSORPTION AND PHASE PARTITIONING 

AT ELEVATED TEMPERATURES 

A. Al-Khaf a  j i 

A repor t  on t h i s  p ro jec t  is  i n  preparat ion.  The following i s  an 

a b s t r a c t .  

Mobil i ty c o n t r o l  i s  one of the  main problems i n  steam flooding.  

Channeling through highly permeable zones and g rav i ty  overr ide  of steam lead 

t o  e a r l y  steam breakthrough a t  production wells.  Accordingly, volumetric 

sweep e f f i c i e n c y  and o i l  recovery a r e  reduced. Foam has been proposed as a  

permeabi l i ty  blocking agent i n  styeam flooding t o  improve o i l  recovery. 

The aim of t h i s  s tudy is t o  i n v e s t i g a t e  both commercially ava i l ab le  and 

experimental foaming chemicals ( s u r f a c t a n t s )  f o r  t h e i r  longevity under 

cond i t ions  t y p i c a l  of those found f o r  steam i n j e c t i o n  o i l  recovery, namely a t  

400°F (20S°C) and 300-500 ps ia  (20-34 bars) .  

The adsorpt ion  of s u r f a c t a n t s  on sand and c lay  surfaces  and the  

p a r t i t i o n i n g  of s u r f a c t a n t s  between water and o i l  phases were a l s o  studied. 

Sur fac tan t s  were subjec ted  t o  steam i n j e c t i o n  condit ions i n  pressure 

c y l i n d e r s  under a  n i t rogen  cushion f o r  seve ra l  weeks t o  t e s t  f o r  thermal 

degradation,  adsorpt ion ,  and phase pa r t i t ion ing .  Ottawa s i l i c a  sand m l x ~ d  

with varying percentages of c lay ,  and/or crude o i l  -re added t o  the  aqueous 

s u r f a c t a n t  s o l u t i o n s  t o  s imulate f i e l d  condit ions.  I n  addi t ion ,  some data  

were taken with vary in^ amounts of inorganic sa l ts  typ ica l  of thofie fnllnd In 

o i l  f i e l d  brines.  

Surface tens ion,  s u r f a c t a n t  concentrat ion,  pH and e l e c t r i c a l  conductivi ty 

were measured with time. Some commercial s u r f a c t a n t s  showed a rapid decrease 

i n  concentra t ion  and pH with heat ing time, while o ther  s u r f a c t a n t s  showed 

b e t t e r  high-temperature s t a b i l i t y ,  with ha l f - l ives  a s  long as  severa l  months 

a t  40n°F (7f15°C). 



3 ;5 STEAM INJECTION APPARATUS 

F. Wang 

3.5.1 INTRODUCTION 

Previous s tud ies  on steam i n j e c t i o n  with add i t ives  by SUPRI were mainly 

focused on the mechanism of steam-foam flow through porous media by slug 

i n j e c t i o n  of foaming agents. Our work i n  .steam i n j e c t i o n  can be categorized 

i n t o  two stages:  with foaming agents  without o i l  i n  the core (Al-Khafaji - e t  

a l .  1982) and with foaming agents i n t o  an o i l  s a tu ra ted  core a t  r e s idua l  water - 
s a t u r a t i o n  (TR-39). The present  r epor t  gives the r e s u l t s  of the  t h i r d  s t age  

of t h i s  study. We have studied the  heat  t r a n s f e r  of steam i n j e c t i o n  i n  our 

model and the  e f f e c t s  of Suntech IV on the  steam mobil i ty reduction once steam 

has flooded cores t o  r e s idua l  o i l  s a tu ra t ion .  This condit ion w i l l  be cal'led 

the  steam-out condit ion i n  the r e s t  of t h i s  repor t .  Experiments have been 

conducted t o  s tudy e f f e c t s  of s lug  s i z e  and number of s lugs  on the  steam 

'mobility. Steam i n j e c t i o n  r a t e  and n i t rogen e f f e c t s  have a l s o  been-observed. 

3.5.2 HEAT TRANSFER ASPECTS OF STEAM INJECTION 

I n  labora tory  s t u d i e s  of steam i n j e c t i o n ,  we usual ly  have physical  models 

with l a y e r s  of f i n i t e  thickness of i n s u l a t i n g  mate r i a l  (overburden and 

underburden). The Marx and Langenheim mode1(1959), which is  f o r  i n f i n i t e l y  

th ick  i n s u l a t o r ,  is not va l id  f o r  t h i s  study. I n  t h i s  r epor t ,  we descr ibe  a  

mathematical model f o r  studying the movement of the  heat  f r o n t  during steam 

i n j e c t i o n  f o r  a  labora tory  model. The main component of t h i s  labora tory  model 

is a  tubular  core surta1.1nded hy l aye r s  of insu la t ion .  Steam is  in jec ted  i n t o  

the  core and heat  is  l o s t  through the  i n s u l a t i o n  rad ia l ly .  We assume t h a t  the  

temperature remains constant  throughout the  steam zone and a  shock f r o n t  f o r  

the  temperature p ro f i l e .  We a l s o  assume t h a t  the  thermal conductivi ty of the 

i n s u l a t o r  is  constant .  Then, the movement of the heat  f r o n t  can be described 

by an equation s imi la r  t o  Man and Langenheim's: 

where H( t )  is the  r a t e  of heat i n j e c t e d ,  -k(& lGr)r=a is the  r a t e  of heat 
$X dX 

conducted through the  i n s u l a t o r  un i t  a rea  and (-) and (-) a r e  heat f r o n t a l  
d t  d r  



v e l o c i t i e s .  The i n t e g r a l  term on the  r i g h t  hand s ide  is  the  r a t e  of heat l o s s  

through the  i n s u l a t o r .  The equation simply says t h a t  the  r a t e  of heat  

i n j e c t e d  equals  t o  the  r a t e  of heat  l o s s  plus the  r a t e  of heat s tored  i n  the 

core. Before we can solve  the above equation,  we need t o  f ind  the r a t e  of 
aT 

hea t  l o s s  a t  t h e  core boundary ( ( 2 l r z a  ). This term can be solved by the 

fol lowing p a r t i a l  d i f f e r e n t i a l  equation with i n i t i a l  and boundary condit ions:  

Governing d i f f e r e n t i a l  equation: 

Boundary condit ions:  
aT. 

of the  i n s u l a t i o n  

The outer  boundary 

of t h e  i n s u l a t i o n  

I n i t i a l  condit ion:  

T1(r.O) ' Ta = Tp = T* 

I f  the  i n i t i a l  temperature i n  the  i n s u l a t o r  va r i e s  with radius ,  Ta w i l l  

no t  equal  T, i n  Equation 3d. However, the  assumption of T, = Ta w i l l  s t i l l  be 

v a l i d .  Carslaw and Jaeger (1959) presented t h i s  s p e c i a l  case of heat 

conduction through a  hollow cyl inder  with f i n i t e  thickness,  and they a l s o  gave 

t h e  a n a l y t i c  so lu t ion .  I f  hl is l a rge ,  w can assume t h a t  T a t  the  boundary 
1  

( P a )  is  equal t o  steam temperature (TS). Then we can replace  the f i r s t  

boundary condit ion with 'rI=TB which s i m p l i f i e s  the  so lu t ion .  Moreover, t h i s  

is a good approximation f o r  steam i n j e c t i o n .  However, the  a n a l y t i c  s o l u t i o n  

of Equation 3 is  not p r a c t i c a l l y  useful  and we a t e  more i n t e r e s t e d  i n  the  

s o l u t i o n  i n  Laplace space. The reason f o r  t h i s  is t h a t  we a r e  able  t o  couple 

Equation 2 with the  r a t e  equation of the  above model i n  Laplace space. 



Employing t h e  fo l lowing  dimensionless  terms,  

l-Ta T =- 
D T-T ' 

s a 

( P C ) .  
-A= i n s  u - 

( P C ) ~ ~  ( P C ) ~  ' 

- 
we a r e  a b l e  t o  ob t a in  s o l u t i o n s  f o r  both T a T ~  and i n  Laplace space a s  

D' ar, 
U 

fo l lows  : 

and 

where 
1 = B ~ I ~ ( G )  - 4YII(4Y) 

q1 = BIKo ( + 1 (6) , 
= s I (%) t 6 1  (%) ' 

'2 2 0 a  1 a 



- 
For the  case  of constar i t  steam i n j e c t i o n  r a t e ,  HD(s) equals  11s. Eqn. 6 

can  be a n a l y t i c a l l y  i n v e r t e d  i n t o  t h e  r e a l  time s o l u t i o n  by the  inve r s ion  

i n t e g r a l  o r  numer ica l ly  i n v e r t e d  by the  S t e f e s t  a lgori thm. The a n a l y t i c a l  

s o l u t i o n  is  too  compl-i-cated t o  be use fu l .  Never the less ,  it is  i n t e r e s t i n g  t o  

ana lyze  t h e  l a r g e  and smal l  time approximations. 

Large Time Approximation of Xn. When t i s  l a r g e  and s is  small , the  

s o l u t i o n  of XD is a s  fo l lows:  

Eqn. 7 i n d i c a t e s  t h a t  t h e  hea t  f r o n t  w i l l  no t  advance any f a r t h e r  over an 

extended period of t ime i f  t he  steam i n j e c t i n g  r a t e  is low o r  the core  i s  very 

long. Th i s  p o s i t i o n  i s  c a l l e d  the  s t a g n a t i o n  po in t  of t h e  hea t  f r o n t ,  a t  

which t h e  hea t  l o s s  reaches  a  s teady  s t a t e .  For t he  case of cons tan t  boundary 

tempera tures ,  Eqn. 7 i s  reduced, t o  

I f  we s u b s t i t u t e  Hg with  H ( r a t e  of l a t e n t  hea t  i n j e c t e d ) ,  we w i l l  f i nd  the  
f~ 

s t a g n a t i o n  poin t  of t h e  steam f r o n t  i n s t e a d  of the  hea t  f r o n t .  

Small time ayproxlrnation of XD: 

tihen tD is  small  and s is  l a r g e ,  t he  approximation of ?I is: 
D 

For steam i n j e c t i o n ,  B1 is  assumed t o  be i n f i n i t e .  Thus, B1 i s  much g r e a t e r  - 
t h a n  al though 6 is l a rge .  Then, Eqn. 9 can be f u r t h e r  reduced to :  - 1 

I n v e r t i n g  Eqn. 10 i n t o  the r e a l  time space, we ob ta in :  



This e a r l y  time s o l u t i o n  is  the  same a s  the  Marx and Langenheim 

equation. Therefore, we have shown t h a t  the  Marx-Langenheim s o l u t i o n  i s  va l id  

a t  the  e a r l y  period of i n j e c t i o n  t o  models with f i n i t e  thickness insu la to r s .  

Using ' t h e  numerical invers ion  and comparing it t o  Eq. 11 i t  w i l l  be poss ib le  

t o  def ine  the  ranges over which Eq. 11 is  val id .  

3.5.3 DISCUSSION AND INTERPRETATION OF EXPERIMENTAL RESULTS 

One purpose of t h i s  study is t o  apply foaming agents  t o  reduce the  steam 

mobi l i ty  i n  steam channels caused by e i t h e r  g rav i ty  overr ide  o r  permeabil i ty 

va r i a t ions .  I n  order  t o  s imulate steam channels i n  a one-dimensional 

labora tory  model, i t  is necessary t o  i n j e c t  steam before applying foaming 

agents.  Two experiments have been performed a t  t h i s  steam-out condit ion.  

Linear sandpacks packed with an average of 140 mesh sand were used f o r  both 

runs. The penmeabil i t ies  of those sandpacks were 5 Darcys. I n  Run 15, the  

sandpack was f i r s t  sa tu ra ted  with water and then uniformly sa tu ra ted  with 60% 

o i l  and 40% water by i n j e c t i n g  o i l  and water simultaneously. The core was 

then flooded with steam a t  193'C a t  a 0.225 Kglhr mass r a t e .  Steam broke 

through a f t e r  4.25 hours of i n j e c t i o n  and t h e  r e s idua l  o i l  s a t u r a t i o n  was 

16%. The breakthrough time was s l i g h t l y  longer than expected. It was found 

t h a t  seve ra l  f i t t i n g s  loosened s l i g h t l y  along the  tube and t h i s  might have 

caused l eaks  i n  the  system. 

Af ter  the  steam f lood,  a s e r i e s  of d i f f e r e n t  i n j e c t i o n s  was followed. 

The sequence of i n j e c t i o n  is l i s t e d  i n  Table 1 and indica ted  along the  top of 

Fig. 3.21. The sequence used was: a s lug  of water,  steam i n j e c t i o n ,  0.187 PV 

of Suntech IV so lu t ion ,  simultaneous i n j e c t i o n  of steam and Suntech I V  

s o l u t i o n ,  steam i n j e c t i o n  a t  0.225 then 0.240 and then 0.30 kglhour f o r  about 

4.5 hours, and l a s t ,  simultaneous i n j e c t i o n  of steam and Suntech I V  

so lu t ion .  The concentrat ion of Suntech I V  was 1.1 wtX. The heating of the  

i n j e c t i o n  l i n e  was stopped during the  period of 6.9 t o  7.2 hours durign 

i n j e c t i o n  of Suntech IV slug. 

With the  i n j e c t i o n  of a r e l a t i v e l y  l a rge  s lug ,  a condensation zone was 

generated i n  the  sandpack. A s  the  steam i n j e c t i o n  resumed, t h i s  zone went 

through the  e n t i r e  sandpack and the  steam-foam was generated by evaporation a t  

the  boundary of steam and Suntech N solu t ion .  This r eac t ion  created peaks of 

pressure g rad ien t s  and the  steam-foam l e f t  i n  the  steam zone maintained high 



p r e s s u r e  g r a d i e n t s  a s  shown i n  Fig. 3.21. Except f o r  t he  f i r s t  s e c t i o n  of the  

sandpack, the  p re s su re  g r a d i e n t s  s tayed  a t  f a i r l y  cons t an t  l e v e l s  a f t e r  the  

condensa t ion  f r o n t  passed. 

The s a t u r a t e d  steam temperature and the  hea t  l o s s  increased  with the  

cont inuous  i n c r e a s e  of pressure .  Consequently,  t h e  hea t  l o s s  reduced the  

advancing v e l o c i t y  of steam zone. Fu r the r  i nc rease  of t h e  steam i n j e c t i o n  

r a t e  i nc reased  the  p re s su re  g r a d i e n t s  s l i g h t l y .  A r e l a t i v e l y  l a r g e  inc rease  

of p r e s s u r e  was achieved by s imul taneous ly  i n j e c t i n g  steam and Suntech 

s o l u t i o n  a s  shown by the  l a s t  peak on each curve i n  Fig. 3.21. 

I n  Run 16, steam was i n j e c t e d  i n t o  an o i l - s a tu ra t ed  sandpark a t  r e s i d u a l  

water  s a t u r a t i o n .  The i n j e c t i o n  temperature was about 205 O C  and the mass 

r a t e  was about 0.215 ke;/hr. The steam broke through a f t e r  about 4 h r  and the 

r e s i d u a l  o i l  s a t u r a t i o n  was 18.5% which was s l i g h t l y  higher  than the  previous 

run. A s e r i e s  of i n j e c t i o n s  followed and the  sequence is l i s t e d  i n  Table 2 

and shown i n  Fig. 3.22. The main procedures  used were t o  i n j e c t  f i v e  Suntech 

I V  s l u g s  and steam s l u g s  a l t e r n a t e l y  and t o  s imul taneous ly  i n j e c t  steam, 

Suntech s o l u t i o n  and n i t rogen .  The s l u g  s i z e s  of Suntech IV s o l u t i o n s  was 

about  0.05 W .  Pres su re  g r a d i e n t s  i n  t h e  f i r s t  two s e c t i o n s  did not  change 

du r ing  t h e  f i r s t  t h r e e  s l u g  i n j e c t i o n s  of Suntech IV so lu t ion .  However, 

p r e s s u r e  g r a d i e n t s  increased  s l i g h t l y  i n  t he  t h i r d  s e c t i o n  and appreciably i n  

t h e  l a s t  s ec t ion .  During t h e  time t h e  f o u r t h  s l u g  was i n j e c t e d ,  t he  hea t ing  

of t h e  i n j e c t i o n  l i n e  was s h u t  off  and t h e  pressure  went down. 

A t  t h e  time steam i n j e c t i o n  resumed, the  p re s su re  g rad ien t  i n  the  f i r s t  

s e c t i o n  r o s e  s h a r p l y  t o  double t h e  va lue  of t h e  previous steam i n j e c t i o n .  

Th i s  i s  because b e t t e r  coo l ing  was obta ined  with t h i s  s l u g  i n j e c t i o n .  I n  t h e  

l a s t  p a r t  of Run 16, n i t r o g e n  and Suntech I V  s o l u t i o n  tiere i n j e c t e d  with 

steam. The Suntech I V  s o l u t i o n  was i n j e c t e d  a t  300 ml/hr and the  n i t r o g e n  

r a t e  was 4200 ml/hr.  The molar r a t i o  of N2 t o  vapor was about 1%. A sharp 

r i s e  of t h e  p re s su re  i n  t h e  1 s t  s e c t i o n  was observed, but  no t  i n  o the r  

s e c t i o n s  a l though foams were produced a t  t h e  o u t l e t .  

305.4 CONCLUSIONS 

I f  we assume t h a t  only steam f lows during m ~ t  of the  run, t h e  steam 
2 

m o b i l i t y  is a f u n c t i o n  of Pp . The h igher  t h e  p re s su re  is, t h e  l e s s  pressure  

g r a d i e n t  is  needed t o  maintain t h e  same mobil i ty .  The 0.05 W s lugs  of 

Suntech IV had no s i g n i f i c a n t  e f f e c t  on the  steam mob i l i t y  while  the  0.3 PV 

s l u g  reduced t h e  steam mob i l i t y  markedly. Once the  steam mobi l i ty  was 



reduced, it kept  a t  a r e l a t i v e l y  cons tan t  l e v e l  f o r  a long time. A f u r t h e r  

i nc rease  of p re s su re  was achieved by s imultaneouly i n j e c t i n g  steam and foaming 

agents .  The n i t rogen  i n j e c t i o n  with steam and foaming agents  o f f s e t  the  rapid 

dec l ine  of p re s su re  g rad ien t  near  t h e  i n l e t .  

3.5.5 FLlTURE WORK 

The conclus ions  we have reached a t  t h i s  s t a g e  a r e  based only on above the  

two runs. However, t he  r e p e a t a b i l i t y  of t hese  runs is  important  t o  confirm 

t h a t  t hese  experiments can be wel l  c o n t r o l l e d  under l a b o r a t o r y  condi t ions .  

The f u t u r e  s tudy  of t h i s  work w i l l  be d i r e c t e d  towards opt imiz ing  the 

technique of s l u g  i n j e c t i o n .  We p l an  t o  s tudy t h e  e f f e c t s  of r a t e  of 

i n j e c t i o n ,  s i z e  and number of s l u g s ,  and n i t r o g e n  on steam mob i l i t y  

reduct ion .  In  opt imizing the  technique of s l u g  i n j e c t i o n  of foaming agents ,  

we w i l l  show the  r e p e a t a b i l i t y  of t h i s  type of experiment. 
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TABLE 1  

L i s t  of In jec t ing  Sequence of Run 15 

Steam I n j e c t i o n  with a  s lug  of 0.187 PV of 1.1 wt% Suntech I V  Solution 

Steam i n j e c t i o n  a t  0.225 kg/hr.......................................SIl 

Water slug i n j e c t i o n ,  51 ml..................... ...................... WI 
Steam i n j e c t i o n  a t  0.225 kg/hr.......................................SIl 

Surfactant  s lug  i n j e c t i o n  280 ml....................................,.Sl 

Simultaneous i n j e c t i o n  of steam (0.225 kg/hr)  

and Suntech I V  so lu t ion  (0.440 kg/hr)...... .................. SS1 

Steam i n j e c t i o n  a t  0.225 kg/hr.......................................SIl 

Steam i n j e c t i o n  a t  0.240 kg/hr.......................................SI2 

Steam i n j e c t i o n  a t  0.300 kg/hr............b..........................S13 

Simultaneous i n j e c t i o n  of steam (0.300 kglhr)  

and Suntech IV so lu t ion  (0.162 kg/hr)........................SS2 

Simultaneous i n j e c t i o n  of steam (0.225 kg/hr) 

and Suntech IV so lu t ion  (0.162 kg/hr)........................SS3 



TABLE 2  

L i s t  of I n j e c t i n g  Sequence of Run 16 

Steam I n j e c t i o n  with Mul t ip le  Slugs of 1.1 wtX Suntech I V  Solu t ion  

Steam i n j e c t i o n  a t  0.215 kg/hr.......................................SIl 

Suntech s o l u t i o n  i n j e c t i o n ,  73 do................ .................... S l  

Steam i n j e c t i o n  a t  0.215 kg/hr.......................................SIl 

Suntech s o l u t i o n  i n j e c t i o n ,  74 ml............................... ....0.S2 

Steam i n j e c t i o n  a t  0.215 kg/hr.......................................SIl 

Suntech s o l u t i o n  i n j e c t i o n  110 ml.................................... .S3 

Steam i n j e c t i o n  a t  0.215 kg/hr.................................. . ~ ~ - . S I l  * 
Suntech s o l u t i o n  i n j e c t i o n  73 ml..................................... S4 

Steam i n j e c t i o n  a t  0.215 kg/hr.......................................SIl 

Simultaneous i n j e c t i o n  of steam (0.215 k g l h r )  

and Suntech N s o l u t i o n  (0.440 kg/hr).........................SS 

Steam i n j e c t i o n  a t  0.215 kg/hr.......................................SIl 

Steam i n j e c t i o n  a t  0.230 kg/hr.......................................SI2 

Steam i n j e c t i o n  a t  0.290 kg/hr.......................................SI3 

Suntech s o l u t i o n  i n j e c t i o n  40 ml......................................S5 

Simultaneous i n j e c t i o n  of steam (0.290 kg lh r )  

and Suntech IV s o l u t i o n  (0.440 kg/hr).........................SS 

Steam i n j e c t i o n  a t  .290 kg/hr........................................SI3 

Simultaneous i n j e c t i o n  of steam (0.290 kg/hr )  

and N2 (450 ml/hr).......,.,,,...............................SNl 

Simultaneous i n j e c t i o n  of steam (0.290 k g l h r ) ,  

Suntech I V  (0.30 k g l h r )  and N2 (700 ml/min)..........................SSN 

Simultaneous i n j e c t i o n  of steam (0.290 k g l h r )  



Nomenclature 

a  = i n n e r  r a d i u s  of i n s u l a t o r ,  m 
b  = o u t e r  . r ad ius  of t he  i n s u l a t o r ,  m 

B1. = Biot  number a t  boundary r=a ,  h l a /k  
B2 = h2a/k 

- c = hea t  c a p a c i t y ,  k c a l l k g  
C hl = hea t  t r a n s f e r  c o e f f i c i e n t  a t  r=a ,  kcal /hr-m2-oc 

h2 = hea t  t r a n s f e r  c o e f f i c i e n t  a t  r=b ,  kcal/hr-m2-oc 
h = l a t e n t  h e a t ,  k c a l l k g  

f g  = r a t e  of l a t e n t  hea t  i n j e c t e d ,  k c a l / h r  
= i n i t i a l  r a t e  of hea t  i n j e c t e d ,  k c a l l h r  
= dimensionless  r a t e  of hea t  i n j e c t e d  qD = dimensionless  i n i t i a l  r a t e  of hea t  i n j e c t e d  

H t )  = r a t e  of hea t  i n j e c t e d ,  k c a l l h r .  

I0 = modif ied .Besse1  func t ion  of f i r s t  kind of zero  o r d e r  

I1 = modified Besse l  func t ion  of f i r s t  kind of f i r s t  order 

KO = modified Bessel func t ion  of second kind nf zpro 

K1 u ~ u d l l l e d  Besse l  f i inct ion of second kind of f i r s t  
k '  = thermal  conduc t iv i t y ,  k c a l / h r - n ~ - ~ C  
L = l eng th  of t h e  co re ,  m 
r = r a d i a l  d i s t a n c e ,  m 
rD = dimensionless  r a d i u s ,  r / a  
s = Laplace v a r i a b l e  
T = T1 - 

Ta9 
O C  

= dlmenslonless  temperature  

Ta = i n i t i a l  t empera ture  of t h e  i n s u l a t o r  a t  r = a ,  O C  

TI = temperature  i n  t h e  i n s u l a t o r ,  O C  

T = environmental  t empera ture ,  O C  

r = i n i t i a l  r e s e r v o i r  ' temperature ,  O C  

s = steam tempera ture ,  O C  

T = Laplace t ransform of TD 
n 

tU = time, h r  
AT = T, - Tr ' O C 
X' = l o n g i t u d i n a l  d i s t a n c e ,  m 

= dimensionless  d i s t a n c e ,  X/L > = Laplace t ransform of dimensionless  d i s t ance '  
a 2 

= thermal  d i f f u s i t y ,  m /(hr-OC) 
u = volumet r ic  hea t  capac i ty  r a t i o  of t he  r e s e r v o i r  and i n s u l a t o r  
P = densit.{; kg/m 3 
T = time, 
p c  = average volumet r ic  hea t  capaci t.y, kcallm 3 

D = dimensionless  q u a n t i t y  
i n s  = i n s u l a t o r  
r = r e s e r v o i r  
s = steam 



3.6 MICROMODEL STUDIES 

0. S. Owete 

This study focuses on the pore level behavior of foam in porous media. 

Air was injected into porous micromodels which had previously been filled with 

an aqueous solution of surfactant. The micromodels consist of an etched 

silicon wafer anodically bonded to a glass plate. The model simulates a 

monolayer of porous matrix. Three homogeneous models of different pore 

dimensions and one heterogeneous model were used. Visual observations were 

made to determine the flow characteristics of "foam" under varying air 

injection rates, pore dimensions and surfactant concentrations. Foam flow 

mechanisms, as observed in the micromodels, were recorded on video tapes. 

These tapes are available at the Stanford University Petroleum Research 

Institute, Stanford, California. 

The observed mechanisms can he broadly classified into two: membrane and 

foam bubble propagation. Propagation of membranes, air-liquid interfaces, 

occrlrted in the homogeneous porous media at both low and high surfactant 

concentrations, and in the heterogeneous model at low surfactant 

concentration. Foam-bubble propagation occurred only in the heterogeneous 

model at high surfactant concentrations. 

In the homogeneous micromodels, the wetting phase (surfactant solution) 

formed a continuous liquid network around the matrix. The air was found to 

propagate as tubular bubbles moving and extending over several pores. The 

flow mechanism was only slightly affected when different air injection rates, 

pore dimensions and eurfactant concentrations -re used. 

Foam was found to be generated in the heterogeneous model. Air and 

liquid were propagated by a combination of channel flow (with liquid confined 

to small pores) and a bubble "break and reform" process. The break and reform 

process was caused by snap-off actions at pore constrictions. 

A considerable reduction of effective mobility was observed in the 

presence of foam, compared to air-water system6 without surfactant. Effective 

air mobility decreased with an increase in surfactant concentration in both 

the homogeneous and heterogeneous porous media. At a specific concentration 

below the critical micelle concentration, mobility reduction converged to one 

value regardless of concentration changes. In the heterogeneous porous 



medium, aurfactant concentration a f f ec ted  the f low mechanism. Foam bubbles 

produced a t  h igh surfactant concentrations were smaller than those generated 
a t  low surfactant concentrations.  

A f u l l  report e n t i t l e d  "Flow of Foam through Porous Media," by 0 .  S. 
Owete (TR-37), has been completed and i n  preparation for  publication by DOE. 
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SECTION 4 

RESERVOIR D E F I N I T I O N  

This section deals with research on some of the 

techniques used to define a reservoir such as well 

testing, tracer tests or logging research. Know- 

ledge of the reservoir is very important for the 

successful implementation of any enhanced oil 

recovery technique. SUPRI  research has focused on 

t w o  major directions this year: well testing and 

tracer test analysis. 



4.1 INTERPRETATION OF SIMULATED COMBUSTION FALLOFF TESTS 

M. Onyekonwu and J. Walsh 

ABSTRACT 

A study was made of methods f o r  determination of swept volume and the 

requi red  average temperature f o r  i n t e r p r e t a t i o n  of combustion f a l l o f f  data. A 

one-dimensional, semi-implicit  thermal s imulator  was used f o r  t h i s  study t o  

i n c l u d e  non-uniform r e s e r v o i r  temperature and va r i ab le  s a t u r a t i o n  e f f e c t s .  

The model assumed ins tantaneous  combustion and neglected sk in  and etorage 

e f f e c t s .  I n t e r p r e t a t i o n  of the  da ta  was based on the  f ind ing  t h a t ,  because of 

~11e very large c a a t r a s t  between the  conduct iv i ty  of gas i n  the  swept volume 

and t h a t  i n  the  unswept sand ahead, t r a n s i e n t  effects C~I IRPA by the awapt 

volume would be c h a r a c t e r i s t i c  of a sec t ion  of almost i n f i n i t e  permeability. 

Th i s  implied t h a t  the  t r a n s i t i o n  period c h a r a c t e r i s t i c s  of the  f a l l o f f  da ta  

w i l l  form a s t r a i g h t  Car tes ian  l i n e  whose s lope  w i l l  be r e l a t e d  t o  t h e  swept 

volume. This  fol lows from the  concept of "pseudo-steady" s t a t e .  

Resu l t s  obtained from the  a n a l y s i s  of simulated da ta  showed good agree- 

ment between. ca lcu la ted  swept volume and a c t u a l  swept volume. However, the  

swept volume was found t o  include both the  burned volumc and a l s o  the  steam- 

f i l l e d  region ahead of the  combustion f ront .  Thus a volume cor rec t ion  i s  

necessary  t o  r e l a t e  the  swept volume t o  the  burned volume. I n  add i t ion ,  

average temperatures wi th in  the  swept regions a r e  ca lcu la ted  s o  t h a t  the  

a p p r o p r i a t e  physical  p r o p e r t i e s  can be included i n  the  i n t e r p r e t a t i o n .  

Graphs which can be used t o  make these  co r rec t ions  a r e  presented f o r  use i n  

i n t e r p r e t i n g  s i m i l a r  f i e l d  f a l l f o f f  data.  Although a me-dimensional r a d i a l  

model was used f o r  t h i s  s tudy,  the  concept should apply i n  multi-dimensional 

cases  where g r a v i t y  over-ride is common. 

4.1.1 INTRODUCTION 

Pressure  f a l l o f f  t e s t i n g  c o n s i s t s  of shu t t ing  i n  an i n j e c t i o n  ell  and 

measuring the  bottom-hole pressure  with time. This test is the counterpart  of 

a pressure  build-up t e s t  i n  a production well. So, the  a n a l y s i s  of the  pres- 



sure-time- data in both tests are remarkably similar. But because of the 

injection mode of operation, pressure falloff has some unique characteristics. 

In secondary and tertiary recovery projects three major falloff situa- 

tions may arise: liquid injection, gas injection and alternate gas and liquid 

injection. The first two cases have been summarized by Kazemi 

et el. (1972) as follows: 

Liquid Injection Case 

1) Liquid injection before fillup 

2) Gas injection in aquifers for storage. 

Gas Injection Case 

1) Air injection as in in-situ combustion 

2) Gas injection in aquifers for storage. 

3) Gas injection for pressure maintenance. 

4) Gas injection in miscible displacement. 

5) Gas injection in gas cycling. 

For this study, we shall only consider pressure falloff for the case of air 

injection as in in-situ combustion. 

Pressure falloff has been used like other conventional tests to get 

information such as reservoir transmissibilities, storativity, skin factor and 

distance to discontinuities. Lately, there has also been great interest in 

using falloff test data to track fluid fronts and hence determine the swept 

volume in steam injection and in-situ combustion processes. In both cases, 

the swept volume is a critical economic parameter that permits calculation of 

the fuel concentration in a combustion test and heat loss in a steamflood. 

Van Poollen et al. (1965) have applied different concepts in using fall- - 
off data to estimate swept volume. These concepts are summarized below: 

1) Radius of investigation concept. 

2) Intersection method based on approximate analytical solution to 

a system with with radial discontinuity. 

3) Material balance ceneept. 

4) Pseudo-steady state concept. 

Recently, there has been great interest in using the pseudo-steady state 

concept. Because of the large contrast between the mobility of gas in the 

swept volume and the fluid in the unswept sand ahead of the front, it appeared 

to be reasonable that the transient effects caused by the swept volume would 



be c h a r a c t e r i s t i c  of a s e c t i o n  of very high t r ansmiss iv i ty  (kh/v). This f a c t  

was based upon f i e l d  observations t h a t  the  pressure  drop wi th in  the  swept 

volume of a combustion test was a t  most on the  order  of a f r a c t i o n  of a psi .  

Prom t h e  above, a t y p i c a l  f a l l o f f  curve w l l l  c o n s i s t  of an i n i t i a l  semilog 

s t r a i g h t  l i n e ,  a t r a n s i t i o n  period,  and f i n a l l y  a second semilog s t r a i g h t  

l i n e .  Due t o  t h e  mobi l i ty  c o n t r a s t  between the  swept and unawept zones, the  

t r a n s i t i o n  period w l l l  conta in  a s t r a i g h t  Car tes ian  l i n e  whose slope i s  

r e l a t e d  t o  the  swept volume. This fol lows from the  concept of pseudo-steady 

s t a t e .  Mangold e t  a l .  (1981) observed s i m i l a r  phenomena i n  t h e i r  study of 

geothermal r e s e r v o i r s .  They found t h a t  the  presence of zones of d i f f e r e n t  

temperatures i n  non-isothermal r e s e r v o i r s  may resemble permeabil i ty b a r r i e r s  

dur ing  well t e s t i n g .  

Van Poollen e t  a l .  (1965) have used d i f f e r e n t  models and methods t o  study 

t h e  ex i s t ence  of the  Car tes ian  s t r a i g h t  l ine .  Thei r  r e s u l t s  not  only 

confirmed the  ex i s t ence  of the pseudo-steady s t a t e  period but a l s o  showed t h a t  

t h e  swept volume c a l c u l a t e d  from the  Car tes i an  p l o t  is more accura te  than the  

one ca lcu la ted  using o t h e r  methods d e s p i t e  t h e  simple assumptions used i n  most 

models. Some of these  assumptions a r e  a s  fo l lovs :  

1) The f r o n t  is  sharp  and t h e  swept volume is f i l l e d  completely wlth gas. 

2) The r e s e r v o i r  temperature is  uniform. 

3) The r e s e r v o i r  f l u i d  has small and s l i g h t  compressibi l i ty.  

4) Other assumptions inherent  i n  t h e  Darcy's law. 

In  t h i s  s tudy,  our ob jec t ive  includce re l ex iag  t h e  above assumptions and 

i n v e s t i g a t i n g  more thoroughly the  pseudo-steady s t a t e  concept uslng thermal 

s imula tors .  I n  add i t ion ,  we s h a l l  d i scuss  the  t h e o r e t i c a l  aspects  of in - s i tu  

combustion p ressure  f a l l o f f  tests and present  a q u a n t i t a t i v e  a n a l y s i s  of 

s imulated f a l l o f f  da ta ,  We s h a l l  a l s o  present  a method fo r  analyzing f i e l d  

data.  

4.1.2 LITERATURE SURVEY 

The e a r l i e s t  papers on pressure f a l l o f f  tests were w r i t t e n  by Nowak 

et  a l .  (1955) and Hazehaoek - e t  a l .  (1958)r They analysed pressure f a l l o f f  

d a t a  obtained i n  water i n j e c t i o n  wel ls  t o  determine i n j e c t i o n  capacity,  forma- 

t i o n  damage and s t a t i c  pressure. Thei r  equations a r e  fundamentally s imi la r  t o  

t h e  conventional  p ressu re  buildup equat ions  published by Homer (19511, 

Matthews, Brons and Uazebroek (1954), and H i l l e r  - e t  a l .  (1950). Due t o  the  

n a t u r e  of t h e i r  system and the  information they wanted Nowak e t  a l .  (1955) 



analyzed only the early time data. They also assumed that the fluids in the 

system has same mobility. 

In the late fifties and early sixties, Carter et al. (1966) published - 
solutions to pressure behaviour in composite reservoir systems. Their 

interest was primarily in using the information to interpret reservoir limit 

tests and also to determine the reservior properties in each zone of the 

reservoir. Due to the mathematical nature of their solutions, they could not 

be used for the interpretation of pressure falloff data. 

Van Poollen (1965), in his first paper, became the first author to 

utilize the falloff data to seek another type of information--that is to find 

the fire front in an in-situ combustion project. Be used the concept of 

"radius of drainage" which would be a function of time. He related this 

"radius of drainage" (in an in-situ combustion process, this will be equal to 

the swept radius) to the time of deviation from the first semi-log straight 

line usually obtained during falloff tests. The results he obtained using 

this concept in some combustion projects compared favourably with the minimum 

front positions calculated using material balance. One shortcoming of this 

method is that the "radius of drainage" is hypothetical. It is an arbitrary 

number and may be defined as the distance beyond which the change in pressure 

will be only one percent of the change in pressure at the wellbore. Or, the 

"radius of drainage" is that point across which one percent of flow will occur 

when one hundred percent flows into the wellbore. In this way, many different 

definitions and equations (Table 1) have been given for the "radius of drain- 

age," but these are arbitrary numbers and not physical boundaries or locations 

of discontinuities. Another shortcoming in the use of this concept is an 

implicit assumption that the dimensionless time for which the deviation occur 

is a constant, but it is actually a function of mobility and diffusivity 

ratio. Merrill et al. (1974) considered this fact and modified the equations 

for the determination of distance to the discontinuity. Kazemi (1966) used 

the same concept in interpreting simulated falloff data. His numerical model 

considered the non-uniform reservoir temperature and the effects on reservoir 

properties. Results of his work showed that the burning front is not circular 

and the calculated distance to the front is an intermediate value between the 

nearest and farthest distances on the burning front. 

Bixel and Van Poollen (1967) solved the problem of a system wlth radial 

discontinuity using a finite difference method. They produced type curves of 



dimensionless time based on distance to the discontinuity and dimensionless 

pressure. The mobility ratio was used as a third parameter. They recommended 

the curve matching technique for the determination of the distance to the 

discontinuity. The problem in using this method for interpreting combustion 

falloff data is the non-uniqueness caused by the non-uniform reservoir temper- 

ature. This and other problems have been discussed by Kazemi, Herrill and 

Jargon ( 1972). 

At this stage, it was becoming apparent to Ramey (1972) and Odeh (1969) 

that a shut-in well in a composite system will exhibit an initial semilog 

straight line, then a transition followed by a second semilog straight line. 

The initial semilog straight line will reflect characteristics of the reser- 

voir closest to the well while the second semilog straight line will reflect 

characteristics of the reservoir farthest from the well. Also, the time 

corresponding to the point of intersection of the two semilog straight lines 

will depend on the distance to the discontinuity. Ramey (1970) produced a 

usable approximate solution for unsteady liquid flow in composite reservoirs. 

From the approximate solution he found that the ,distance to the discontinuity 

is related to the time of deviation as follows: 

Odeh (1969) solved a similar problem for a case of equal storativity 

( Ct ) in both regions. Ris equation which is a degenerate form of equation 1 

is given below: 

* Nomenclature is given at the end of text 

4.6 



The intersection method for determining the distance to the discontinuity 

will work if the correct semilog straight lines, mobility and diffusivity 

ratios are used. The first semilog straight line is usually affected by 

afterflow and skin while the second semilog straight line is affected by the 

ratio of the distance to the discontinuity to the reservoir drainage radius, 

and the mobility and diffusivity ratios. Sosa and Raghavan (198.1) investi- 

gated some of the factors affecting the semilog straight lines. These factors 

have made it difficult for the intersection method to be used extensively. 

A new method for determination was developed by Eggenschwiler et al. 

(1979) at Stanford University. This method was based on the fact that due to 

very large contrast between the conductivity of gas in the swept volume and 

that in the unswept volume ahead of the front, it appeared reasonable that the 

transient effects caused by the swept volume would be characteristic of a 

section of very high transmissivity Thus a typical falloff curve will consist 

of an initial semilog straight line, a transition period, and finally a second 

semilog straight line. Due to the high transmissivity behaviour exhibited by 

the gas in the swept zone, the transition period will contain a pseudo- 

steady state straight Cartesian line whose slope is related to the swept 

volume. This relationship which is derived from material balance is given as 

follows in oil field units: 

The application of this concept had been the subject of study by Onyekonwu and 

Borne (1983), Walsh et al. ( ), and Tang et al. (1982). This research focuses 

on the theory and application of this concept to actual data for which some of 

the assumptions made by E~p;enschwlller et al. (1979) in their two zone model 

may not necessarily be true. For this purpose thermal simulators wlll be used 

for a better appreciation of the problem. Details about our objectives are 

stated in the next section of the report. 



TABLE 1 

REFERENCES 

Jones 

RADIUS OF DRAINAGE 

CGS UNITS FIELD UNITS 

Tek et al. 4m29J(kt)l(~vc) J(kt)l(9O~c) 

Hutchinson et al. 1.5J(kt)]( $PC) 

Hurst 2.6408J(kt)/( +PC) 

Van Poollen 2J(kt)/(+vc) 

4.1.3 STATEMENT OF THE PROBLEM 

The model used by Eggenschwiler et al. ( 1979) is a two-zone model shown 

in Figure 1. Some of the assumptions implicit in their model include: 

1) The formation is horizontal, homogeneous, and of uniform thickness. 

2) The swept volume contains only gas while the unswept region contains oil. 

3) The front is of infinitesimal thickness. 

4) Plow is radial, and gravity and capillary effects are negligible. 

5 )  The flow was considered stationary during the falloff testing period. 

6 )  The gas in the swept region behaves iike a fluid of slight but constant 

compressibility. 

7) The front interface is sharp and constitutes an isopotential eurface. 

8) The reservoir is at uniform temperature. 

9) Other assumptions made in the Darcy'e law. 

In an actual in-situ combustion process, some of the assumptions will 

cease to hold. The reservoir temperature will be non-uniform and the diffus- 

ivity terms in the diffusivity equations used by Eggenschwiler et al. (1979) 

will no longer be constants. Also the front will not only cease to be sharp 



but the  region ahead of the  f r o n t  w i l l  a l s o  contain gas even i n  cases where 

g r a v i t y  e f f e c t s  a r e  neglected. For cases  with g r a v i t y  overr ide  o r  underride,  

t h e  f r o n t  i n t e r f a c e  w i l l  cease t o  be an i s o p o t e n t i a l  surface.  And l a s t l y ,  gas 

which was handled l i k e  f l u i d  of s l i g h t  compress ib i l i ty  has considerable 

compress ib i l i ty .  

Prom the  foregoing, our ob jec t ives  i n  t h i s  s tudy a r e  a s  follows: 

1) To i n v e s t i g a t e  the  e f f e c t s  of the  non- l inear i ty  introduced i n  t h e  

fundamental equatf ons by the  non-unif o m  r e s e r v o i r  temperature. 

2) To determine the average temperature t h a t  should be used i n  the  

i n t e r p r e t a t i o n  of combustion f a l l o f f  data. 

3) To determine the r e l a t i o n s h i p  between the  swept volume and burned volume. 

4) To produce cor rec t ion  c h a r t s  f o r  cases where concept does not  i d e a l l y  

apply - 
5 )  To review the  f a l l o f f  t e s t  theory a s  it app l i e s  t o  combustion cases. ' 

I n  t h i s  s tudy,  thermal s imula tors  w i l l  be used s o  t h a t  most of the  

assumptions in the  a n a l y t i c a l  model w i l l  be relaxed. 

4.104 DISCUSSION 

Although t h i s  is a continuing research ,  the  following f ind ings  have been 

made : 

1) The pseudo-steady s t a t e  method works when the  r i g h t  condi t ions  e x i s t .  

That is,  the  sharp c o n t r a s t  of p roper t i e s  e x i s t s  across  the  boundaries of 

flow. 

2)  The swept volume was found t o  inc lude  both the  burned volume and a l s o  the  

steam f i l l e d  region (vapor iza t ion  zone) ahead of the  combustion f ron t .  

3)  The temperature required f o r  the  i n t e r p r e t a t i o n  of the  da ta  is  not the  

average temperature based on energy balance. 
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NOME NCLATURE 
gas formation volume factor, (res. vol.)/(std. vol.) 
system total compressibilty, psi'1 
permeability, md. 
mobility ratio between zone 1 and zone 2 
slope of linear portion of cartesian plot of pressure 
transient data, psi/day 
slope of linear portion of semilog plot of pressure transient 
data, psileycle. 
dfmensionless radf n l  4f~tance to the discontinuity 
time, hre. 
dimensionless intersection time for the two semilog straight 
lines in the tvo zone system. 

ewept volume, ft. 
flow rate, or injection rate, etb/day 
dif fusivity , (md-psi)/cp 
porosity, fraction 
viscosity, cp. 
mobility, rndlcp. 

SUBSCRIPTS 

1 * zone 1 (inner zone) 
2 = zone 2 (outer zone) 



4.2 PULSE TESTING IN THE PRESENCE OF WELLBORE STORAGE AND SKIN EFFECTS 

D. Ogbe 

A pulse test is conducted by creating a series of short-time pressure 

transients in an active (pulsing) well and recording the observed pressure 

response at an observation (responding) wll. Using the pressure response and 

flow rate data, the transmissivity (kh/u) and storativity (+cth) of the tested 

formation can be determined. 

Like any other pressure transient data, the pulse-test response is 

significantly influenced by wellbore storage and skin effects. At present 

there is no systematic study showing how to analyze storage-dominated pulse- 

test data. The purpose of this research is to examine the influence of well- 

bore storage and skin effects on interference testing in general and on pulse- 

testing in particular, and to present the type curves and procedures for 

designing and analyzing pulse-test data when wellbore .storage and skin effects 

are active at either the responding well or the pulsing -11. 

A aiathematical model for interference testing was developed by solving the 

diffusivity equation for radial flow of a single-phase, slightly compressible 

fluid in an infinitely large, homogeneous reservoir. The equations, which 

include wellbore. storage and skin effects at both the active and observation 

wells, were superposed in time to obtain the pulse-test response due to a peri- 

odic pulsing of the reservoir. 

When wellbore storage and skin effects are present in a pulse test, the 

observed response amplitude is attenuated and the time lag is inflated. Conse- 

quently, neglecting wellbore storage and skin effects in a pulse test causes 

the calculated storativity to be overestimated and the transmissivity to be 

under-estimared. The error can be as hlgh as 30 percent. 

New correlations and procedures are developed for correcting the pulse 

response amplitude and time lag for storage and skin effects. Using these 

correlations, it is possible to correct the wellbore storage-dominated response 



ampli tude and time l a g  t o  wi th in  3 percent  of t h e i r  expected values i f  no well- 

bore s to rage  had been p resen t ,  and i n  t u r n  t o  c a l c u l a t e  the  corresponding 

t r a n s m i s s i v i t y  and s t o r a t i v i t y  Worked examples a r e  presented t o  i l l u s t r a t e  how 

t o  use the  new c o r r e c t i o n  techniques. 

Numerous type curves a r e  a l s o  provided f o r  analyzing in te r fe rence  t e s t  

d a t a  a f f e c t e d  by wellbore s to rage  and sk in  e f f e c t s .  

The f i n a l  d e t a i l e d  r e s u l t s  of t h i s  s tudy is i n  prepara t ion  and w i l l  be 

published under the  t i t l e ,  "Pulse Tes t ing  i n  Wells with Storage and Skin." by 

D. Ogbe and We E. Brigham. 



4.3 SINGLE WELL TRACER TEST INTERPRETATION 

E. Antunez 

This p ro jec t  deals  with the ana lys i s  of s ing le  well t r a c e r  data. I n  t h i s  

type of t e s t  a  t r a c e r  is in jec ted  i n  a  well ,  followed by br ine  and the  well i s  

closed t o  al low react ion  of in jec ted  t r a c e r  (primary t r a c e r )  with formation 

f l u i d s .  A secondary t r a c e r  bank i s  formed by the react ion.  The production 

curves of the primary and secondary t r a c e r  banks give the  r e s idua l  o i l  satura-  

t i o n  around the well t e s t ed .  In  order  t o  s impl i fy  the ana lys i s  of each t e s t  a 

mathematical model decribing the  behavior of the  t r a c e r s  has been developed. 

From the  ana lys i s  of the  e f f e c t  of d i spe r s ion  and reac t ion  constants ,  time of 

i n j e c t i o n ,  equil ibrium d i s t r i b u t i o n  c o e f f i c i e n t ,  shut-in time, i n j e c t i o n  and 

production r a t e s ,  on the t e s t ,  it was observed t h a t ,  a s  expected, equil ibrium 

d i s t r i b u t i o n  c o e f f i c i e n t s  a r e  the  most c r i t i c a l  parameter on the  t e s t .  I t  was 

a l s o  observed t h a t  separa t ion  of the  peaks of concentrat ion of primary and 

secondary t r a c e r s  =re  a f fec ted  by absorption,  d ispers ion ,  shut-in time and the  

r a t i o  of t o t a l  volume in jec ted  t o  volume of the  s lug  containing the  primary 

t r a c e r .  The separa t ion  of the peaks, a s  expected, was independent of in jec ted  

concentrat ion of primary t r a c e r ,  r eac t ion  r a t e  constant  and flow r a t e s  ( in jec-  

t i o n  and product ion). 

S e t s  of graphs including the  above mentioned parameters a r e  being pre- 

pared. 

The p lo t8  were developed f o r  a  l i n e a r  case and f o r  the  user  convenience. 

They a r e  p lo t ted  as r a t i o  of separa t ion  of the  peaks of concentrat ion versus 

constant  of d ispers ion  of the  system. I t  is shown t h a t  the  use of these l i n e a r  

case c h a r t s  is  va l id  t o  es t imate  the r e s idua l  o i l  s a t u r a t i o n  of a  r a d i a l  system 

whenever the  d i s p e r s i v i t y  constant  of the  r a d i a l  system is  corrected by a fac- 
. . 

t o r  413. 

A l l  the  d e t a i l s  of the  de r iva t ion  as  well as the cha r t s  and computer pro- 

grams w i l l  soon be ava i l ab le  i n  a  repor t  e n t i t l e d ,  "Single Well 'Tracer  Test  

I n t e r p r e t a t i o n , "  now i n  preparat ion.  



4.4. TRACER STUDIES FOR NON-UNIT MOBILITY RATIO 

S. Brown 

4.4.1 INTRODUCTION 

This  i s  the  annual r epor t  f o r  well-to-well t r a c e r s  with mobil i ty r a t i o s  

d i f f e r e n t  from the  one being researched by Susan Brown. This r epor t  covers the 

work done between September 30, 1982 and September 30, 1983. During t h i s  time 

t l ~ e  bulk of rhe r e sea rch  has been condr~cting a l i t e r a t u r e  review and learulug 

va r ious  mathematical procedures used i n  developing simulat ion methods. F i r s t ,  

a  b r i e f  summary of important pepers found i n  the  petroleum l i t e r a t u r e  w i l l  be 

given. Next, work done a t  Stanford by Toshiyuki Kluchi and Roland Horne w l l l  

be reviewed leading t o  work on o the r  papers i n  the  mathematics l i t e r a t u r e  now 

being examined. F i n a l l y ,  a  note an the  d i r e c t i o n  of t h i s  p ro jec t  all be pro- 

vided. 

404.2 STATEMENT OF PROBLEM 

Abbaszadeh and Brigham (1983) presented a new approach t o  t r a c e r  t e s t  

ana lys i s .  Tracer flow was described by mixing equations and flow i n  a stream- 

tube  f o r  mobi l i ty  r a t i o  of one sad repeated w e l l  pot terna.  The equations 

obta ined f o r  concentra t ion  of t r a c e r  were a complex funct ion  of mixing para- 

meters ,  r e s e r v o i r  parameters,  the  amount of t r a c e r  and f l u i d s  in jec ted ,  and the  

shape of t h e  streamtubes. Corre la t ions  developed by Abbaszadeh and Brigham 

allowed a l l  a n a l y s i s  t o  be done wlth one optimising program vhich needs only 

t h e  type of well p a t t e r n ,  amount of f lu id  prodrrt=.ed end corresponding coneen- 

t r a t i o n  of t r a c e r .  The r e s e r v o i r  was assumed t o  a c t  a s  a  s e r i e s  of l a y e r s  with 

d i f f e r e n t  permeabi l i t ies .  Each l a y e r  cont r ibuted  t o  the  peaks from the  tracer 

data.  Using the  a n a l y t i c a l  equations,  e f i t  through the  da ta  was made based on 

an  es t imated  number of layers .  Matches were made f o r  f i e l d  da ta  and were very 

good. Prom t h i s  f i t ,  (porosity-thickness)/(sum of poros i ty  th ickness)  and 

(permeabilty-thickness)/( sum of permeabil i ty-thickness)  f o r  each l a y e r  were 

ca lcu la ted .  This  work w i l l  provide the  s t a r t i n g  point  f o r  the  more complex 

problem which does not assume u n i t - u ~ o b i l i t y  r a t i o .  



The non-unit mobi l i ty  case cannot be solved a n a l y t i c a l l y  because stream- 

tubes change shape a s  a funct ion  of loca t ion  of the displaced f ron t .  There- 

fo re ,  t o  so lve  the  f l u i d  f low equations,  numerical methods must be used. The 

accuracy of the  numerical  method chosen is important because t h e  smearing of 

the  f r o n t  caused by numerical d i spe r s ion  could completely meek the  loca t ion  of 

t r a c e r .  Also, i n  two dimensions many numerical techniques become unstable.  

To analyze t r a c e r  flow with non-unit mobil i ty r a t i o ,  a very accura te  f ron t  

t r ack ing  rou t ine  must be found o r  developed. Once such a rou t ine  is chosen, 

the  mixing equations and p a t t e r n  c o r r e l a t i o n s  derived by Abbaszadeh and 

~ r i ~ h a n '  can be incorporated i n t o  the  program. This w i l l  provide a complete 

desc r ip t ion  of t r a c e r  flow. Several f r o n t  t racking models have been developed 

using d i f f e r e n t  numerical methods. By studying these  methods, a b e t t e r  under- 

s tanding of which models a r e  appropr ia te  can be made. 

4 4 3 PAPERS FROM PETROLEUM LITERATURE 

Many papers descr ib ing numerical methods f o r  t h e  convection-diffusion 

equation have appeared i n  the  petroleum l i t e r a t u r e  and elsewhere. Besides 

numerical d i spe r s ion ,  o the r  e r r o r s  a r e  associa ted  with f i n i t e  d i f ferences .  A l l  

f i n i t e  d i f f e rence  approximations have a t r u c a t i o n  e r ro r .  Lantz ( 197 1) quanti- 

f i e d  t h i s  e r r o r  and provided a method t o  choose block s i z e  and time s t e p  s i z e  

t o  minimize the  t o t a l  e r r o r  of a d i f f e rence  approximation. This enables an 

es t imate  of the  expected e r r o r ,  which i n d i c a t e s  the  accuracy of the  so lu t ion  

developed. 

A program commonly used f o r  water flood c a l c u l a t i o n s  was presented by 

HiggSns and Leighton (1962). This program assumed s t reamlines  were independent 

of mobil i ty r a t i o  and f l u i d  flow followed Buckley-Leverett theory. Agreement 

with published experimental da ta  was shown. However, Abbaszadeh and Brigham 

reviewed t h i s  da ta  and found the  ca lcu la ted  breakthrough a r e a l  sweep e f f i c i en -  

c i e s  using the  procedure were incor rec t .  

A two dimensional miscible flow model using f i r s t  order  f i n i t e  d i f f e r -  

encing was presented by Peaceman and Rachford (1962). Gravity, s p a t i a l  permea- 

b i l i t i e s ,  d i f fus ion ,  v i s c o s i t y  and dens i ty  terms were considered i n  t h i s  analy- 

sis. Also, s p e c i a l  f e a t u r e s  uere introduced t o  t r a n s f e r  overshoot, provide a 

random permeabil i ty d i s t r i b u t i o n ,  and model f ingers .  Comparisons with labora- 

to ry  cbtained f r a c t i o n a l  flow curves improved with these  f e a t u r e s  but e r r o r s  

uere incurred f o r  mobil i ty r a t i o s  g r e a t e r  than one. 



Because of the errors associated with the simple finite difference tech- 

niques, changing values with parameters rather than time steps have been pro- 

posed by Nolan and Berry (1972) and Larson (1982). A semi-implicit scheme for 

permeabilities with time-step sensitivity reduction was proposed by Nolan and 

Berry (1972). An iteration on the non-linear terms of the convection-diffusion 

equations provided the insensitivity to time step size. Numerical dispersion 

still existed for a sharp front but the method was shown to be extremely stable , 
in two dimensions. Another method, variably timed flux updating (VTU) was 

suggested by Larson. Instead of updating the flux every time step, it was 

changed by new values of concentration velocity. This ensured fronts would be 

propagated more accurately. Changing streamtubes were obtained by varying grid 

block boundaries. Results from VTU have less numerical dispersion than finite 

differences changed by equal time steps. 

A different finite difference technique, two-point upstream weighting, was 

explored by Todd, et al. (1972). This method was shown to be superior to one- 

point or central differencing, although near sharp fronts single point differ- 

encing was used. A stability analysis was provided and from it an automatic 

time step routine was written which aids accuracy. 

Finite differences can be written aiong streamtubes instead of on a f i x e d  

grid using the method of characteristics. Garder, et al. (1964) developed a 

miscible model which used a moving point grid and finite differencing for the 

mixing equations. This method works very well for mobi'lity ratio of one where 

the front can be found exactly from the eharacterietics. A comparlclou wlLh 

laboratory data showed a fair agreement although reservoir parameters were 

varied to obtain a match. 

Another method proposed to more accurately produce fronts was presented by 

Concus and Proskurowski ( 1979).  his procedure, the random choice method, 

divides each time step into half steps. For each point, a random sample.of 

surrounding points is taken to obtain the new concentration values. In two 

dimensions this method is called time-splitting. P r o m  (1971) suggested an 

alternative to time-splitting by forming finite differences which include 

cross-derivatives. The advantage of both these methods is the fluid can flow 

across grid biocks. 

A combination of the method of characteristics and the random choice 

method was developed by Glimm and Glimm, et al. ( 198 1). Solutions are claimed 

to compare well with experimental studies f o r  mobility ratios between 0.2 and 



5. However, f o r  mob i l i t y  r a t i o s  g r e a t e r  than  f i v e  the  numerical method began 

t o  be uns tab le .  Higher mob i l i t y  r a t i o s  were s imulated by. propagat ing f inge r s .  

Another numerical technique uses  t he  f i n i t e  element concept. P r i c e ,  et 
a l .  (1968) and S a t t a r i ,  e t  a l .  (1977) presented  equa t ions  us ing  higher  o rde r  - 
f i n i t e  d i f f e r e n c e  elements. I n  t h e s e  two papers ,  t h i s  method was compared t o  

c e n t r a l  and non-central f i n i t e  d i f f e r e n c e  s o l u t i o n s .  The v a r i a t i o n a l  method 

had much l e s s  d i s p e r s i o n  of the  f r o n t  and behaved as expected f o r  high mobi.l i ty 

r a t i o s .  S a t t a r i ,  e t  a l .  (1977) suggested t h a t  s i m i l a r  r e s u l t s  might be 

obtained with h igher  order  f i n i t e  d i f f e r e n c e  equat ions.  

A t  S tanford  t h e r e  has been i n t e r e s t  i n  developing h igher  o rde r  f i n i t e  

d i f f e r e n c e  equat ions.  The next s e c t i o n  desc r ibes  one of these  methods. 

4.4.4 TOSHIYUKI KIUCHI'S MASTER'S REPORT 

Working with Roland Horne, Toshiyuki Kiuchi  developed a new higher  order  f i n i t e  

d i f f e r e n c e  method which could be used i n  petroleum engineer ing  s imula t ions .  

Kiuchi (1983) went through the  mathematical l i t e r a t u r e  and developed a +poin t  

scheme based on an  ex tens ion  of t he  Babuska-Marchuk method which is a 3-point 

scheme. 

The 3-point  scheme i s  a f o u r t h  o r d e r  d i f f e r e n c e  which formulated an 

i m p l i c i t  r e l a t i o n s h i p  between t h e  unknown parameters  and each s p a t i a l  de r i -  

v a t i v e  o r  the  d i f f e r e n t i a l  opera tor .  These f i n i t e  d i f f e r e n c e s  a r e  c a l l e d  O C I ,  

ope ra to r  compact i m p l i c i t  methods. Various mathematical t echniques  can be used 

t o  connect t he  va lues  of the  func t ions  and d e r i v a t i v e s  a t  ad junc t  po in ts .  This  

l e a d s  t o  t h e  formula t ion  of the  9-point scheme. 

Kiuchi gene ra l i zed  t h e  Babuska-Marchuk method for i r r e g u l a r  g r i d  

systems.. I n  Ca r t e s i an  coord ina t e s  t h e  O C I  formula is: 





Similar equations were developed for  cy l indr ica l  coordinates.  

Kiuchl exended t h i s  method t o  two dimensions and obtained a 9-poLnt 

e cheme , 

vhtre 







Kiuchi used the one dimensional equations in two-petroleum applications, 

pressure drawdown and Buckley-Leverett displacement, For the pressure 

drawdown, the OCI scheme converged quickly, even for fine grid sizes. Also 

trying four different block boundaries with the OCI scheme generated pressures 

equal to the fifth decimal place. 

The Buckley-Leverett flow problem was selected to test the OCI method 

combined with Newton iteration, The non-linear term was handled by a semi- 

implicit method. The interface mobility interpolation is a key to accuracy and 

stability in Buckley-Leverett numerical models so upstream weighting schemes 

were used. For negligible capillary pressure effects the OCI method is 

virtually identical to the conventional three point scheme. As diffusion is 

introduced the OCI method becomes superior. 

Although Kiuchi developed the.equations for an OCI two dimensional scheme, 

he did not obtain a stable computer model based on these equations. At 

present, the papers Kuichi used to develop his scheme are being examined and 

his equations checked , 

4 , 4.5 PAPERS FROM MATHEMATICS 

A general text was reviewed, Collatz (1960), for an understanding of 

Hermitean formulation of differential equations since this is the basis of the 

OCI work. The Hemitian formula is used because it defines finite differences 

which are more accurate than those determined through more usual means such as 

Taylor series expaa6ions. They are more accurate because the difference equa- 

tion found is based on a derivation of the differential equation which requires 

satisfaction of several points rather than one. A generalization of Taylor's 

theorem is used with a linear combination of the function and' its derivatives 

a t  pivot points and choosing appropriate weighting factors. Collatz shows 

general formulation of the difference equations and describes how to choose 

pivots for various boundary conditions. 

Osborne (1962) described the two errors found in the development of finite 

differences through polynomial interpolation. These errors are: (1) the quad- 

rature error, and (2) the interpolation error. Of these, the quadrature error 

is dominate. Osborne formulated the finite differences by fitting an iuterpo- 

lation polynomial to the function and using this polynomial to form the differ- 

ence equation. The error equations are described and suggestions for improve- 

ment noted. 



Lynch and Rice (1980) developed a high-accuracy finite difference method 

for linear ordinary differential equations based on solving a small local 

linear system and again going from polynomial fits to difference equations. 

Several other papers must be understood before the two dimensional 

analysis set forth by Kiuchi can be redone. That is the first step in this 

study: the next is to develop the two dimensional computer program based on 

these equations. Mathematically this method should not have the divergence 

problems Kiuchi experienced. If this technique proves as accurate in the com- 

puter model as indicated mathematically then a full tracer model will be devel- 

oped using it to describe the needed differential equations. 
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SECTION 5 

FIELD SUPPORT SERVICES 

I n  add i t ion  t o  meeting wlth SUPRI I n d u s t r i a l  

Advisory Committee, SUPRI has been a c t i v e  i n  

support of a  f i e l d  experiment on steam i n j e c t i o n  

with in - s i tu  foaming . This experiment is  

described under i ts  own annual r epor t  f o r  the  DOE 

AC03 805F 11445.  Two eimulat ion s t u d i e s  were 

performed i n  order t o  he lp  i n  f i e l d  problems 

f requent ly  encountered by the o i l  industry.  



5 1 ANALYSIS  OF A STREAMLINE MODEL FOR WATER FLOODING 

R. Breitenbach 

This  r e p o r t  examiner t h e  Program SlRMLN, a  r t r e r m l i n e  model f o r  

r r t e r f l o o d i n g ,  developed by P r o f e r r o r  Camdle'r l r o u p  r t  t h e  Univers i ty  of  

Texas a t  Austin. 

The s t r e a m l i n e  model i s  brsed on t h e  r t r e r a  o r  f low l i n e s  8enerr ted  

by the  l i n e  rource  and l i n e  r i n k  r o l u t i o n s  t o  the  d i f f u s i r i t y  equation. 

Each a t reaml ine  r e p r e s e n t s  r channel of flow, t h e  v e l o c i t y  of  t h e  f l u i d  

f low w i t h i n  each chrnnel  b e i n s  a func t ion  of t h e  m o b i l i t y  d i r t t i b u t i o n  

a long i t s  path. Through the  use of i m r ~ e  w e l l  techniques, r e r e m o i r  

boundar ies  a r c  m r t h e m r t i c r l l p  prodnced, thus  conf in ing t h e  f l o w l i n r s  

between i n j e c t o r  .ad  producer. n i s  makes t h e  program e a s i l y  r d r p t r b l e  t o  

a r b i t r a r y  r e s e r v o i r  rh rpes  and w e l l  pa t t e rns .  

Becruse this ae thod  focuser  csmplete lp  on t h e  f l o i d  and no t  t h e  

medium i n  which i t  f lows,  8 r o s r  r i m p l i f i c r t i o n a  a r e  required.  Tberr 

r i m p l i f  i c r t i o n s  being insompresr ib le  flow i n  r homogeneous r r s e i ~ o i r  of 

c o n s t a n t  thickness.  l h i s  program the re fo re  i s  a  meeting po in t  between a  

more complex 3-D commercirl r i m u l r t o r  and s imple  hand c r l c u l r t i o n s .  

The purpose of t h i s  r e p o r t  war t o  obta in ,  imp1 ement, document, and 

compare the prolram, For comprr i son~  the q u e r t i o n  of a  model's r r l i a t i l  i t y  

t o  a c c u r r t e l y  r i m u l r t e  8 r e r e m o i r  and the re fo re  be f i t  8s  r b a s i s  f o r  

comparison, r a y  a r i s e .  I n t u i t i v e l y ,  f l o i d  flow models sboold be the  most 

r e l i r b l e  r i n c e  they r i m u l r t e  i n  e n t i r e t y  the  onsterdy s t a t e  d ispl rcemsut  

of  one f l o i d  by another. Becrast  of t h i s ,  t h e  misoible  d i s p l r c e s c n t  d a t a  

ob ta ined  by Dyes, Candle, and Erickson (1954) and the  exac t  eo lo t ion  8s 

de t e r a  insd by Yrfihsood Abbrrzaden-Dehghani (1982) a r e  ured. Baring r r e r l  





Since the development of t h i s  program, several  master r epo r t s  have 

been performed, Rust (1972) osed the program t o  study o i l  bank build-up 

i n  a waterflood. Rust concluded t h a t  r a t e r f lood  response i n  production 

w e l l s  was d i r e c t l y  dependent upon the s ize ,  shape, and movement of o i l  

banks throughout the system. Rust a l s o  found t h a t  the  use of s t reamlioes  

f o r  amity mobil i ty  r a t i o  a s  the path l i n e s  f o r  non-unity mobil i ty  r a t i o s  

t o  be a reasonable approximation. 

Nelson (1973) checked the simulators'  possible  appl ica t ions  t o  

r e se rvo i r s  hro3ng horizontal  and v e r t i c a l  va r i a t i oa r  An psrmembility. 

Nelson found t h a t  l a t e r a l  permeabili ty va r i a t i ons  caured the streamline 

model t o  pred ic t  i n r c c ~ a t e l y ,  the pos i t ion  of these r a r i r t i o n s  

inf luencina the magnitude of error. These conclusi6nr though were based 

upon a laboratory model comparison having a l a t e r a l  permeabi l i ty  r a t i o  

change of 24 fold.  

Vessels (1973) looked a t  the streamline models appl ica t ion  t o  

r e se rvo i r s  having va r i a t i ons  i n  formation thickness. l e s s e l s  found tha t  

the  model predicted s a t i s f a c t o r i l y  the sccoeery psrfermance of r e a c t r o i r s  

exhib i t ing  ~ r a d u a l  v a r i a  t ions  i n  thicknesg. Fax hr s prrrposr?~, g sdur I vbr18f  Inn mans a 

change i n  thickness between adjacent wel l s  not exceeding a f a c t o r  of 

three.  Tbese conclusions were a l so  drawn from an experimental model 

comparison. 

Bone (1973) adopted the streamline model t o  s imulate  an in-situ 

combustion process. The r e s u l t s  of the study rhor  t ha t  tho rtfeamtine 

model can be osed t o  study the e f f ec t s  of v.rArb1ea on tha in-rito 

combustion prooess. The streamline model was able  t o  determine the 



loca t ion  of the burnfront, the accuracy being dependeat upon t h e  .accuracy 

of the input data,  and the  bomoaenity of the  reaomoir .  

5.1.3 THE MATHEMATICAL THEORY 

BEHIND THE STREAMLINE MODEL 

To der ive the  l i n e  source and l i n e  r i d  ao lo t ions  t o  t h o  

d i f f u s i v i t y  equation used i n  t h i s  model, the  f o l l o r i n g  de r iva t i on  w i l l  

begin with  the Law of Conservation of Mars. This  law may be e a s i l y  

w r i t t e n  f o r  one dimension a s  

Mass Flow I n  - Mass F l w  Chit - Ac~umulation 

This equation must be t rue  f o r  each component i n  the r o s e r r o i r  

f lu ids .  Rearranging the above equation r e  l e t  

Next, by taking the  l i m i t  a s  Ax->o, we ob ta in  

This equation w r i t t e n  i n  three  dimensions i s  b o r n  a s  the  cont inu i ty  

equation. 







the constants o f  intenration become 

Substituting the eonstints of intelrstion back into the origiaal aqoation 

To obtain the potential lradient in the radial direction, t o  take the 

derivative of pressure "pO' with respect to the radios *'re'. 

Substituting (3-16) back into Darcp's Law for radial flow with the u e a  

"A" being equal to 2nrh. 

men by mubstituting t h i i  expressioa back into aquation (3-151, the scs~lt 

be come s 



Transforming equation (3-18) back into Cartesian coordinates resofts in 

This equation is the line source and line sink rolotion for ma 

iacoapressible fluid at the point (x,y). If it is desired to obtain the 

pressure at a point using another reference position, it is only necessary 

to substitute (x'zi) and (y-yi) for ' 'x8'  and "y" respectively; "xi', 

and 'aYi'' being the new reference position. 

To apply this equation to a multi-well system, the principles of 

roperposition are used. lhis principle atates simply that the gresrure 

distribution at any point is equal to the sum of the contributions of each 

re11 in the liven system. Hathematica1ly this principle may be shorn as 



5.1.4 STREAMLINE GENERATION 

Since the bracket por t ion of equation (3-19) i s  a  constant. t h i r  

equation may be w r i t t e n  i n  a  more generalired form. 

The gradients  i n  the  "x" and "y" d i r ec t ion  being 

Applying Darcy'r Law, t h e  v e l o c i t y  i n  t h e  **xo@ and *'y" d i r e c t i o n s  a t  

any point  may be ca lca la ted  by 

TO spply there f l u i d  ve loc i ty  equations t o  a  rystem of wel ls ,  tho 

p r i n c i p l e  of soperpot i t ion  i s  again applied. 





5 1.6 PROGRAM NOTES AND LIMITATIONS 

An obvious l i m i t a t i o n  of the streamline model iu the # t o r s  

r imp l i ca t ions  necessary i n  i t s  development. The most accurate  

app l i ca t ion  f o r  t h i s  program i s  tho simulation of steady r t a t e  flow of 

incompressible f l u i d s  having 8 .mobili ty r a t i o  of on. i n  8 homo8onou., 

i s o t r o p i c  reserpoi r  of constant thicknmsi. Asy va r i a t i on  from t h i s  rode1 

rill produce somerhat inaccurate resul ts .  The e r r o r  involved depends on 

t h e  r e l a t i v e  s i z e  of the parametor deviated. 

When applying t h i s  program t o  8 r e r l i r t i c  h e t e r o ~ e o u s  rrsmrvoir, 

these s imp l i f i ca t ions  and t h e i r  e f f ec t8  on the cmlc~lrted output moat be 

kept i n  mind. I f  the  aalculated r e s u l t s  a r e  put i n  t h i s  perspoctivo, 

t h e i r  app l i c r t i ons  i n  developing engineerin8 decis ions  a r e  numaroua. 

When at tempting t o  roo the program, it was found t h a t  i t s  

execution was extremely sens i t ive  t o  the input da ta  i t  received. I )p  

assigning c e r t a i n  +slues equal t o  zero, c f l oa t ing  poiat d iv i s ion  by toso  

l i m i t  was exceeded. This, i n  torn, caused the imaediat* terminat ion of 

program exaootion. Thir  error f i r r r  bbcamo evident wbile t ry ing  t o  s e t  

#as s a tu ra t ion  and mobi l i ty  equal t o  zero. The problem of d iv i s ion  by 

zero  may be e a s i l y  sidetracked thoulh by r o t t i n g  the  ra lues  of i n t e r e s t  

near  zero. This allows the program t o  execute s roo tb ly  r i t h  the  same 

r e l a t i v e  accuracy. Values t o  avoid while running the p r o l r m  are: 

SVC and SO1 0 0 







FELL NO, 

TABLE 1 

VATEB DATA USED FOR FIVE-SPOT ANALXSIS 

TPPE X-COORDINATE X-COORDINAq ( S W D A Y  1 

Production 250 .O 

Inj ection 25 .O 

Injection 25 -0 

Injection 

Injection 
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Image 

Image 

Image 

Image 

Image 

Image 

Image 

Image 

Image 

Image 

Image 
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h a  80 
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&rro 
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TABLE 2 

SWEEP EFFICI~CP FOB POBE VOLUMES 
FLUID INJECX'ED AT A MOBILITY BAT10 EQUAL TO 063E 







TABLE 3 

SWEEP EFFICIPJCX FOR POBE VOLUMES 
mum INJECTED AT DIFFEBENT MOBILITP B A ~ S  
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Experimental Data 
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Initialization 

Comment s 

Initialize Data Structures 

First Fivo Dats Cards Read In 

Production Vell Data Bead In 

Injection Well Dta Bead In 

Image Vell Data Bead In 

Boundary Points Read In 

Time Chanre, Hostha Tu PYJR 
Ini tial Gas Saturation Calculated 

Injection Vell Data Title, Rtintod 

Total Fluid Injection Calculrted 

Total Fluid Production Calculated 

Production Well Data Titles Printed 

Net Fluids Balanced 

Saturation Data Printed 

Flowrate Per Stream1 ine Calculated 

Grid Thickness Data Read In 

Subroutine Bound Called 

104 Ptessure Relation Calculrtcd 

107-110 QXNP Obtains Lot st Flowrate 

111 Velocity Inner Radius Calculated 

J13-156 Stream1 ine Development 

113 Outside Loop For Number of Injection and Production Wells 

114 If Prodnction Well, Ontside b o p  Incrementod 

115 Number Streamlines For Inner Loop Calculated 

1 16  OR Leap For Number UP Streamliner 

117-120 Startin6 Position Of Streamlines 



121-123 If Bouadary Exceeded, Inner Loop Incremented 

126-130 Streamline Velocities Calculated 

131-135 Streamline Position Moved For One Time Increment 

136-154 The Position Of The Streamline End Is Checked. If The 
Velocity 0f'The Fluid Particle Is Large h o u p h  To Be In The 
Vicinity Of An Injection Well Each Injection Well I8 Qecked 

UlZm Jntermediate Initialization Section 
157 CX'R Obtains The Value For Gas Mobility 

160-1 62 Time V&furs Initialized 

165-169 Prints Column Beadings For Production Data 

171-177 Flow Accumulation And h t e  Terms Initialized 

Fluid Production And Tracinn Section 

Main bop. Performed For Each Producing Well. 

Inner Loop. Performed For Each Streamline. 

Streamline Checked. If Outside Boundary The Next Streamline 

Is Checked. 

Current Position Of Oil And Waterfronts Held By (XOI, YO11 

And (XI, PI) Respectively. 

The Thickness Of The Reservoir Stratum Is Approximated By 

The Valae 05 The Closest Thicbtsr Grid Point. 

If The Oil Front Has Broken Through The Program Skip8 To 

360. 

If The Front Has Not Broken Through The Thickness HIP0 18 

Approximated. 

Velocity 6£ Oil And Water Fronts Calculated. 

Time Requirmd For Faster Front To Travel Distance RI. 

New Position Of Fronts Calculated, 



Waterfront Breakthrough I s  Tested. 

Tes t s  Time Increment. 1 6  True Frr ,r tr  Advanced Again. 

Pos i t i on  Of Fronts For Streamline Saved. 

O i l  And Gas Flowrater  Calculated. 

Th is  Sec t ion  Voed When Only The O i l  Front Has Broken 

Thvough. 

Time Increment Tested. 

This  Sec t ion  Used When The Watmrfront Has J u s t  Broken 

'Ilrrough. 

This  Sec t i o n  Used M t e r  Va t e t f  ron t  Bas Broken Throo~h. 

Oil, Water, And Gas Production Rates Are Calculated. 

Production Data Is Pr in ted  And Cumalrtive F la id r  Summed. 

346-426 F i n r  1 Sect ion  

349-361 Production And I n j e c t i o n  Data Pr in ted  

363 T i a e  S tep  Checked. I f  True Ex i t s  From Program 

364-371 Time Steps  Incremented Forward 

372-426 Format Sta tements 

43.4-511 Subrout ine  Bound 



PROGRAM NOMENCLATURE 

Input Data: 

SCW Connate Water Saturation (Fraction) 

SO1 Initial Oil Saturation (Fraction) 

SOB Residual Oil Saturation (Fraction) 

SGB Residual Gas Saturation (Fraction) 

SGOR Solution Gas-Oil h t i o  

NP Number Produc tion Welts 

NBW Number Image Wells 

NBP NumberBo.undary Points . 

NI Number Injection Wells 

NST Number Streamlines (Each Well) 

NXH Number X-Direction Thickness Grid Block Entries 

NYH Number 1-Direction Thiciness Grid Block Entries 

81 Inner Well Radims (Ft,: 

Del t Time Increments (Yomtbs) 

De 1p PrintlPlot.. Increments I':Mcntlit) [Delg 2 Deltl 
TMX Maximum Time Limit (Mot thr? 

B O  Oil Forma tion Volume Factor (Bes BBLISIB) 

BW Water Formtion Volume F8ctor (Bes BBI/STB) 

XlfX Absolute X-Direction At  Which Streamlines Are Cnt 

PIX Absolute Y-Direction At Which Streamlines Are Cut  

GMB Gas Mobility 

OMB Oil Mobility 

WblB Water Mobility 

XW X Coordinate Of Well 

YW Y Coordinate Of Well 

Q Flowra te (sTB/D~~) (Inj-Pos.. ProdtNeg) 

QO Production Well Present (Fill-up) Rate (Res BBI/Day) 

GOR Gas-Oil h t i o  

XB X Coordinate For Thickness Grid 

YB Y Coordinate For Thickness Grid 

EI 'Ihictness Of Resertroir AT (.HI, YE) Coordinate 



X Coordinate Boundary Point 
X Coordinr te Boundary Point 

Program Values: 

NPIW Production Plus Injection Wells 

NPlB W NPIW Plus Number Image Wells 

SGI Initial Gas Saturation 

SMQI Total Fluid Injection 

SMQP Total Fluid Production 

QST Flowrate Per Streamline 

PW Quantity Linearly Bolatad To Ptorrwo 

QMNP Lowest Production Well Flowrate 

YLCP Velocity Of Lowest Production Well Flowrate At BI 

NSL Number Of Streamlines 

XI Starting Position Of Streamline 

XI Starting Position Of Streamline 

P I X  Boldr XI 

PIX Holds PI 

Den Value Of Denomintor For Velocity Eq. 

VX X-Direction Velooity Of Eaoh Stroamline 

W X-Direction Velocity Of Each Streamline 

YT Streamline Total Velocity 

DT Time Increment Needed To Travel Distance B I  

BAD Distance Check For Streamline 

IK Number Streamliner Which Have Broken Into Prodoction Vell 

KP Holds Klt 

N'E% Total Number Stream1 ines With Breakthrough 

X X-Coordinate Of Water Front 

Y Y-Coordinate Of Vatrr Front 
PI Linearly Related Pressure Data 

IQ Fluid Flow Check 

VFACO Ratio Of Mobil Gas 



W A C  V 

TSTOP 

TSMP 

CUM0 

C U M I  

CUMG 

G R  

OR 

W R  

NS 

P2 

CRF 

m 
P1 

xo 
YO 

XOI 

YO1 

HTP 

RIP0 

n o  
W O  

SQ 

OQ 

PO 

P 

SQO 

Y1J 

VLY 

nro 
m y 0  

VEU) 

m 
CG 

Ration Of Yobil Gas And Oil 

Holds Delt 

Holds Delt 

Field Cumul tive Oil Product 

Field Cumulative Water Production 

Field b m u l  tive Gas Production 

Gas Florrate Each Well 

Oil Florrate Each Well 

Water Florrate Each Well 

Number Streamlines Into A Production Well 

Holds PW 

Holds 1.0-QOIQ 

Conductivity 

Holds PI 

X-Coordimta Oil Front 

Y-Coordina te Oil Front 

Holds XO 

Hol ds YO 

Holds ET 

Holds ET 

Velocity Relation For X-Direction 

Velocity Relation For Y-Direction 

Denominator Of Velocity Equation Water Front 

Oil Florrate Each Streamline 

Pressure Value Oil Front 

Pressure Value Water Front 

Denominator Of Velocity Muation Oil Front 

Velocity Water X-Direction 

Velocity Water 9-Direction 

Velocity Oil X-Direotion 

Velocity Oil T-Direction 

Absolute VaJ.ue Oil Front Velocity 

Cumulative Oil Per Time Step 

Cumulative Gas Per Time .Step 



OPRD 

WPRD 

GPRD 

GSR 

WOR 

TS UP 

sum 
OBI 

VRT 

G R I  

Cumulative Water Per Time Step 

Absolute Value Waterfront Vl:?ocity 

CPmulative Oil Each Well 

Cumulative Water Each Well 

Cumulative Gas h c h  Well 

Gas-Oil Ratio Each We1 1 

Wateroil Ratio Each Well 

Holds Delp 

Accumulates CIY Values 

Field Cumulative Oil Rate 

Field Cumulative Water Rate 

Field Cumulative Gas Bate 



INPUT DATA M)RMAT 

(6F10.0) SCV SO1 SOB SGB 

(6110) NP NI NEW NBP 

sGOP 

Nsr 

NYB 
DELT 

QIX 

PI'(1) 
e e 

e e 

e e 

YW(1)  
e 

e e 

DELP 'L#]( 

YMX 61111 OMB VMB 

Q(I) ao(1) =(I) 
e e . m . Prod. 
e e . . Wells 
# e . . . 

Q(I) 
# e Injection 

e e Wells 
e e e e e e e # 

(2FlO.O) XW(1) W(I) 
e e # e # e 

e e # e e e Wells 
e # 

YB(1) 
e e Bomdatp 

# e Points 

e e 

(1 to NPH) Thickness 

(1 to NXE) Grid 

Coordi~tes Of 

Thickness Grid 



COMPUTER PBOGRAM now CHABT 

Read Input Ihta 

Compute Streamline Starting Points and Source 
and Sink Prers~res for Beference Strat- 

Iterate Each Time Period 

Iterate Each Production Vell 

- Iterato Each Streamline 

- Compute Vclocitic and Time Tnctcmsatr  
A t  E ~ c h  Point Aiaai Streamline 

Move Fluid Particle Along Streamline 
Using Finite Difference Approximation of 

Darcies Law 

Accmulate Streamline Production 
For Reference Stratum 

Te6t For Breakthrough a t  Fluid 
Particles i n t o  Production Wells. Adjust 
Streamline Prodoction Bates as Required 

NO Test For End of Time Period 
Yes 

NO Teat For All'Streamlines 
Ye s 

NO Test For All Production Wells 
Ye r 

Print/Plot Wall and Field Bcsults 

NO Teat For Total Time 
~t r 

STOP 
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5.2 CONING SIMULATION 

E. Teng 

502.1 INTRODUCTION AND BACKGROUND 

Excess water and gas production from o i l  wells is a common occurrence 

which inc reases  the  production cos t  and sometimes decreases reserves. One 

mechanism which causes t h i s  problem is water and gas coning. 

There a r e  genera l ly  three  parameters t h a t  must be considered i n  a coning 

study. F i r s t , i s  the  production r a t e  a t  which a w e l l  can be produced without 

coning any water or  gas, t h i s  r a t e  is c a l l e d  the " C r i t i c a l  Production Rate;" 

second, is t h e  water or  gas breakthrough tjme when the  c r i t i c a l  production 

r a t e  is exceeded; and the  t h i r d  is the  watercut and gascut  performance a f t e r  

breakthrough. 

The coning phenomenon i s  caused by the  pressure gradients  es tabl ished 

around a production wellbore by the  production of f l u i d  from the  well. I n  the 

case  of water coning, the oil-water contact  adjacent  t o  the  wellbore w i l l  rise 

towards the  pe r fo ra t ions  whereas i n  gas coning the  gas-oil contact  all 

descend towards the  pe r fo ra t ioas  and form an inverted cone. A s t a b l e  cone is  

formed when a c e r t a i n  production r a t e  is not exceeded and the  cone is 

s t a t i o n a r y  a t  some d i s t ance  below(for water) o r  above(for gas) the  - 
per fo ra t ioas .  The maximum production r a t e  a t  which a s t a b l e  cone w i l l  form is 
t h e  " C r i t i c a l  Production Rate." I f  t h i s  c r i t i c a l  r a t e  is exceeded, an 

unstable  cone w i l l  form and w i l l  grow and eventual ly  break i n t o  the  w e l l .  The 

time it takes f o r  t h e  cone t o  break i n t o  the  well is  the  breakthrough time. 

Af te r  breakthrough, the  water-oil r a t i o  and gas-oil r a t i o  w i l l  increase  with 

time. The r e l a t i o n s h i p  between waterlgas-oil r a t i o  and time is  the waterlgas 

c u t  performance a f t e r  breakthrough. 

Mathematically, the coning problem is  m e  3f the most d i f f i c u l t  problems 

i n  r e s e r v o i r  engineering t o  ob ta in  e x p l i c i t  and close-form solut ions .  

Numerous i n v e s t i g a t o r s  have studied the coning problem and only the c r i t i c a l  

r a t e  hae been success fu l ly  s tudied by an a n a l y t i c a l  method under c e r t a i n  

s impl i f i ed  assumptions. Water/gas breakthrough time can be estimated by 

empir ica l  c o r r e l a t i o n s ,  and waterlgas c u t  performance a f t e r  breakthrough has 

been s tudied e n t i r e l y  through sophis t ica ted  numerical modeling. 



Modern numerical s imulat ion can provide accura te  r e s u l t s  but requi res  

s u b s t a n t i a l  amount of time and money and the  a v a i l a b i l i t y  of a  computer and 

expensive software. Therefore, it is of g r e a t  i n t e r e s t  to develop s impl i f i ed  

coning cor re la t ions .  There a r e  various c o r r e l a t i o n s  a v a i l a b l e  f o r  p red ic t ing  

coning behavior i n  a  two-phase system ( g a s / o i l  o r  water /o i l ) .  However, the re  

is  no c o r r e l a t i o n  ava i l ab le  f o r  es t imat ing  coning behavior i n  a  three-phase ' 

coning (oil-water-gas) s i t u a t i o n .  Two-phase coning c o r r e l a t i o n s  cannot be 

superimposed t o  obta in  three-phase r e s u l t s  due t o  the  i n t e r a c t i o n  between the  

gas  cone and the  water cone. 

This  study is t o  determine the  e f f e c t s  of various r e se rvo i r  parameters on 

three-phase coning behavior and an at tempt t o  provide a general ized three- 

phase coning c o r r e l a t i o n  through the  use of a  numerical coning simulator .  

502.2 LITERATURE SURVEY 

A l i t e r a t u r e  survey was conducted t o  f ind  the  a v a i l a b l e  methods f o r  

es t imat ing  coning behavior. Some of the  more well-known work w i l l  be 

presented here. 

The r e s u l t  of the  l i t e r a t u r e  search  w i l l  be presented i n  the  following 

th ree  sec t ions :  

1. L i t e r a t u r e  concerning the  c a l c u l a t i o n  of 

c r i t i c a l  production r a t e .  

2. L i t e r a t u r e  concerning the  c a l c u l a t i o n  of 

breakthrough time. 

3. L i t e r a t u r e  concerning t h e  c a l c u l a t i o n  of 

water cut  o r  gas cut  performance a f t e r  

breakthrough. 

1. Calcula t ion  of C r i t i c a l  Production Rate: 

Several  authors have published methods t o  c a l c u l a t e  c r i t i c a l  production 

ra t e .  

Muskat d Wpckoff (1935) s tudied  the  problem a n a l y t i c a l l y  and published 

g raph ica l  s o l u t i o n  f o r  c r i t i c a l  r a t e  determinations,  while Meyer & Garder 

(1954) a n a l y t i c a l l y  determined the  equation f o r  c r i t i c a l  r a t e  ca lcu la t ion .  

C h i e r i c i  -- et a l .  (1964) s tudied  t h e  problem experimental ly and provided a 

g raph ica l  so lu t ion .  Chaney et  el. ( 1956) and Schols empir ica l ly  determined 

the  equa t i ea  f o r  ca lculahing the  c r i t i c a l  rate. 



Muskat & Wyckoff were the  f i r s t  who d e a l t  with the  coning problem. 

S t a r t i n g  with the  assumption of a  s teady water cone below a p a r t i a l l y  

pene t ra t ing  w e l l ,  .Muskat and Wyckoff a n a l y t i c a l l y  determined the  so lu t ion  and 

presented the  s o l u t i o n  i n  a  graphica l  form. The graph shows the  m a x i m u m  r a t e s  

of f low without coning water f o r  d i f f e r e n t  pene t ra t ion  r a t i o  and o i l  zone 

th icknesses  ranging from 15 f e e t  t o  200 f e e t .  The graph was developed using a 

wel l  r ad ius  of 0.25 f e e t  and a drainage radius  of 500 f e e t  with permeabil i ty 

of 1 Darcy and water-oil  dens i ty  d i f fe rence  of 0.3 gm/cc. 

Meyer and Garder a n a l y t i c a l l y  determined the  c r i t i c a l  production ra t e .  

In. order  t o  s impl i fy  the  a n a l y t i c a l  t reatment,  a  homogeneous rese rvo i r  and 

r a d i a l  flow were assumed. Meyer and Garder derived the  following equation f o r  

c r i t i c a l  r a t e  c a l c u l a t i o n :  

Where : 

qc 
= c r i t i c a l  production r a t e ,  (STD/D) 

Pw - Po dens i ty  d i f f e r e n c e  between water and o i l ,  (gmlcc) 

h = o i l  zone th ickness ,  ( f e e t )  

D = perfora ted  i n t e r v a l ,  ( f e e t )  

K = permeabil i ty,  (md) 

Po = o i l  v i s c o s i t y ,  (cp)  

Bo = o i l  formation volume f a c t o r ,  (RB/STB) 

r = drainage rad ius ,  ( f e e t )  e 
r - wellbore ~ a d i u e ,  ( f c c r )  

Y 

Chaney -- et a l .  extended Muskat's method and derived a graphica l  so lu t ion  

based on mathematical and potentiometrfc a n a l y s i s  of water coning. Prom the  

a n a l y s i s ,  Chaney -- e t  a l .  developed a s e t  of curves f o r  var ious  lengths of 

perfora t ions .  Chaney's curves show c r i t i c a l  production r a t e s  i n  r e se rvo i r  

b a r r e l s  per day versus the  d i s t ance  from the  top  of the  perfora ted  i n t e r v a l  t o  



t he  top  of the  sand. Curves a re  shown f o r  sand th ickness  of 12.5, 25, 50; 75, 

and 100 f e e t ,  a l l  having drainage r a d i i  of 1000 fee t .  

Based on experiments conducted i n  Hele-Shaw models, Schols (1972) derived 

an empir ica l  formula fo r  c r i t i c a l  r a t e  c a l c u l a t i o n s  l i s t e d  a s  follows: 

Schols a l s o  compared h i s  work with the  Muskat and Meyer methods. He 

showed t h a t  Muskat's method gives higher values f o r  c r i t i c a l  r a t e s  and Meyer's 

method gives  lower values f o r  c r i t i c a l  r a t e s .  

2. Calcula t ion  of Breakthrough Time: 

The two bes t  known papers published f o r  c a l c u l a t i o n  of breakthrough time 

a r e  by Sobocinski 6 Cornelius (1965) and Bournazel 6 Jeanson ( 1971). 

Sobocinski and Cornelius developed a c o r r e l a t i o n  for  p red ic t ing  water 

coning time based on experimental da ta  and computer program r e s u l t s .  The 

c o r r e l a t i o n  involves dimensionless groups of r e s e r v o i r  and f l u i d  p roper t i e s  

and of production and wel l  c h a r a c t e r i s t i c s .  These dimensionless groups a r e  

the  dimensionless cone height  (2) and dimensionless time ( tD) .  The 

d e f i n i t i o n s  of these  two groups a r e  l i s t e d  as  follows: 

'lo Bo 

Where : 

Kh = hor izonta l  permeabil i ty,  (md) 

=BT = breakthrough time, (days) 
4 = poros i ty ,  ( f r a c t i o n )  

Fk = ver t ica l - to-hor izonta l  permeabil i ty r a t i o  



M = water-oil mobil i ty r a t i o  

E -  0.5 f o r  M< 1 , 0.6 f o r  1 < M < 10 

The breakthrough t i m e  can be ca lcula ted  by uslag the  following equations:' 

Bournazel and Jeanson developed a method f o r  es t imat ing breakthrough time 

based on experimental data.  The model used was a homogeneous model with 

r a d i a l  flow and edge feed. The Bournazel c o r r e l a t i o n  involves the  same 

dimensionless groups a s  the  Sobocinski co r re la t ion .  The breakthrough time can 

be ca lcula ted  by the  following equations: 



3. Water cut/Gas cu t  Performance After  Breakthrough: 

The s o l u t i o n  t o  watercut/gascut  performance a f t e r  breakthrough is such a 

complex problem t o  solve ,  almost a l l  s t u d i e s  done up t o  d a t e  were by numerical 

simulation. There is no simple method t o  c a l c u l a t e  t h i s  quan t i ty  without a 

soph i s t i ca ted  qumerical model except one c o r r e l a t i o n  published by Kuo and 

DesBrisay i n  1983. Kuo and DesBrisay u t i l i z e d  an Intercomp Beta I1 numerical 

model t o  s tudy the  s e n s i t i v i t y  of var ious  r e s e r v o i r  parameters on coning 

behavior. A general ized c o r r e l a t i o n  between watercut performance and these  

parameters were then developed by normalizing t h e  simulat ion r e s u l t s .  

Twi dimensionless q u a n t i t i e s  were defined i n  normalizing the  r e s u l t s ;  namely, 

dimensionless time, t ~ ,  and dimensionless watercut ,  WCD. The d e f i n i t i o n  

of these  two q u a n t i t i e s  a r e  a s  follows: . 

Where : 

2 

t = time, (days) 

'WC = watercut;  ( f r a c t i o n )  

tBT = breakthrough time, (days) 

H = mobi l i ty  r a t i o  

\ = height  of water column, ( f e e t )  

h = height  of o i l  column, ( f e e t )  

The c o r r e l a t i o n  cons i s t s  of two simple equations: 

WCD = 0.9410gtD + 0.29 f o r  tD between 0.5 & 5.7 

WCD = 1.0 f o r  % g r e a t e r  than 5.7 

I n  the  c o r r e l a t i o n ,  the  breakthrough time is ca lcu la ted  by t h e  

Bournazel'e co r re la t ion .  



5 2 3 STATEMENT OF PROBLEM 

1. To Study The Effects Of Various Reservoir Parameters On 

Three-Phase Coning Behavior. 

2. To Develop A Generalized Correlation For Three-Phase 

Coning By Utilizing A Numerical Coning Model. 

5.204 TENTATIVE APPROACH 

The three-phase coning simulator written by Dr. A. Settari (1973) is to 

be used for this stud,y. The simulator is a fully implicit, finite difference 

model with physically correct boundary conditions including the outlet effect 

and the compatibility condition. 

Tlie siwulator was written for a CDC64OO computer and the coding has to be 

converted before it can be used on the VAX750 computer. 

When the simulator is modified and verif ied, a qualitative sensitivity 

analysis will be performed to investigate the effects of various reservoir 

parameters on the three-phase coning behavior. The parameters to be 

investigated are listed as followed: 

1. Perforated interval 

2. Formatian thiekaeao 

3. Production rate 

4. Kv/K, 

5. Mobility ratio 

6. Water, gas zone thickness 

7. Capillary pressure 

After the sensitivity analysis, the relationship of time to S,, SR, GOR, 

WOR wlll be normalized based on a set of dimensionless quantities in order to 

obtain a correlation. The heart of this project will be to correctly 

determine this group of dimensionless quantities. 

The definition of this .set. of dimensionless quantities will largely 

depend on the sensitivity analysis performed prior to the determination of the 

correlation. In determining this group of dimensionless quantities, a large 

number of plots will have to be constructed. Part of this research will 

involve the work in interactive computer graphics and is being carried out 

concurrently as a separate project. 
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