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Abstract 

Crossflooding techniques have the potential for increasing the ultimate oil 

yield in secondary or tertiary recovery operations. At least one field scale pilot 

study of crossflooding in a reservoir undergoing a steamflood is being 

undertaken at this time. The purpose of this investigation is to evaluate using 

a numerical simulation various crossflooding options on five and nine spot 

patterns under a continuous ste~m drive. As the simulation of a crossflooding 

process is demonstrated to be very sensitive to the grid orientation 

phenomenon, these studies are undertaken using a steam displacement model 

that does not exhibit a serious grid orientation effect. 

The numerical studies indicate that crossflooding significantly improves 

the ultimate oil yield in steamflooding operations. The simulation studies 

indicate that an increased yield is achieved without infill drilling by using an 

expanded pattern crossflood. Crossflood patterns involving infill wells perform 

only marginally better than the expanded pattern floods. A new crossflooding 

pattern introduced in an earlier theoretical investigation is shown to improve . 
the ultimate net oil yield in steamflooding operations. 



1. Introduction 

The ultimate recovery efficiency of a secondary or a tertiary oil recovery 

process is dependent upon many different factors. Two factors which 

significantly affect the yield of a pattern waterflood at the time of 

breakthrough at the production wells are the choice of pattern [ 1] and the 

mobility ratio of the flood [2]. Other factors influence recovery efficiency 

before displacing fluid breakthrough in tertiary recovery . projects. For 

example, the distance between injection well and production well pairs affects 

the ultimate thermal efficiency in steamflooding operations [3). 

The breakthrough of the displacing fluid in secondary or tertiary recovery 

operations results in the formation of an oil bubble in the unswept regions of 

the reservoir [ 4). Since the displacing fluid only indirectly displaces the 

remaining oil, a significant. drop in the rate of oil production generally occurs 

after breakthrough. The drop in oil production rate is related to the ratio of 

mobility in the unswept area of the reservoir to the mobility in the region of 

the reservoir affected by the displacing fluid [5]. If the mobility ratio between 

the two regions is high enough, the rate of oil production after displacing fluid 

breakthrough is prohibitively low. 

A strategy that is commonly used to increase the ultimate oil yield in 

waterflooding operations is the process of crossflooding a reservoir. 

Crossflooding strategies attempt to accelerate the oil production after 

displacing fluid breakthrough by changing the well configuration to affect a 

favorable change on the reservoir fluid streamlines. Many different 

crossflooding schemes for waterflooding operations have been proposed [6) (7) 

(8). A crossfiooding operation that has been successful on a field scale is 

described by Hinkle and Vadgama (9). Crossflooding is currently being 

at.tempted at a field level in steamflood operations in the San Ardo field [ 10). 
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It is possible to catagorize crossflooding strategies in terms of basic 

pattern floods. For example, the crossflooding strategy employed at San Ardo 

changes the original nine spot well configuration into another nine spot well 

configuration. This modification of the well configuration requires infill 

drilling. Other crossflooding strategies do not require additional drilling [6] 

[7]. For example, one crossflooding scheme [6] results in an expanded five ~pot 

pattern that is twice the size of the original five spot pattern. The change is 

afiected by abandoning the original injection wells and converting alternate 

production wells into injection wells. 

The performance of a crossflooding operation is coupled with the mobility 

r_atio of the displacement process. Although the exact nature of this 

dependence is yet to be determined, there is general agreement that 

crossfiooding is efiective for mobility ratios at or below unity [6]. This indicates 

that crossflooding is a viable option to increase the pattern performance in 

waterflooding. Simulation studies for an idealized system indicate that the 

performance of some crossflooding strategies is very low at high mobility 

ratios [ 11]. Indeed, the performance of a crossflooding o·ption which is 

successful at a low mobility ratio [6] is worse than the original pattern 

performance at a high mobility ratio. As many tertiary r'ecovery options, such 

as steamflooding, operate at a high mobility ratio [3], the theoretical studies 

indicate that crossflooding strategies must be evaluated independently for 

each candidate reservoir. 

The purpose of this investigation is to evaluate the efiectiveness of 

crossflooding strategies in a typical steamflood situation. As crossflooding 

schemes are ultimately related to the well configuration, a secondary purpose 

of this investigation is to study the efiect of pattern geometry and size upon 

the ultimate yield in a steamflood. An investigation of the effect of pat.tern 

geometry has already been undertaken by Chu [3} using a steam:flood model 
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[12] employing a numerical technique due to McCracken and Yanosik [13]. 

There is some doubt to the validity of these earlier results, as Coats and 

Ramesh [12] report that grid orientation is present in the recovery curves 

obtained by the simulator for the inverted seven spot pattern. The results 

quoted in this investigation are obtained using a three dimensional steam 

displacement simulator which does not exhibit the grid orientation effect [14]. 

2. Mobility Ratio 

The ultimate yield of crossflooding operations is heavily dependent upon 

the mobility ratio of the displacing process. Low mobility ratio crossflooding 

operations are expected to be successful [6]. The performance of certain 

crossflooding options is disappointing at a very high mobility ratio of 100 [ 11]. 

The crossflooding results presented in this investigation are shown to 

correspond to oil displacement at a moderate mobility ratio. In order to 

accurate correlate the expected behavior of crossflooding in thermal 

situations, a _precise definition of the mobility ratio in a general displacement 

process is necessary. 

• 
A useful characterization of the mobility ratio for waterflooding is 

pr:~sented by Craig [ 15]. A previous investigation [ 16] regarding the solution of 

the difieren tial equations governing the displacement of oil by steamflooding 

indicated that this definition is not adequate for displacements involving both 

liquid and vapor water phases. The earlier investigation suggests the following 

definitions. Let the total mass mobility at each point be defined as 

(1) 
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This is a modification of the usual definition of the total mobility. This 

modification is obtained by replacing the viscosity by the kinematic viscosity. 

The efiect of this substitution is insignificant in waterflooding calculations, as 

the density of both the oleic and the aqueous phases are approximately equal. 

Using the total mass mobility, the mobility ratio Mis defined, following Craig, as 

M= ~ 
~o (2) 

In waterflooding operations, this definition is similar to that used by Craig, 

since a large share of the total mobility in the swept regions is due to mobile 

water, and the oil accounts for a large share to the total mobility in the oil 

bank or bubble. 

According to the definition of total mobility indicated by (1) or the 

definition used by Craig, many waterflooding operations exhibit a mobility ratio 

very close to unity. Because the mobility ratio is low, crossflooding is expected 
• 

to be a viable option to increase overall oil recovery in waterflooding 

operations. The mobility ratio in a typical steamflood, however, is expected to 
• 

be very high. 

For the data used in this investigation, the calculated mobility ratio using 

(2) before steam breakthrough is approximately 100. The mobility ratio 

decreases . to between five to ten after· steam breakthrough. The results , 

presented in this paper are valid for potential crossfloods in a situation where 

the mobility ratio between the oil bubble and the swept region is moderate. 

These results should not be used to predict the results of crossflooding at 

either a low mobility ratio or a high mobility ratio. Crossflooding at a low 

mobility ratio is expected to be successful [6). Crossfiooding results for a high 
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mobility ratio are presented in an earlier work [11). 

3. Pattern Geometries and Size 

Many difleren t pattern geometries have been employed in steamflood 

operations. As the productivity of the resident. fluid is in general quite low 'With 

respect. t.o the st.earn inject.ivity, many st.earn displacement. projects have been 

undertaken using well configurations with a high ratio of product.ion wells to 

inject.ion wells. For example, inverted nine spot patterns [1 O] and inverted 

thirteen spot patterns [17] have been successfully employed in steamflooding 

operations. In this investigation, numerical simulation is used to determine 

the relative effectiveness of the repeated five and seven spot patterns as 

compared to that of the inverted nine and thirteen spot patterns. Chu [3] has 

performed a comparison of this nature in a previous investigation. The 

simulator used by Chu, however, exhibits grid orientation in the simulation of 

an inverted seven spot pattern [12]. The simulator employed in this 

investigation _does not exhibit a serious grid orientation problem [14] due to 

the near rotational invariance of the implicit numerical dispersion tensor . 
• 

Furthermore, Bell, Shubin, and Wheeler [18] have proven convergence of the 

method used in the current simulation for a single phase incompressible 

miscible displacement model problem. This theoretical analysis has been 

extended to slightly compressible problems by 'Wheeler [ 19). 

In order to compare the computational results, Chu varied the size of each 

pattern geometry so that the resulting well configuration had l?-n equivalent 

drainage radius of 2.5 acres per production well. This investigation compares 

pattern geometry on a slightly different basis. The areal extent of each well 

configuration is chosen so that one well is localed every 1.25 acres. This basis 

for comparison results in 2.5 acre five spot patterns commonly used in 

simulation studies of this type [3] [20]. The resulting sizes of other pattern 
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geometries using this basis of comparison include 5.0 acre inverted nine spots, 

3. 75 acre inverted seven spots, and 7 .5 acre inverted thirteen spots. An 

illustration of these patterns and the relative size of each pattern is found in 

Figure 1. 

Also illustrated in Figure 1 is the underlying spatial discretization utilized 

by the simulator. The mesh is sufficiently fine to insure tha_t the simulated 

solutions have approximately converged to their asymptotic values [ 14]. A 

7x7x2 parallel grid is employed over an eighth of a five spot pattern, as well as 

a 7x7x2 diagonal grid over an eighth of an inverted nine spot pattern. A 7x2 

triangular grid is used to simulate a sixth of the inverted seven spot pattern, 

and a similar 10x2 grid is used for the inverted thirteen spot pattern. The 

mesh spacings are chosen so that the volume of the interior computational 

molecules used to model each pattern are equivalent to within two percent. 

The sensitivity of steamflood performance to the size of the well 

configuration is illustrated by simulating displacement using 1.25, 2.5 and five 

acre five spot patterns. The relative size of each pattern is illustrated in Figure 

2. The 14x 14x2 grid pictured in Figure 2 is utilized in these computations. The 

grid is sufficiently fine to guarantee the approximate convergence of the 

recovery curves to their asymptotic values, following previously reported 

results [14]. 

4. Crossflooding Options 

Crossflooding options ·are evaluated for steamfloods which use either an 

original five spot pattern or an original inverted nine spot pattern. Although 

the repeated five spot pattern is significantly more efficient than the inverted 

nine spot pattern on the basis of ultimate net oil recovery. the inverted nine 

spot pattern is often in steamflooding operations due to low productivity at the 

production wells. The word "inverted" is dropped in the description of the 
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in verled nine spot pattern from this point forward in the text for the sake of 

brevity. The simulation effort is undertaken using either a 2.5 acre five spot 

pattern or a five acre nine spot pattern as the original patterns. The original 

patterns are illustrated in Figure 2. The simulations are undertaken on the 

14x 14x2 grid indicated by Figure 2. Following earlier work, this grid is 

sufficiently fine to guarantee the approximate convergence of the recovery 

curves [ 14]. 

Both the original five spot pattern and the original nine spot pattern can 

be expanded into five acre five spot patterns [6] [7]. This expansion of the well 

configuration results in the abandonment of the near production wells loc·ated 

in the nine spot pattern [7). This crossflooding technique results in the 

abandonment of the old injection wells located in the original five spot pattern, 

and leads lo the conversion of alternate production wells in the original five 

spot pattern to injection wells [6]. The rational motivating abandonment of the 

old injection wells rather than the old production wells is discussed by Layton 

(6) and is illustrated at a later point in this paper. Crossfloods employing 

either of these techniques are designated as expanded pattern floods. 

Either the original five spot pattern or the original nine spot pattern can 

be· converted 1.25 acre five spot regions by infill drilling. The wells located in 

the original well configuration are converted to injection wells using tpis 

technique. The infill wells are used as production wells in the resulting well 

configuration. Crossfloods strategies employing either of these techniques are 

designated as reduced pattern floods. 

Other crossfl.ooding options which require infill drilling exist. The 

crossflood used in the San Ardo project (10], for example, changes the original 

nine spot pattern into a reduced nine spot pattern. This change is realized by 

performing infill drilling to form new production wells and converting the far 
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production wells in the original well configuration into injection wells in the 

resulting pattern. A five spot pattern can also be converted into a r..educed 

nine spot pattern by performing infill drilling to form new production wells. 

This option is illustrated in Figure 3 for a five spot pattern and in Figure 4 for a 

nine spot pattern. Either of these strategies are designated as reduced nine 

spot patterns. 

A modification of the reduced pattern crossflood pattern that is suggested 

in earlier investiga lions [ 11) [21] is considered. This strategy a ban dons any of 

the resulting five spot patterns containing original pattern injection wells. The 

motivation of this crossflooding scheme is the fact that the reduced five spot 

patterns which include old injection wells are, for practical purposes, flooded 

out by the time at which crossflooding should be initialized. Most of the mobile 

oil is located in the reduced five spot patterns which utilize a production well of 

the original pattern as an injection well of the resulting pattern. These 

strategies are illustrated in Figure 3 for a five spot pattern and in Figure 4 for 

a nine spot pattern. For a five spot pattern, this strategy results in a one to 

one ratio of active to abandoned five spot patterns, while this scheme res-o.lts 

in a three to one ratio for th~ nine spot pattern. This crossflooding option is 

designated as both an alternating and an alternate crossf!ood. 

The study also determines the optimal time to initiate crossflooding 

operations. The simulated initiation of crossflooding is varied between one 

year and 3.5 years of continuous operation for the original pattern in 0.5 year 

intervals. The simulation is undertaken for a total of six years of simulated 

steam injection. 

5. Steamflood Operating Variables 

The rock and fluid properties, except for permeability and rock thermal 

properties, are taken from Coats and Ramesh [12). Rock thermal properties 
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are taken from Chu and Trimble [20]. To account for high temperature 

variations in relative permeability [22], temperature dependent permeability 

and relative permeability data found in Chu [3] is used. Two phase relative 

permeability behavior found in [20] was used in initial screening studies for 

this investigation, but it was determined that this set of relative permeability 

curves result in nonvanishing oil relative permeability at zero oil saturation 

using Stone's method [23] to generate three phase oil relative permeability 

data. The reservoir and fluid properties are tabulated in Table 1. Reservoir 

initial conditions are also listed in Table 1. Relative permeability curves are 

shown in Figures 5 and 6. 

Energy is required to generate the displacing fluid used in steamflooding 

operations. The net oil recovery is calculated by assuming that 13.36 cold 

water equivalent barrels of steam are generated by a barrel of oil [3]. 

Discounting factors [3] are not applied in this analysis. 

For a fair comparison of the net oil recovery, the total amount of steam 

injected in each strategy is assumed to be a constant. The cold water 

equivalent injection rates are calculated assuming that 120 barrels per day are 

injected per acre of simulated project. The resulting cold water equivalent 

injection rate for a 2.5 acre five spot pattern is 300 barrels per day, following 

similar investigations [3] [20]. Cold water equivalent injection rates are 

presented in Table 2 for studies involving pattern geometry, Table 3 for 

experiments involving pattern size, and Table 4 for the· crossflooding studies. 

The steam injection temperature is set to 400°F, and, following· Chu [3], the 

steam quality is taken to be 7x 10- 1. The injection wells are assumed to be 

completed at the lower half of the interval. A very high limiting pressure is 

specified at the injection wells to insure a constant rate of fluid injection. 
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.. 
Following similar invest.igat.ions [3] [20], t.wo st.imulation cycles are 

performed at. every product.ion well in t.he original patterns. The stim'ulat.ion 

cycles are undert.aken at. t.he onset. of t.he st.eamflood and aft.er six months of 

cont.inuous st.earn drive. St.imulation is undertaken for ten days. A t.hree day 

soaking period is allowed. The inject.ion rat.e for the st.imulation cycle is 

calculated assuming 9600 cold water equivalent barrels of stimulation steam 

per acre of the project. This results in an injection rate of 1200 barrels per day 

for a 2.5 acre five spot pattern [3] [20]. Since this method of calculating the 

injection rate during stimulation cycles would result in an unrealistic injection 

ra t.e of 2400 barrels per day for a five acre five spot. pat.t.ern, t.he st.imulation 

cycles are divided into four t.en day cycles at six mont.h intervals. The 

resulting stimulation cycles have a cold waler equivalent injection rate of 1200 

barrels per day. Stimulation injection rates for studies involving pattern 

geometry and size are reported in Tables 2 and 3. Stimulation injection rates 

for the original patterns used in the crossflooding studies are also found in 

Table 2. No stimulation is undertaken after crossflooding is initiated. 

Production wells are completed across the ent.ire interval. A very high 

limiting rate is specified, as the production wells are assumed to have the 

ability to produce all available fluid. A limiting bottom hole pressure of 25 

pounds per square inch is specified. The pump is assumed to lie at the top of 

the formation. 

6. Grid Orientation Effects 
, 

The simulation of crossflooding at an unfavorable mobility ratio is very 

sensitive to grid orientation. Both the amount of mobile oil available in the 

original oil bubble and the efficiency of crossflooding effort must be accurately 

.. 
With the exception of the experiment involving the expanded five spot pat-

tern wit.hout crossflooding not.ed below. 
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determined. The calculated amount of oil available in the original oil bubble is 

polluted by any model which exhibits grid orientation in the recovery curves. 

Grid orientation manifests itself in two different ways in the determination of 

crossflooding efficiency. The crossflooding efficiency is obviously polluted by 

any model which exhibits grid orientation in the recovery curves. Less obvious, 

but just as important, is the fact that the calculated crossfiooding efficiency is 

contaminated by an inaccurate estimate of the spatial distribution of the oil 

bubble. A demonstration of this phenomenon is upcoming. The first two 

observations severely restrict the usefulness in evaluating crossflooding 

options of models which exhibit grid orientation in the recovery curves, such 

as five point finite difierence procedures [24). The final observation precludes 

the use of numerical models which exhibit grid orientation with respect to the 

distribution of the oil bubble. An example of a model which exhibits grid 

effects exclusively in the distribution of the oil bubble is reported by Chu [3] 

and is based upon the procedure used by McCracken and Yanosik [13]. 

The efiect of the geometry of the oil bubble upon ultimate oil production in 

crossflooding strategies is illustrated as follows. Sho-v-,n in Figure 7 are t.wo 

possible relationships between well configurations used in two different 

expanded crossflooding strategies and an approximation to the actual oil 

bubble distribution. Figure 7 encompasses one-eighth of a five acre repeated 

five spot pattern. The oil bubble lying at right angles to the line connecting the 

injection well with the production well, which is designat~d as Run Ml. arises in 

practice if the original five spot pattern is expanded by abandoning production 

wells and converting alternate injection wells into production wells. The 

distribution which lies parallel to the line connecting the new injection well 

with the new production well, which is designated as Run M2. arises in practice 

using the expanded patlern crossflood which is actually studied in this paper. 
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A quarter of an Bx Bx 1 rectangular grid is used for this simulation study. 

The initial conditions in the swept area set the temperature to 371 °F, ihe gas 

-1 -1 saturation to 2x 10 , and the water satura lion to 7x 10 . In the shaded 

region, which corresponds to the oil bubble, the initial temperature is set to 

150°F, the initial gas saturation is set to zero, and the initial oil saturation is 

set to 4.5xl0- 1. The initial pressure is set to 180 psi at all points. These va~ues 

are representative of the values actually found in the swept area and the oil 

bubble after steam breakthrough using the reservoir data presented above. 

The steamflood is simulated over a period of one year. This time period is 

sufficiently long to realize the maximum net oil recovery for both cases 

studied. The cold water equivalent steam injection rate is set to 600 barrels 

per day. No stimulation cycles are performed. 

Figure 8 illustrates the computed net oil recovery per five acre five spot 

pattern for the two cases studied. The difierence in the simulated net oil 

recovery is significant. These runs illustrate that the geometry of the initial oil 

bubble has a significant efiect on the recovery efficiency of a crossflood. This 

computational experiment also supports the conclusion that the pattern 

expansion strategy which a~andons old injection wells is superior to the 

expansion scheme which shuts original production wells. Layton [6] suggests 

that this is due to the proximity of the mobile oil bank to the new production 

wells when the original injection wells are abandoned. 

7. Computational Results 
. , 

The behavior of the predicted gross oil recovery curves as a function of 

pattern geometry is illustrated in Figure 9. The recovery curves are similar to 

those reported by Chu [3]. The computed maximum net oil recovery is 

reported in Table 2. The repeated five spot pattern maximizes both the net and 

the gross oil recovery. The simulated production history for both the inverted 
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nine and the inverted thirteen spot patterns is low. In these two cases, the 

steam front reaches the production wells nearest to the injection wells quickly. 

After breakthrough has occurred at the near wells, the displacing fluid 

preferentially channels toward the near product.ion wells. For both the 

inverted nine spot and the inverted thirteen spot, the steam front has not 

reached the production wells farthest from the injection wells at the computed 

time of maximum net oil recovery. 

The predicted net oil recovery increases ·significantly as the pattern size is 

decreased. A reduction in pattern size from 5 acres to 1.25 acres leads to an 

increase of oil recovery of ten percent of the original oil in place. The 

computed maximum net oil recovery is presen led in Table 3 for studies 

involving pattern size. The corresponding behavior of the gross oil recovery 

curves as a function of pattern size is shown in Figure 10. 

The studies involving t.he determination of the optimum time to initiate 

crossflooding operations reveal that crossflooding should be initiated 

immediately after steam breakthrough. A representative plot illustrating the 

behavior of net oil recovery with respect to the initiation of crossflooding- is 

presented in Figure 11. The crossflooding strategy used in Figure 11 is the 
.. 

conversion of five spot patterns to reduced nine spot patterns. The maximum 

net oil recovery obtained by the strategy is realized when crossflooding 

operations are initiated after three years of continuous steam drive. 

Simulated steam breakthrough occurred at 2.9 years for a steam drive over 

t.he original five spot pattern. Similar results hold for other crossflooding 

options based upon an original five spot pattern. Simulated steam 

breakthrough occurred at 533 days for strategies based upon an original nine 

spot pat.tern. The optimal time for the initiation of crossflooding operations is 

1.5 years for these cases. 
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The net oil recovered by various crossflooding schemes is reported in Table 

4. The crossflood operations are initiated at three years using original fi-ve spot 

patterns, and at 1.5 years using original nine spot patterns. The increase in oil 

production realized by crossfiooding an original five spot pattern is modest. 

The expanded pattern yields an additional 3.2 percent of the original oil in 

place. Infill drilling yields an additional 2.5 to 5.2 percent of the original o_il in 

place. The highest oil recovery is obtained by the al tern a ting five spot pattern, 

since a more efficient use of the injected fluid is realized. 

It is interesting to compare Table 3 with Table 4. The increase in 

production by crossfloodi"ng strategies involving infill drilling does not match 

t_he net oil production obtained if a reduced pattern is used from the onset of 

steamflood operations. This is due to an unfavorable spatial distribution of low 

mobility regions that is generated during the course of steamflooding the 

original pattern. If infill drilling is contemplated, the infill wells should be part 

of the original well configuration. 

- The increase in oil recovered by crossflooding operations involving an 

original inverted nine spot pattern is dramatic. The ultimate oil yreld 

approaches that realized by .. five spot patterns. The dramatic increase is 

' realized even without resorting to infill drilling operations. The expanded 

pattern crossflood yields an additional 15.5 percent of the original oil in place. 

The increase in net oil recovery is about the same for other strategies, with the 

exception of the alternating five spot pattern, which exhibits an increase in net 
.. 

oil production of 17.5 percent of the original oil in place. 

Figure 12 illustrates the predicted total production rates for a 2.5 acre 

region after three years for the original five spot pattern, the expanded five 

spot crossflooding pattern, and the alternating five spot crossflooding pattern. 

Figure 13 shows the calculated total production rates for a 2.5 acre region 
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after 1.5 years for the original nine spot pattern and similar associated 

crossflooding strategies. While the increase in production rates is modest for 

steamfloods involving an original five spot pattern, a substantial increase in 

productivity is obtained for steamfioods involving an original nine spot 

pattern. 

8. Conclusions 

The following conclusions are valid for steamflood operations at moderate 

mobility ratios: 

a). A repeated five spot pattern is the optimal choice of pattern for 

steamflooding operations. This conclusion is based upon the net amount 

of oil which is recovered from the steamflood project. This conclusion 

neglects other imp or tan t factors, such as well productivity. 

b). A reduction in the pattern size by a factor of two leads to a five percent net 

increase in the original oil in place recovered by steamflood operations. 

c). Infill drilling is best undertaken at the onset of a steamflood project. 

d). Expanded pattern crossfloods leads to a modest increase in total • oil 

production without infill drilling for a repeated five spot pattern. 

e). If an inverted nine spot pattern is used at the onset of a continuous steam 

drive, a substantial increase in oil product.ion is by shutting in the near 

production wells after steam breakthrough at these wells. The cumulative 

net oil production realized by an expanded pattern crossflood is equivalent 

to that obtained by an infill drilling program. 

f). If a reduced pattern crossflood is used, a more efficient. use of the injected 

steam is obtained by abandoning the five spot. pat.terns containing the 

original injection wells, as these patterns are flooded out by the time 

crossflooding is initiated. 
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10. Nomenclature 

kr0 Relative permeability of phase 0. 

M Mobility ratio. 

\ Total mobility, cm-sec. 

\d Total mobility of displacing fluid, cm-sec. 

):__
0 Total mobility of oil bank or bubble. cm-sec. 

\)° Kinematic viscosity of phase 0, cm - l sec -l _ 
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Table 1 

Steam Drive Data 

Pattern Height (feet) 

Oil Properties 
Stock Tank Density ( lbs / cu ft ) 
Compressibility ( 1 / psi ) 
Thermal Expansion ( 1 / °F) 
Specific Heat ( btu / lbs ) 
Viscosity ( cp ) 

@ 100 °F 
@ 400 °F 

Rock Properties 
Permeability ( md ) 
Porosity 
Compressibility ( 1 / psi ) 
Heat Capacity ( btu / °F / cu ft) 
Conductivity ( btu / °F /ft/ day ) 

lni tial Conditions 
Pressure ( psi ) 
Temperature ( °F) 
Oil Saturation 

Table 2 

Effect of Pattern Geometry 

Run Injection Rate Injection Rate 
(Drive) (Stimulation) 

bbl/ day bbl/ day 

P5 300 1200 
P7 450 900 
pg 600 800 

P13 1200 720 

- 19 -

60 

60.5 
.00001 
.0004 

.50 

1380 
3 

3000 
.3 

.0005 
38.5 
38.5 

50 
100 
.50 

Net 
Oil 

% OOIP 

45.944 
45.547 
32.125 
41.224 

. 



Table 3 

Effect of Pattern Size 

Pattern Injection Rate Injection Rate Net 
Size (Drive) (Stimulation) Oil 

acres bbl/ day bbl/ day % OOIP 

5.00 600 1200 
>J 

40.844 
2.50 300 1200 45.944 
1.25 150 600 51.569 

Table 4 

Crossfi ooding Strategies 

Original New Injection Net 
Pattern Pattern Rate Oil 

bbl/ day % OOIP 

5 Spot Original 5 Spot 300 45.944 
5 Spot Expanded 5 Spot 600 49.107 
5 Spot Reduced 5 Spot 150 50.080 
5 Spot Reduced 9 Spot 300 48.711 
5 Spot Alternating 5 Spot 300 51.017 

9 Spot Original 9 Spot 600 · 32.125 
9 Spot Expanded 5 Spot 600 47.684. . 
9 Spot Reduced 5 Spot 150 4 7.149 
9 Spot Reduced 9 Spot 300 47.258 
9 Spot Alternating 5 Spot 200 49.182 

,. 
Four stimulation cycles perf orrned. 
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FIGURE~ 
WELL CONFIGURATIONS 
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FIGURE 3 
OTHER CROSSFLOODihl13 OPTIOt-.JS 
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FIGURE 5 

WATER/OIL RELATIVE 
PERffiERBILITY CURVES 
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FIGURE 6 

GAS/OIL RELATIVE 
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FIGURE 7 
DISTRIBUTION OF 
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