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SUMMARY 

Numerical model S 'Here used to study condi:ions in oil reser'/oi rs 

under '~hich gravity drainage (up-dip gas injection) is :nore ef~icient 

than down-dip water inject~on. A ~iae range of f~eld operating con-

ditions 'Has studied including dip angles between zero and ninety 

degrees and different reservoir dimensions. TMe conditions did not 

include different capillary pressure and relative permeability func-

tions or variations ;n 'Hell spacing. 

Resul ts are presented as carrel ations between 0; 1 recovery and 

dimensionless rate and time. For the range of conditions invest; .. 

gated, these carrel ations may be used to eStimate gravi cy drainage 

performance or compare recovery by gr~'1ity drainage 'Hith recovery by 

water ; njecti on. The carrel ations extend Ri chardson and 31 ackwell 's 

correlation ta different reservoir geometries and give Dykstra's cor-

relation an interpretation or dimensionless time. 

Recovery by gravity drainage is found to vary directly with res-

ervoir dimensions, dip, vertical permeability, and fluid density dif-

ference; and inversely with the total flow rata and oil viscosity. 

l,olhen the dimensionless rate ;s less than the dimensionless critical 

rate, recovery by gravity drainage is found to be greater in most 

cases than recovery by water injection. 

Field examples are presented to illustrate the use of the 

correlations. The examples indicate recovery is extreme1y sensitive 

to the value of residual oil saturation. 
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INTRODUCTION 

Gravity drainage performance, ~ subjec: ''''hicn has long been of 

concern to resar'/oir engineers, has received considerable attention 

in the petro 1 eum 1; terature. Muskat 1 discusses different aspects of 

ti"le prob 1 em and presents fi e 1 d examp 1 es where grav; ty dra i nage is an 

important oil producing mechanism. Additionally, several case 

histories highlight its importance. 2- 4 Predicting gravity drainage 

performance as 'Hell as other prob 1 ems dea 1 i ng wi th grav; ty effects 

have been studied by a number of authors USing a variety of 

methods .. 5- 1.1 These :Jr~bl~ms usually ar';se in ~'1aluating alter:'1ati'le 

recovery methods. 

Of particular interest, Cardwell and Parsons15 developea an 

approximate theory on gravity arainage in 1949, but only recently has 

evidence appeared on its application. In 1970, Richardson and Black

we1116 presented a simpl ified gravity drainage model which combined 

parts of the Buck 1 ey -Leverett-5 (as extended by I,~e 1 ge 17), 0 i etz 7 and 

Cardwell-Parsons theories. They obtained excellent agreement bet~een 

pred i cted recoveri es and fi e 1 d and numeri ca 1 mode 1 resu 1 ts.. i~ore 

recently (1978) Oyks~ra18 expanded tne Cardwell-Parsons theory by 

account i ng for ras i dua 1 0 i 1 satu rat i on and inc 1 ud i ng a recovery equa

tion. He, too, obtained excellent agreement between calculated and 

observed gravity drainage performance in a number of field studies. 

Si nce mobil ity ratios are unfavorabl e in gas-oil di spl acements, 

it ;s known that gravity drainage is the dominant displacement mecha

nism when gas is injected up-dip at rates below the critical rate 
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(rate below 'rlhiCl1 a stable interface will ae'lelop). SuCh a ;Jrocess 

is very efficient resulting in a high oil recovery. Ricnarason and 

Blackwell 16 correlated recovery calculated by :neir simplifiea grav

ity drainage model with a dimensionless group for a particular reser

voir. Dykstra17 also correlated recovery with a dimensionless group. 

In water-oil di sp 1 acements, there are two cases.. r f the mob il i ty 

ratio is unfavorable and the displacement is carried out at rates 

less than the critical rate, gravity effects count.erbaiance viscous 

effects and promote a gravity stable displacement which increases oil 

recovery_ If the mobility ratio is favorable, gravity effects '~hicn 

tend to decrease r~covery can be di~inisned by increasing the ~ate. 

The theori es wh i eh exp 1 a in the phenomena under study are we 11 

developed and generally well-Known techniques can be applied in 

study of a part i cu 1 ar reservo i r. The methoas recent 1 y p resented by 

Richardson and Blackwell16 and by Dykstral? are relatively straight

forward and inexpensive to apply. More detailed analyses can be made 

using generally available t~o-dimensional numerical models which 

account for gravity effects. There is a need, however, for approxi

mate methods such as correlations over a range of conditions and 

reservoir geometries. 

The present work is a simulation study using numerical models of 

a vertical section to determine conditions under which gravity 

drainage, i.e., displacement by low rate up-dip gas injection, ;s 

more efficient than displacement by down-dip water inject;on~ The 

problem is studied by varying 'the production rate, dip, oil viscos

ity, permeability, density difference and reser'loir dimensions '",hile 
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observing disolacement efficiency. l..Jell placement '/Jas optimum for 

the process being studied, i.e .. , along -ehe top of the section for 

'/Jater injection and along the bottom for gas injection. The objec-

ti'le of the study is to present information t71at may be used as a 

first approximation by the engineer faced with the problem of scre~n-

1ng a number of reservoirs for those where gravity drainage might be 

impv!'tant or of evaluating alternative recovery methods. If these 

approx imate methods appear promi si ng, he shou 1 d then be ab 1 e to use 

detailed methods more effectively. Subsequent sections of this paper 

di seuss procedures used ; n the study, resu 1 ts, app 1 i cat i on of the 

results, anu conclusions. 

PROCEDURE 

Two-dimensional two ... and three-phase numerical models were used 

in' the study ... Both models accounted for gravity and capillary 

effects. Deta i1 ed deser; pt ions of the t'1I0- and th ree-phase models 

are given by Morse and Whiting19 and Strickland,20 respectively. 

A. 5x9 computing grid 'Nas used for all simulations. Up-dip gas 

injection was simulated by injection at a constant rate in cel1(1,1) 

While producing at a constant pressure from cell(S,9). Figure 1 is a 

diagram of this procedure. Down-dip water injection was simulated by 

a revers~ procedure. 

*A two-phase model would have been sufficient, two models were 
used to permit broaden; ng the work to ; ncl ude affects of produc; ng 
n ear an 0 i1 .. w a tar con t act 'N hi 1 e i n j e c tin 9 gas up -d i p • Th i s e f for t 
was not undertaken in the study. 



Gas Injection at 
Constant Rate 

Figure 1. 

Oil Produc~ion at 
Constant Pr~ssure 

Oiaaram of Model for Sase 
Cas~ Gas rnject~on Runs 
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I~ode 1 parameters that '.-4ere he 1 d constant are shown in Tab 1 e 1. 

The time- step size 'Has contra 11 ed by d six percent 1 i mit on the satu-

rati on change in any ce 11 • Mater; alba 1 ance errors, defi ned as a 

percentage of the fluids in place (original plus injected volumes), 

'Here less than 0.1 percent. As indicated in Table 1, fluid compress-

ibil ity and gas sol ubil ity effects 'Here not simul ated. Capi 11 ary 

pressure and relative permeability saturation functions used are pre-

sented at Figures 2-4. 

Model parameters which were varied are shown in Table 2. As 

; ndi cated, these parameters were vari ed over a rep resentati ve range 

of reservoir conditions. Base case runs for up-dip gas injection and 

down-dip 'Hater injection were made with constant reservoir dimensions 

and rock properties to establish the effect of varying dip angles, 

injection rates, and oil viscosity. Two sets oT additional runs were 

then made. Fi rst, the dens i ty difference and permeab; 1 i ty were 

varied. The height to length ratio '!'fas then varied by three meth-

ods--by keeping the height-length produc-: constant, by doubling the 

he; ght whi 1 e Keep; ng the 1 ength constant, dnd 'I; C2 versa. In all 

cases, the 5x9 grid break-up 'Nas retained .. 'rJhile certain of these 

variations 'Here combined to insure appl icabil ity over the range of 

conditions investigated, most were made for up-dip gas injection runs 

on1y. 

The critical rate as defined by Terl,yi11iger, et a1 6 was used in 

the study. This definition can be written in practical units as 

A k ~o si n (] o qc ::: 1.1271 . • • • . • . • • • • • ( 1 ) 



Table 1. Model Parameters He1d Constant 

Comoutation Parameters 

Grid 

Max Saturation Change 
per time step 

Convergence criterion 

Fluid Properties 

Original Pressure 

Oil Formation ~olume Fac!or 

Gas Volume Factor 
'Nater Volume Factor 

Gas in Solution 
Gas Viscosity 

lNater Vi scas; ty 

Gas Density 

Water Density 

Rock Properties 

Porosity 

Irreducible Water Saturation 

Residual Oil Saturation 

to Gas 

Model Dimensions 
IN; dtn 

5x9 

6 percent 

0.001 

2000 ps i 

:.<8/S73 

1.,25 RB/MSCF 

1 .. 0 RB/SiB 

0.0 
0.02 cp 

1.0 C? 

0.038 psi/vertical 

0.468 psi/vertical 

20 percent 

20 percent 

0.0 

32 percent 

660 ft. 

7 

~ ... 
I 1.. .. 

ft ., 

• • 
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Operational 

Injection Rates 

Fluid Properties 

Oil Viscosity 

Oil Dens i:y 

Table 

Density Differences 

oil-water 
gas-oil 

Rock Prooerties 

Permeability 

Vert i ca 1 to Hori zonta 1 

Permeability Ratio 

Reservoir Dimensions 
Dip 

Length 
Height 

Height to Length Ratio 

2. Model Parameters 

Base Case Runs 

1-500 percent 
of critical 

rate at 90 0 (7)* 

1, 10, 100 cp 

0.368 psi/ft. 

0.1 ps; /ft. 

0.33 psi/ft. 

0.25 darcy 

1.0 

0°-90 0 (7) 

2970 ft" 

60 ft. 

0.02 

Varied 

Other Runs 

2.5-700 percent 
of critical 

rate at 90 0 (11) 

1, 100 cp 

.338-.i58 psi/ft. 

0.01, 0,,1 psi 1ft" 

0.3, 0.33 psi/ft" 

0.025, 0.25 darcy 

0.5, 1.0 

5 0 -8S 0 (4) 

422-5940 ft. (6) 

60-422 ft" (6) 

0.01-1.0 (6) 

1 ~ 
... ..!. 

(4) 

*The number of values included in the range is shown in parentheses. 
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'tfhere 

A = area of cross sacti on normal to bedd; ng pl ane, sq. 

kO = effective permeability to oil, darcy 

~o = density difference, psi/ft. 

:l = d ; p an 9 1 e 

).1.0 = oil viscosity, cp. 

Alternatively, Dietz's7 definition, given by 

where M is the mObility ratio, might have been used. The former was 

selected since the principle conditions under study involve unravor-

able mobility ratios and it is the 1imiting form of the latter. 

0; 1 recovery as a percsntage of the 0 il in place at v ari ous 

values of .the displacing fluid-to-oil ratio (DFOR)* was used as the 

measure of displacement efficiency. This procedure '.-idS used for two 

reasons. Fi rst, economic 1 imits may be establ; shed based on DFOR. 

Recovery at various OFaR should be useful in this regard.. Secondly, 

numerical dispersion affects the length of the stabilized zone, mak-

ing breakthrough determination almost impossible using a uniform grid 

such as used in this study. Coats 21 studied computational aspects of 

the effect of gravity on saturation dispersion in a flat vertical 

cross section. Although his main emphasis was the real saturation 

*Units used in this study are I'~SC:=/STB for gas and STB/ST3 for 
water. 
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dispersion (i.e., underrunning or overriding) caused by gravity 

forces, he showed that use of coarse grids suen as used in this study 

introduce numerical disoersion resuiting in an elongated front. 

While the effect of using a finer grid :,'fdS not investigated, the 

effect of tak i ng recovery at vari ous 0 FOR ; s c 1 ari fi ed in the nex t 

section which discusses results. 

RESULTS 

A review of the seal ing 1 aws 22 ,23 for model ing petrol eum res-

ervoi rs suggested recovery shaul d carrel ate with some form of the 

ratio of q~o ~o I( ~.:. Indeed, ~er:::entage'Jf ':;,e critical rate is sue;' 

a ratio. Richardson and Blackwell 15 correlated recovery with a 

dimensionless parameter which can be written in practical units as 

where 

qo = dimensionless rate 

qr = tota 1 flow rate th rough area A, RBPD 

h/~ = height to length ratio, dimensionless 

kv = permeability in the vertical direction, darcy. 

~ •• ~ .(2) 

Richardson and Blackwe11 16 derived this parameter by dividing the 

time required for vertical drainage by the time required for flow 

along the bedding plane. It is similar to the ratio of two of the 

dimensionless groups (Rd/Ra) derived by Craig, et a1 13 using inspec-

tiona1 analysis. 

Recoveries obtained from the simulations of this study could be 



carrel atea with q5 on1y if :he systems under stuay nad the same 

dimensions. Systems having different dimensions could be correlated 

using 

, '? 
qT iJ

O
(h!1.)1/-

q = 0.8872 -:-A~----n Kv 6.0 cos a,' 
• • • • • • • ( 3 ) 

where 0 < (l < 90 0
• At (l = 90°, ~ was defined as 1.G, cos a. 

For cornel eteness, two other dimensionl ess groups used in the 

discussion which follows are presented now. Combining Eqs. 1 and 

3, an expression for dimensionless critical rate as a function of 

dip is obtained, for 0 i (1< 90°, 

qnc = (h/2.) 112 tan (l. • • • ,( 4 ) 

After Dykstra18 and making use of the Richardson and 31 ac~<we1116 

expression for the time required for vertical drainage and the "cor-

recti on II found for different geome-c ri es , a usefu 1 exp res sian for 

dimensionless time is obtained, for 0 < a. < 90 0
, 

to = 411.7 
k ~o cos a. (hi 2.) 1!2t 

v 
h \l a • • • • • • • • • • • • • ( 5 ) 

where t is the time in years. 

Figure 5 presents the main result of the study. Oil recovery 

by gravity drainage (up-dip gas injection at rates less than the 

cri t i Cd 1 rate) is compared wi th recovery by down-d i p 'Hater in j ec t ion 

at OFOR between 5 and 50. The left half of Figure 5 shows recovery 

correlated with dimensionless rate (Eq. 3) for dip angles between J 

and 85 degrees. Recovery by water i nj ecti on is d i sp 1 ayed f or both a 

favorable viscosity ratio ('J o/1,J.w = 1) and an unfavorable viscosity 
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ratio (:..I 01 Ult~ :: 100). As noted, the correl ations for recovery by 

gravity drainage are appl icable for qo < qOC (Eq. 4) and 0.01 < 

h/l. i LO. The right half of the figure shows recovery correlated 

with dimensionless time (Eq. 5). In most cases, a single correiatlon 

is presented for all OFOR. These corre1ations extend Richardson and 

Blackwell's correlation to other reservoir geometries (dips and 

dimensions) and give Dykstra's correlation an interpretation of 

dimensionless time. 

Some qualitative obsarvations can be made from Figure 5. The 

effect of rate and dip on recovery by gravity drainage ;s clear--

recovery increases as the rate decreases and the di p increases. 

Also, it is apparent that relatively high recoveries by gravity 

drainage can be obtained from reservoirs with small dip angles, but 

at comparatively longer recovery times. ihe time element aside, it 

appears that when the dimensionless rate is less than the dimension-

less critical rate, recovery by gravity drainage will normally be 

greater than recovery by water injection. 

The correlations are discussed in detail in the subsections 

which follow. Appl ication of the correlations is discussed in the 

next section. 

Effect of Rate and Oil Viscosity 
< 

Figure 6 is a plot of oil recovery versus q5 (Eq. 2) for base 

case gas injection runs at a dip of five degrees compared 'Nit;, oil 

recovery data calculated by Richardson and 81ackwe1116 along 'f'iith 

recovery data Cd 1 cu 1 ata1 us i ng the Buc~< 1 ey-leverett Franta 1 advance 
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theory. These data are at breakthrough except where noted, i.e., the 

model data at a DFOR of rive. Breakthrough recoveries for the model 

data 'Here taken at brea.kthrough OFOR calculated using the Buc;kley

L.everett methoc. 

Severa 1 obser'lat ions can be made from F i gu re 6. As expected, 

recovery at rates below the critical rate varied inversely with the 

rate-viscosity product. Varying the oil viscosity from 1 to 100 cp 

had 1 itt 1 e effect at rates be low the cri t i ca 1 rate. At hi gher rates, 

the difference became pronounced. Next, note the difference between 

recovery p red i cted from the one-dimens i ona 1 Buck 1 ey -Leverett theory 

and the tWO-dimensional model except at relatively high rates. The 

difference at rates below the critical rate can be explained by cross 

flow due to gravity effects. As may be seen, this difference ;s sig

nificant even at relatively small dip angles. The effect of taking 

recovery at a OFOR of five can a 1 so be gauged. There; s a sma 11 

difference between recovery at a OFOR of five and breakthrough recov

ery at the slowest rates which increases as the critical rate is 

approached and becomes quite 1 arge at the highest rates. The 1 atter 

is of no concern to the obj ecti ves of th iss tudy, however, the di f

ference in the vicinity of the critical rate requires further consid

eration. 

Finally, note the good agreement 'Nith the data calculated by 

Richardson and 81ackwe1116 using their simplified gravity drainage 

mode 1, rep lotted :"ere through use of Eq. 2 wh i ch di ffers from thei r 

dimensionless group only by a scaling constant. ihe dip angle and 

height-to-length ratio are slightly different making qOC = .0015 



for tile; r data as OOOOSed to qOC = .0018 for t.he data from th i 5 

study. The fact that there is not a sharp decrease in the slope of 

their cur'/e at this point may partially expiain their caution that 

the simplified model is applicable only when qr < 0.5 QC. 

Fi gure 7 presents a simi 1 ar compari son for 0; 1 recover; es T;-cm 

base case gas injection runs for a dip of 90 degrees. In this fig

ure, the comparison ;s made with experimental data from Terwill iger, 

et a1.6 Their recovery data have been replot~ed here as a percentage 

of the movable water to correspond with the recoveries obtained from 

this study. As noted in their paper, "At higher rates (last 5 

points) stabilized zones did not develop for the reason that the 

experimental column (13 ft .. ) 'Has of snorter lengtn tnan the staci-

1ized zone length would have been .. " This might explain why the last 

part of the plot dips below the theoretical plot. ObServations simi

lar to thOSe made from Figure 6 can be made from this plot~ There;s 

an unexplained difference in recovery at and below the critical rate 

due to differences in oil viscosity. A difference of this magnitude 

was not noted at other dip angles. As expected, there is good agree

ment bet',v'een model and Buck 1 ey-Leverett ca 1 cu 1 at ion S 5 i nce a vert i ca 1 

two-dimensional system behaves very much 1 ike a one-dimensional sys

tem. The difference that. does exist can probably be attributed to 

numerical dispersion.. Ic::';nally, note that the effect of taking recov

ery at a DFOR of five ;s generally as described above. 

Figure 8 compares oil recoveries from base case gas injection 

runs for a dip of 45 degrees with recoveries calculated USing Buck

ley-Leverett theory. Again, notice the difference between the latter 
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and the model data.. As expected, it is intermediate to the extremes 

noted above" Al so, the effec: of tak i ng recovery at a DFOR of fi ve 

is clear and can be summarized. In essence, the recovery cu~ve is 

smoother, tendi ng to average recovery across rates and supp ress oil 

viscosity differences. Near the critical rate, these recoveries rep-

resent post-break through recover; es whil e at the slowest rates, they 

represent pre-breakthrough recoveries. They are sufficient for cam-

parative purposes. 

Interestingly, the maximum oil recovery from up-dip gas injec .. 

ti on at a gi ven rate occurred at a dip of 45 degre~s. Whether th; s 

observation is real or a result of dispersion ;s unknown. However, 

the general form of the mathematical relationship bet'Heen recovery 

and dip, f(~) = 0(0.) - m log (co~ a.), admits the possibil ity of a 

maximum at 0. = 45 degrees. While the relationship 'Nas not investi-

gated ; n deta i 1, ; f rea 1, ; t may be ana 1 ogous to a phenomenon that 

h as been observed in the flow of gas bubb 1 es ; n ; nc 1 i ned tubu 1 ar 

goods.24~ 

Figure 9 is a similar comparison far base case 'Nater injection 

runs at a dip af 45 degrees and oil viscosities of 1, 10, and 100 

cp. In contrast wi th the data from base case gas i nj ect; on runs, 

there is on 1 y a s 1 ; ght d iff erence between recovery from the water 

i nj ect; on runs and recovery ca 1 cul ated us i ng Buck 1 eY .. Leverett 

theory. L i kewi se, sma 11 di fferences 'Here 00 served for water ; nj ec-

tion runs at dips af 5 and 85 degrees. It appears that for the range 

1rih i s phenomenon 'Has brought to the author s I attent i on by S. H. 
Neuse. 
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of rates studied, the Buckley-Leverett met~oa yields acceptable 

results for recovery from water injection; whereas, 3S noted earl ier, 

recovery by gas injection varied significantly. Note again that the 

value of oil viscosity has little effect on recovery at rates less 

than the critical rate. At rates higher than the critical rate, the 

effect of oil vis cos i ty ; s very pronounced. In fact, it appears that 

recovery decreasas exponentially as oil viscosity and qo increase. 

This observation agrees qualitatively with data reported by Croes and 

Schwarz. 12 Their Figure 2 indicates a logarithmic relationship 

between viscosity ratio and recovery over much of the range of their 

investigation. 

Effect of Permeability and Density Difference 
~ T 

Fi gure 10 is a plot of 0; 1 recovery at a DFOR of fi ve for se-

1 ected gas and water i nj ect i on runs at 45 deg rees. Two data po i nts 

on the plot depict variations in permeability and/or density differ-

ence (the point shown by a triangle is actually t";l/O points--one in 

wh i ch the permeab; 1 i ty was vari ed by a factor of ten, in the other 

the density difference was varied by a factor of ten). As expec.ted, 

these points correlated 'Nith good agreement, ; .e., recovery varied 

directly 'Hith vertical permeability and density difference. Similar 

agreement was obtained at the other dip angles. 

It is emphasized that the large difference bet'l~een recovery from 

gas injection as compa~ed to water injection results from the differ-

ence bet'Neen the residual oil saturation to 'Hater, Sorw, and the 

residual oil saturation to gas, Sorg. As may be saen in Tabl e 1, 



41 
> 41 
or U 
h ... «1 

..-
It- 0... 
o 

C 
0:: or
O 
IL ra or-

o 
III 

It
-p 0 
«l .. .) 

>,t: 
t... III 
OJ U 
> '-o QJ 
un 
QJ 

oc 

100 I Gas lruectio'1 ----

80 -

60 ... 

40 

20 

Water Injection 8 
9-------

o .25 darcy 
o . 125 darcy 
A .025 darcy 
-I ep 
-~ 10 cp 
- - 100 cp 

c 

--- - .... _-
o 

, 
\ 
\ ... 0_..... , 

A -_ ..... \ .... 
\ ...... 0 , , 

\ , , , , , , , 
b 

I 

o -I I 1 I 2 I , f 
)Cf4 10- 10- Q'\I~ Hi 

Oimensionless nate, q5 

figu.'£! )0. Comparison of 011 Recovery from Gas and Water Injection Runs at 
a IHI) of 45 Degrees for Various Va lues of Vert leal Permeaull i ty 



26 

values used in ~he study were 0.32 and 0.0, respectively. It is also 

emphas; zed that points on the gas and Nater recovery cur'les at the 

same value of q5 reflect. 'last1y different conditions due to density 

differences. Fer examp 1 e, A and 3, both plotted at qo :: 0 .. 003, 

reflect qTA :: 3.3 qTB .. The comparable rate point is at C to·O 

depending on the value of the oil viscosity. 

Effect of Dip 

Figure 11 presents a plot of oil recovery at a DFOR of five for 

base case gas and water injection runs at various dip angles. As 

indicated, r~ccver'y :,IIas found :0 'Iary Ijirectly 'Hith dip. For clar-

ity, all points on this plot reflect displacement efficiency under 

unfavorable mobility conditionS--data from water injection runs at a 

favorable mobil ity ratio 'Nere omitted. Data from gas injection runs 

at a rate greater than the critical rate were also omitted. This 

means the gas injection curves reflect gravity drainage performance. 

The dashed lines are the loci of the dimensionless critical rates 

with points above these 1 ines representing stable displacements. 

These regions may be referred to as gravity stable regions. 

Effect of Reservoir Dimensions 

Figure 12 is a plot of oil recovery at a DFOR of five versus 

dimensionless rate as defined by Eq. 3 for gas and 'Hater injection 

runs at 45 degrees and different values of the height-to-length 

ratio, hi 1.. Note that recovery varies directiy with 'H,,(h1.)1/2. 

To see this, rewrite Eq. 3 with A :: nw. Note also that the size of 
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tne gravity stable region increases with niL, Le., in thicKer reser

voirs, a staole displacement is possib1e over a wider range of condi

tions. This is not sur;Jrising in view of the length of the r.egion 

observed at 90 degrees and confirms the experimental observation of 

TerHil1iger, et a16 quoted above. The fact that the region increases 

'N i tn hi t means one must restri ct qO ~ qDC i f he ; s ; nterested in 

a gravity stable displacement. Similar agreement ~as obtained at 

other dip angles. 

Correlation with Dimensionless Rate and Time 

Fi gure 13 presents more deta i1 on the carre 1 at i on of a il recov

ery wi 1 dimens ion 1 ess rate for di p ang1 es between 30 and 60 degrees. 

The relationship bet'.Heen recovery, DFOR, qO and a has the general 

form, f(DFOR, qO, a) =: b(DFOR, i.l) ... m(log qQ - C) where C is the 

shit~' factor and m is the slope of the shifted straight line plot. 

Data from 28 gas and seven '~ater injection runs at ~hree dip angles 

are represented in the plot. Many of the data points were nearly 

coincident, e .. g., gas runs at different oil viscosity, making it 

impossible to show all 140 of the data points. Average recoveries 

are plotted ; n these cases. The recovery curve shawn for water 

injection at a favorable viscosity ratio (~o/~w =: 1) is the theoreti

cal curve rather than the model data. Like\'~ise, Figure 14 presents 

more detail on the correlation of oil recovery with dimensionless 

time for dip angl es between 30 and 60 degrees. The remarks above 

concerning data representation also apply to this plot. Similar pro

cedures in data representation were followed in constructing the cor-



tXGJ 
au 
11_ «J 
0..-

n-
Ul 
=:Jc 
0-,-
-r 
I-r-
111-.-
>0 

-4 J It-: 
fIlO 

~ .. J 

I- C 
(U(U 
> U 
o I-
UQ.I 
(UQ. 

0::: 

100 • !!~~ J!Lk£ t i ort (flU <: 'IUC) 
f3t[ __ __ 

80 

60 -

40 .-

~Jater Inject ion --------
A I 

o 30 Deg_ 

A 45 Oeg. 

o 60 Oe~. 

1/2 que ;; ( hI t ) tan u 

0.01 S hl1 S 1.0 

DfOR 
50 

20 

10 

50 
5 

20 

10 
6. 5 

• 

liOh·w 

100 

20 -.-:' l--~~---L~~---,----~----
10- 3 ' 10- 2 10- 1 10 102 

Dimensionless nate. qo 

Figure 13. Correlation of Recovery with Dimensionless Rate 
for Dip Angles Uetweeu 30 and 60 Oegrees 

w 
o 



O::iU 
ou 
Ii- I'd 
0.-

0-
Vl 
:lC: 
O-r-
'r-
l--.--
R] . .--
>0 

.p It-
R.lO 

>t ~...) 
~- c 
Q) Qj 

> u 
o t-
U Qj 
410-
~ 

too • Ga s I u j ec lion 

80-

60 -

40-

Ii Iii o W 

HlO 

5 

10- 2 10- 1 

----------
~.o 

Water Injection --------

o 30 Beg. 

A 45 Oeg. 

o 60 Oeg_ 

o . 01 5 hit 5 1. 0 

10 

tlimeusionless Time. tn 

figure 14. (orrelatjon of Recover'y with 01mensloll1ess lime 
for Oil} Angles Oetween 30 dud·60 llegrees 

102 

( • .J 
t-.' 



relations of Figure 5 far dips of 5 and 85 degrees. Of possible 

i n t ere s t, d a t a fro m 11 gas and f 0 u r 't'f d t e r i n j ec t ion run S 'N d S t.l S ed i n 

the former and data from nine gas and three water injection runs was 

used in the latter. 

APPLICATION 

For the range of conditions investigated, Eqs. 3-5 and Figure 5 

may be used to est imate recovery by gravi ty dra i nage or to compare 

recovery by gravity drainage 'Nith recovery by water injection. One 

proceeds as follows: 

Estimate per:; nent . reservo; r parameters. Average dimen-

sions, fluid, and roc~( properties may be used. Dimensions should be 

those of the oil zane. 

2. For the displacement rates of interest, calculate qD using 

Eq. 3 and qOC using Eq. 4. A different form of Eq. 3 may at times 
be more useful. For example, Eq. 3 can be rewritten as 

qo = 2.0368 x 10-5 

kv 

• . • • • ( 6 ) 

:lo (h/1.)1/2 

I 

where qT has units of ~8PD per productive surface acre. 

3. I ':j qO > qDC and one is interested in a stable displace-

ment, choose qT < qC (Eq. 1). 

4. Find estimated recovery at the selected OFOR and correspond-

ing to from Figure S. For water di spl acements, ; f qQ > qQC 

logarithmic interpolation may be used as an approximation for viscos-

ity ratios between 1 and 100. If fluid saturations differ from those 

used in this study (Sw; = 0,,2, Sorg ;:: 0.0, and SOr',<4 = 0.32) adjust 



recovery as appropri ate. ,i:'o r examp 1 e, in th is st:..ldy 50 percent 

recovery by water injection was leO percent of t~e recaveraola oil by 

water injection, that is, 1 - 0.2 ... 0.32 x 100 = 60 percent of the 
1 ~ 0.2 

oil in pl ace .. 

5. Alternatively, in comparing recovery by gravity drainage 

with recovery by water injection, the Buckley-Leverett method may be 

used to estimate the latter. 

6. Compute. recovery time using Sq. 5. 

Two examples from published field data further illustrate application 

in the subsections that follOW. 

Elk Basin (Tenslaeo) Field 

This example illustrates estimation of recovery by gravity 

drai nage. Data for thi s reservoi r have been reported by Stewart, et 

a 14 and other authors. 25-27 ihe reservo; r is a 1 arge anticl ine 

originally having a productive area of 5,300 acres, as much as 2,300 

ft .. of productive oi 1 closure and approximately 500 mi 11 ion barrel s 

of oil in pl dce. Inj act i on of inert gas along the crest of the 

structure began in 194.9. The latest information in the literature 

indicated that, as of 1973, crestal gas injec-:ion continued and had 

been supplemented by water injection on the ~est flank. l,.Jhi 1 e 

drawi ng on more recent i nformat ; on, the recovery est; mate presented 

below is based on operating conditions existing as of ,~pril 1954 for 

comparison ~ith the Stewart, et al estimate. Average reservoir 

properti es are ; n iabl a 3 where the 1 ast t'NO parameters have been 

estimate~ from structure data presented in Ref. ~. 



Averaqe lenqth of oil column alone bedding 
IQUlt: .... f"Ivt:!QI;:!t:: i\~.:IC::IV<..J11 '11.q"I'::;I",I<;;;..;) 

the Elk Bas;n Field 

Average permeability, darcy 
Average porosity, fraction 
Average initial water saturation, fraction 
Average dip, degrees 
Average net thickness, ft. 
Average viscosity of oil, cp 
Average viscosity of gas, cp 
Average density of oil, pSi/ft. 
Average density af gas, psi/ft. 
Average total prOduction rate (1951-53), RBPO 
Average gas injection rate (1951-53), RBPO 
Product i ve 0; 1 area (1954), acres 

pl anes - (1954)., ft .. 

0.112 
0 .. 11 
0~08 

30 
130 
2.24 

0.0177 
0.351 
0.026 
24,200 
26,500 

34 

5,200 est. 
4,600 est. 

From these data, h/l.. ::: 0.028, qo::: 0.035 (Sq. 6) and C!~C::: 0 .. 097. 

Since qO < qOC, a stable displacement should occur. Assumi n g 

that Sorg :: 0.0, Figure 5 indicates a recovery of approximately 82 

percent at DFOR of five. Usi ng Sorg :: 0.12 (the , aboratory data 

reported in Ref. 4 indicated ko :: 0.0 at Sg = 0.8), the recovery from 

Fi gure 5 is adjusted to 71 percent of the oil in pl ace.. Stewart., et 

a 14 ca 1 cu 1 ated a 64 percent recovery us in g the Ter'N ill; ger, et a 16 

method and 66 percent from field performance. This example clearly 

indicates the sansitivity of ul timate recovery to the val ue of the 

residual saturation. Finally, to = 0.65 imp' ies time for recovery 
;s 87 years. 

Hawkins (Woodbine) Field 

Reservoir data for the Hawkins Field have recently been reported 

is a large, complexly faulted anticline covering about 10,000 acres 
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Average porosity, fraction 0 .. 279 
and having about 1000 ft. of hydrocarbon closure ranging from a 

multi-tiered gas cap to a partially underlying asphalt layer. Table 

1 from Ref. 16 is reproduced below (in the units of this study) as 

laDle d. 

Table 4. Average Reservoir Properties 
for the Hawkins Field 

Average permeability, darcy 
Average vert i ca 1 permeabil i ty, darcy 
Average initial water saturation, fraction 
Angle of dip, degre~s 
Average thickness (in vertical direction), ft. 
Average length (along bedding planes), ft. 
Aver3ge reser~oir ;ressure, ~si 
Average viscosity of oil, cp 
Average viscosity of gas, cp 
Average density of oil, psi/ft. 
Average density of gas, psi/ft. 
Average total flow rate per uni t area, R8PO /sq.. ft .. 

3 .. 40 
2.38 
0.08 

6 
49 

3,500 
1,500 
4.45 

0.0185 
0 .. 359 
0.037 

0.0065 

With these data and the rel ative permeabil ity-saturation rel ation for 

the Hawkins Field, Richardson and 31ac!o"e1l16 calcu1ated a recovery 

of 91.5 percent of the oil in place USing their simplified gravity 

drainage model. Time to gas breakthrough was 33 years. Applying the 

results of this study, hit = 0.0139, qo = 0.004 (Eq .. 3) and qDC = 

0 .. 012. USing Figure 5 at a dip of five degrees and assuming Sorg :: 

0.0 gi ves a recovery of 87 percent of the a i1 in place at a DFO R of 

five by gravity drainage. Taking Sorg = 0.035 as reported by King 

and Lee28 g; ves a recovery of 84 percent. '~h i1 e thi s number is lower 

than that c:alc:ulat~d bv Ric:hardson and B1ack'w'i@11 usina their mod~1. 
; tel ose 1y agrees wi th the recovery observed from fi e 1 d performance 

(87 percent) and the recovery they obtained from a two-dimensional 
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numerica1 model (87.2 percent) ..l,l so from Figure 5, tl) = 5.0 from 

which the time is calculated at 29.3 years. 

For compar; son, recovery by water i nj ect i on may a 1 so be est i -

mated.. .~s sum; n 9 the same dis P 1 dC emen t ra te, a aen s i ty a; fference of 

0.1 psi/ft., an oil-water viscosity ratio or 10 and a Sarw of 0.2 

(Ref. 28 reports an average of 0.15 from 3S pressure cores taken from 

watered out zones), one obtains qo = 0.013. S1 nee qD > qoc the 

displacement is not stable. From Figure 5, the recovery by logarith

mic approximation for ~o/~w = 10 is about 55 p~rcent or 91.7 percent 

of the recoverable oil 'r'lhich at Hawkins saturation conditions ;s 72 

percent of the oil in place at a DFOR of five. This number is 8 to 

33 percent hi gher than any of the severa 1 estimates at breakthrough 

and l~PV throughput reported in Refs. 16 and 28; however, rates used 

were not reported. 

years .. 

From Figur-e 5, to = 1..5 from which t = 28.3 

CONCLUSIONS 

1. For the range of conditions investigated, correlations 

between oil recovery and dimensi onl ass rate and time have been found 

'r'lhich permit estimation of the recovery by gravity drainage (up-dip 

gas injection) and comparison between recovery by gravity drainage 

and down-dip 'r'later injection. These carrel ations extend the use of 

Richardson and 81 ackwell's carrel ation to different reservoir geome

tries (dips and dimensions) and give Dykstra's correlation an inter

pretation of dimensionless time. 

2. If the dimensionless rate is less than the dimensionless 
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critical r-ate, recovery by gravity drainage normally 'N; 11 be greater 

than recovery by water injection. 

3. Recovery by gravity arainage varies directly with the square 

root ef the p reduct of the reservo i r he i ght and 1 eng tn, the dip 

angle, the vertical permeabil ity and the fluid density difference. 

rt varies inversely with tne total flow rate and the oil viscosity. 

4. Acceptabl e agreement '~itn pub1 i shed recovery estimates 'Nas 

obtained for t'NO field examples illustrating use of the correla-

tions. rne examples indicate recovery is extremely sensitive to the 

va 1 ue of res; dual oil saturati on. 

NOMENCLATURE 

1. Capital Letters 

.A. - area of cross secti on normal to beddi ng plane, sq .. ft. 

C - constant 

OFOR - displacing fluid-to-oil ratio, MSCF/Si3 for gas and 
STB/STB for water 

M - mobility ratio, krd~o/kro~d 

Pc capillary pressure, psi 

,DV - pore '10 1 ume 

Ra,~d - dimensionless parameters derived by Craig, at al 13 

Sor - residual oil saturation, fraction 

Swi - irreducible water saturation, fraction 

2. Lower Case Letters 

h - height of formation normal to bedding plane, 

k - permeability, darcy 
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~ - length of formation along bedding plane, ft. 

q - flow rate tl1 rough area A, RBPD 

QC ... critical rate defined by Eq .. 1 

1If - dimensionless rate defined by Eq. 2 qo 

qo - dimensionless rate defined by Eq. 3 

qDC - dimensionless critical rate defi ned by Eq. 4. 

t ... time, years 

to ... dimensionless time defined by Eq. 5 

'N ... width of formation, ft .. 

3. Greek Letters 

~ ... finite difference operator 

a - dip angle, degrees 

].l ... viscosity, cp 

o .. density, psi/ft. 

4.. Subscripts 

T - total 

d - displacing f1 u i d 

9 - gas 

0 - oil 

r - relative 

w .. water 

v - vertical 
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5 • ,Abbrevi at; on$ 

cp - centipoise 

deg - degrees 

ft - feet 

MSCF - thousands of standard cubic reet 

psi - pounds per square inch 

RB - reservoir barrels 

RBPO .. reservoir barrels per day 

SiS - stock tank barrels 

Sq - square 
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