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ABSTRACT 
Capillary end effects in corefiood experi- 

ments, in some cases, can significantly influence 
the computation of end-point relative perrne- 
abilities and final saturation levels. Because capil- 
lary end effects arise from capillarity, these cor- 
rections for relative permeability and saturation 
can be quantified if the capillary pressure curve 
is known a priori. Based on Darcy's law and the 
relative permeability-capillary pressure relation- 
ships, we present in this paper how these cor- 
rections can be done in corefloods if the in-situ 
saturation profile is unavailable. Under the same 
principle, if the in-situ saturation profile of the 
capillary end is available, it is therefore possible 
to simultaneously predict both relative perme- 
ability and capillary pressure using pressure data. 
Such a method of prediction is presented in the 
paper and experimentally verified. In a reservoir- 
conditioned oilflood using a carbonate core 
sample, we obtained the capillary end informa- 
tion through in-situ microwave monitoring, and 
the relative permeability and capillary pressure 
were predicted based on the theory. The predic- 
tions were compared with separate capillary 
pressure (mercury injection, porous-plate, and 
centrifuge) and relative permeability (steady- 
state) measurements, The predictions and ex- 
periments agree well with one another. 

INTRODUCTION 
The capillary end effect is an important issue 

in coreflood experiments, because it can cause 
serious errors in the calculation of saturation and 
relative permeabilities from pressure drop and 
production information. Capillary end effects 
arise from the discontinuity of capillarity in the 
wetting phase at the outlet end of the core sam- 
ple. 

Capillary end effects commonly appear in 
situations of oil displacing water in water-wet 
cores, and gas-displacing-oil cases. In other dis- 
placement processes, capillary end effects are 
less pronounced than these two situations. Ex- 
periments of oil displacing water in a water-wet 
core, or a drainage process, are important, be- 
cause they establish the end-point oil relative 
permeability at the interstitial water saturation, 
k,, @ Sh, which is the starting point of a water- 
f l d  (or an imbibition) process. Experiments of 
the gas-displacing-oil cases are also important, 
because they represent internal or external gas 
displacement in oil reservoirs. 

This paper shows how to correct errors in 
saturation and relative permeabilities exploiting 
the capillary end effect. With this theory, we will 
show how to estimate relative pameability and 
capillary pressure simultaneously from in-situ 
capillarity information. 

The Capillary End Effect Formulation - For 
the purpose of illustration, we discuss an ex- 
periment of co-injecting oil and water into a 
water-presaturated, water-wet core sample. The 
saturation profiles during the experiments are 
schematically shown in Fig.1. After oil break- 
through, the system approaches steady-state 
( t  -+ m), and water capillarity tends to keep a 
higher water saturation toward the core end. 
This non-uniform saturation profiIe at the 
steady-state is called the capillary end sect, 
and can be formulated based on Darcy's law for 
both the fluids: 

where A is the core cross-sectional area (crn2), k 
the absolute permeability (md), k, and k,, the 
relative permeabilities (dimensionless), q, and q, 
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the flow rates (cm3/sec), pw and po the fluid vis- 
cosities (g/cm-sec or Poise), p, and po the phase 
pressures (g,,cm-sec2 or dyneb2) ,  and x the 
distance from the inlet end (cm). 

Water-oil capillary pressure is 

P, = P o  - P w  (3) 
Combining Eqs.(l)-(3) gives 

Since the capillary pressure is only a function of 
water saturation, the right-hand term of Eq.(4) 
can be written as 

Eqs.(4) and (5) together give 

At steady-state ( t  +-), water saturation is not 
a function of time, thus 

(steady state) (7) 
This equation can be integrated if all quantities 
are known (that is k,,, k,, and PC are known 
functions of SG qm go, pm po, k,  A are all 
known). The integration results predict the 
steady-state saturation profile as a function of 
distance. 

In this equation, L - x represents the distance 
from the core outlet. The upper limit in the inte- 
gration on the right-hand side is the water satu- 
ration at the core outlet end. In a water-wet 
system, a relatively large amount of water may 
be withheld toward the core outlet because of 
the capillarity. Therefore, without causing much 
error, SwPu can either be assumed as 100% in the 
absence of residual oil, or 1 - So, in the presence 
of residual oil. Eq.(8) can be subsequently writ- 
ten as 

(steady-state, water-wet, oiVwater system) (9) 
If initially there is no residual oil, So, is set to 
zero in the above equation. Since Eq.(9) governs 
the saturation profile, we will refer it to as the 
'profile equarion." 

Previous Theoretical/Experimental Work - 
Richardson et all conducted a series of gas- 
displacing-oil experiments using a Berea sand- 
stone to study capillary end effects. The oil satu- 
ration in all experiments was initially 100%. 
Thus, for gas/oil system, the profile equation is 

L - x -  

(steady-state, gadoil sys tern, initidly 
so - 100%) (10) 

Richardson et al' compared their experimental 
results with that predicted by Eq.(lO), and dem- 
onstrated excellent agreements between meas- 
urements and predictions. Their results support 
the theoretical profile equation. 

THE CAPDLLARY END EFFECT BY THE 
COREY-BURDINE EQUATION 

We return to the oil-displacing-water situa- 
tion. Brooks and core? assumed that the capil- 
lary pressure can be represented by 

where P d  is the displacement pressure 
(sometimes called "threshold pressure"), and h is 
a material cons tan t determined experimentally. 
Eq.(ll) is schematically shown in Fig.2. 

Ln Fig.2, the mobile saturation range is 1 - Si, 
- So,; we define normalized water saturation as 

and Eq.(l 1 ) becomes 
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Based on the work of I?urcell3, Corey com- 
bined Burdine's research4 on tortuosity and de- 
veloped the Corey-Burdine ~ ~ u a t i o d  4. For 
oil-water systems, the Corey-Burdine equations 
predict the following interrelationships between 
relative permeabilities and capillary pressure: 

Substituting Eq.(13) into Eqs.(l4) and (15), 
Brooks and core? obtained the following re- 

With these expressions, the profile equation, 
Eq.(9), becomes 

(18) 
which applies to steady-state oildisplacing- 
water situations in a water-wet core. 

Ideally, one would integrate Eq.(18) to ob- 
tain the steady-state saturation profile, S, as a 
function of distance, in an oil-displacing-water 
experiment. RealisticaIly, this equation is difficult 
to use. In this equation, P d  and h can be deter- 
mined by a capillary pressure experiment; the 
terminal water relative permeability, k I , can " s,, 
be determined by a water-displacing-oil (i.e., a 
waterflood) experiment, assuming no capillary 
end effects if the core is rendered water-wet. 
The only tern causing problem is the terminal oil 
relative permeability, k,Is-, which cannot be 

evaluated a priori in an experiment. The reason 
is that one gets the value of an uveraged oil 
relative permeability (kro) at an averaged termi- 

nal condition (Ck) based on the pressure drop 
over the whole core and the water production. 
In other words, k,.l,+ is a part of the solution, not 

a known parameter. 
Our goals are to compute the actual terminal 

oil relative permeability (k r" 1 S, ) and the acrunl 

water saturation (Sh) values from the averaged 
KoIrk and $&. In the next section, we will show 

step by step how this can be accomplished. 
Using the word "acmr '  does not mean 

"nue" values of relative permeability and satura- 
tions, which should be directly measured in the 
absence of capillary end effects. "Actual," in our 
phrase, means.derived values, where the use of 
the Corey-Burdine Equations and the idealized 
capillary pressure curve (Eq.(l 1)) are implicit. 

ERROR CORRECTION IN RELATIVE 
PERMEABILITY AND SATURATION 
CALCULATIONS 

We consider the oil-displacing-water case 
again. The cdculations presented in this work 
can be as well extended to other coreflood 
situations such as the gas-displacing-oil cases, 
provided that the subscripts are appropriately 
changed (w to o and o to g). For example, 
change the k kroG APd / Lqop, term in our work 

to k k I APd / Lqg p8 for a gas-displacing-oil 
'g S, 

case, where P d  becomes the displacement pres- 
sure (a positive value) for gas displacing oil. 

To further s impw our discussion, we con- 
sider the scenarios of single-phase oil injection. 
Setting qw = 0 (no water co-injection) in 
Eq.(18): 

(oil displacing water, oil-injection alone, 
water-wet core) (19) 

Integrating term by term of Eq.(19) gives 
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(oil displacing water, oil-injection done, 
water-wet core) (20) 

Using this equation, Fig.3 shows, as an example, 
the normalized water saturation profiles using h 
= 2.1 at different values of k k I AP, / L ~ ,  p, . " s.. 

In Fig.3, the inlet-end water-saturation is 
governed by Eq.(20) where x is set to zero: 

This is a nonlinear equation which can be solved 
numerically. The solution is shown in Fig.4 
where s:,,, is plotted as a function of 

k &/Lqop0 for h = 1.5 to 2.9. 

Average Water Saturation - The average water 
saturation over the whole core (presumably 
close to interstitial level except in the vicinity of 
the outlet end) can be calculated as follows (note 
that the water saturations are all normalized): 

This equation can be expanded and integrated 
term by term - to give - 

krols+ ~d 
with X E 

Lq, P o  
(23) 

With the solutions of Eq.(21) presented in Fig.4, 
Eq,(23) is used to compute the normalized in- 
terstitial water saturation for different values of 
h and k kmlsk AP,/L~, ,  po as shown in Fig.5. 

Average Relative Penneabilily - Now we con- 
tinue to discuss the pressure drop in the core 
sample. Because of steady state and no water 
injection, the pressure drop in the core at an 
arbitrary distance x can be obtained by integrat- 
ing the Darcy's equation for oiI: 

At given k t  r" I sI. A P , / L ~ ~ ~ ~  and ic values, Fig.5 

shows S: being a function of x, and the value of 
s:, can be determined from Fig.4. Thus, using 
Eq.(24), the pressure gradrent curve (in dimen- 
sionless form) can be plotted as shown in Fig.6. 
Fig.6 shows that a significant pressure drop ex- 
ists across the last 20% of the core length for all 
situation considered. The right-hand side end 
point of each curves (i.e., the outlet end) in Fig.6 
is related to the ratio of the actual terminal rela- 
tive permeability to that of the averaged, as now 
discussed. 

Steady-state terminal oiI relative permeabil- 
ity, in the laboratory, is calculated based on the 
pressure drop over the entire core. This calcula- 
tion requires correction because of the capillary 
end effect. Denote the average relative perme- 
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ability (based on the entire core pressure drop 
(A&, =ML,) Em, from Darcy's law and using 
Eq.(24), 

Eq.(26) represents the ratio of the actual termi- 
nal oil relative permeability to that of the aver- 
aged lm. This ratio is graphically shown in Fig.7. 
Fig.7 shows that the actual oil relative perme- 
ability (kro @ Sa) at terminal condition is greater 
than the averaged Em @ Fk. Physically, this 
means that the higher pressure jpdient near the 
outlet end caused by the capillary end effect re- 
sults in a lower averaged relative permeability. 

Corrections of Terminal 01'1 Relative Perme- 
ability Computation - Based on the previous 
calcuIations, the terminal oil relative permeability 
ratio, krQ/k , ,  , can be expressed in terms of 
measurable quantities. 

The ratio of the two quantities shown as the 
xcwrdinate in Fig.8 and Fig.9, is P,AAP,I, the 
ratio of the displacement pressure to the viscous 
pressure drop over the entire core: 

Fig.8 shows lr r0 I S, / E  m I r, as a function of pd /lapLl 

for various h. Based on measured 
kk-, l -  AP, / Lq,po (i.e., pdAbpLl) and h we 

s, 

can fmd the value of k r0 I S, / f  r0 I s, from Fig.8. This 

value and the averaged xmI- can be used to 
s* 

compute the actual terminal oil relative perme- 
ability k ( 

'D s, ' 

Corrections of Interstitial Water Saturation 
Conzputation - Fig.9 shows the normalized av- - 8 

wage interstitial water saturation, S, , as a 

function of the measurable k Fro[% AP, I Lqop,  

(i.e., p d / l ~ , 1 )  and h Based on measured 

k h 1 - AP, I Lqo p and h, we find the value of 
ro S, 

q. using Fig.9. From Eq.(12), we have 

Solving for Sk,  

For known values of iT; (from Fig.91, $,+, 
(measured) and S, (measured), the actual in- 
terstitial water saturation at the terminal condi- 
tion, Si, (free of end effect) can be calcuIated 
using Eq.(29). 

Examples of Relative Permeability and Satu- 
ration Corrections - The computations of cor- 
rected terminal oiI relative permeability and in- 
terstitial water saturation are demonstrated in 
this section. Values obtained from Figs. 8 and 9 
using h = 2.1, a typical value for consolidated 
sandstone, are tabulated in Table 1. Using Fig.4, 
the inlet water saturation values are also tabu- 
lated. 

TabIe 1 shows that the higher the capillary- 
to-viscous pressure ratio ( P , I ( A P ~ ~ ) ,  the more 
significant are corrections in S;, and k,,. In an 
example shown in the table ( P , / I & ~ I  = 0.4, the 
capillary pressure being quite significant), the 
averaged relative permeability is 81% lower than 
the actual value, and the averaged interstitial 
water saturation is 0.164PV higher than the ac- - 
tual value (i.e,, S, -S, = 0.164). 

SIMULTANEOUS ESTIMATION OF REL. 
PERM. AND CAP. PRESSURE 

In this section, we will show how to simulta- 
neously estimate the relative permeabilities and 
capdary pressure of a core sample, if the aver- 
aged and actual values of interstitial water satu- 
ration and termind oiI relative permeability are 
given. To obtain the latter information, we con- 
ducted a coreflood experiment using a carbonate 
core sample, which possesses water-wet charac- 
teristics at reservoir temperature. 
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The core dimensions and the experimental 
conditions are: 

L =  lOcrn, D = 1.83cm, k =  5 md, 
$ = 22.5%, T = 150 T, % = 6 cp, 
q, = 1.389E-4 cm3/sec 

The experiment was monitored by microwave 
attenuation techniques along every centimeter of - 
the core for in-situ saturation profile information 
(see Fig.10). The experiment protocol and the 
results are the following: 
Step 1. Ollflood (q, = 0.5 cc/hr) a core that ini- 
tially has a mean residual oil saturation, So, = 
0.251. At the end of oilflood, in the presence of 
capillary end effect, the averaged interstitial wa- 
ter saturation (&,,) is 0.324, and the averaged 

terminal oil relative permeability, k 1 - = 0.5 1. 
s, 

Step 2. Use a water-wet porous plate at the core 
outlet end. Transform the constint-rate injection 
mode into the constant-pressure mode of oil in- 
jection. In this way, the nonuniform water saru- 
ration profile becomes uniform (see Fig.10). At 
this point, we found the true interstitial water 
saturation, Si, = 0.292. 
Step 3. Remove the porous plate, and again 
conduct a constant rate oil injection (qo = 0.5 
cchr) to determine the true terminal oil relative 
permeability (i.e., without the capillary end ef- 
fect). We found k,,, I L  = 0.65. 

The experimental results give us 

Interpolating the value of h from Figs. 8 and 9 
simultaneously using Eqs. (30) and (3 I), we 
found 

k P  1 -  AP, 
h = 2.3, and ro Si, = 0.18 (32) - - 

L90Po 
which further gives the value of the threshold 
pressure, Pd: 

psi 
= 3.28 psi 

68947.57 dyne / cm2 

Ecls.(ll), (16), and (17), that predict relative 
permeabilities and capillary pressure, become 

- 0.292 -%J (34) 
PC (psi) = 3.28 x ('" ) 0.45 7 

In order to check the validity of these equa- 
tions, we conducted separate measurements for 
capillary pressure and steady-state water/oil 
relative pemeabilities. The comparison between 
values from predictions and measwrnents are 
shown in Figs. 11 and 12. 

Fig.11 shows the comparison of capillary 
pressure prediction (Eq.(34)) with data from 
three different measurements: (a) reservoir- 
condition centrifuge experiment, (b) reservoir- 
condition porous-plate experiment through the 
use of rnicrowave attenuation for water satura- 
tion determination, and (c) ambient-condition 
mercury-injec tion experiments rescaled to the 
reservoir condition. Our prediction using 
Eq.(34) provides an overall agreement with the 
three different sets of data. 

Fig.12 shows the comparison between the 
predicted relative permeabilities (Eqs. (35) and 
(36)) with that measured in a reservoir-condi tion 
steady-state experiment using microwave at- 
tenuation for in-sim water saturation detennina- 
tion. Again, the predicted curves agree well with 
the measurement 

To double check the calculations, we substi- 
tute the values of Pd  and h from Eqs.(32) and 
(33) for Eq.(19), the profile equation, to deter- 
mine the saturation prome. The predicted profile 
can be compared with the measured saturation 
profile (shown earlier in Fig.10) as a final check. 
Fig.13 shows this comparison. Again, the theory 
agrees well with the experiment. 
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SUMMARY AND CONCLUSIONS 
In this work, we have addressed how capil- 

lary end effects can influence the computation of 
relative permeability and saturation in core flood 
experiments. To illustrate, we studied the situa- 
tions of oil displacing water in a water-wet core 
at the terminal condition as an example. 

We showed how to convert the averaged 
terminal oil relative permeability to the actual oil 
relative permeability. This correction, in some 
cases we studied, can be very significant (in the 
order of 100%) when the capillary force is of the 
same order of magnitude as the viscous force. 

We showed how to compute the actual in- 
terstitial water saturation from an averaged 
value. The correction to the computation of Sa 
is found even more significant than that needed 
for the terminal relative permeability. 

a We also demonstrated how to simdtane- 
ously estimate relative permeabili ties and capil- 
lary pressure in a drainage process, based on 
terminal-condition measurements with and with- 
out the capillary end effect. The estimated rela- 
tive permeabilities and capillary pressure were in 
good agreement with experimental data from 
different sources. When applying this simultane- 
ous estimation technique, the capillary-induced 
nonuniform saturation profile infarmation should 
be obtained from in-sins scanning methods. 
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WATER IN A WATER-WET CORE USING h = 2.1 

REFERENCES ity Therefrom ,' Petroleum Transactions, AIME, Febru- 
1 Richardson, J. G., Kerver, J. K., Hafford, J. A., and ZUY, 39-48 (1949). 

Osoba, J. S., 'Zaboratory Determination of Relative Burdine, N. T., 'Relative Permeability Calculations 

Permeability," Petroleum Transactions. AIME, 195, from Pore Size Distribution Data," Petroleum Transac- 

187-196 (1952). tions. MME, VoI. 198 71-78 (1953). 
2 

S 
Brooks, R. H., and Corey, A. T., "Hydraulic Properties Corey, A. T., "The Interrelation Between Gas and Oil 

of Porous Media," Hydrology Papers of Colorado State Permeabilities," Producers Monthly, November, 38-41 

University, No. 3. (1964). (1954). 
3 

6 
PurcelI, W. R., "Capillary Pressures - Their Measure- Honarpour, M. M., Koederitz, L., and Harvey, A. H., 

ment Using Mercury and the Calculation of Perrneabil- Relative Permeabiliry of Petroleum Reservoirs, 1986, 
CRC Press. 

* 

Rel. Perm. 
Correction: 

krdL 
f 1- 

r" S, 

1.02 
1.03 
1.07 
1.13 
1.17 
1.36 
1.58 
1.81 

pddAPL1 

0.01 
0.02 
0.04 
0.08 
0.10 
0.20 
0.30 
0.40 

Normalized 
Avg. Water 
Saturation 

qi 

4.5E-3 
8.8E-3 
1.8E-2 
3.6E-2 
4.5E-2 
8.8E-2 
1.3E- 1 
1.7E- 1 

For &+, = 20%, 
&= 0 (pirnary 

drain age) 

Value of Si, 

19.64% 
19.29% 
18.53% 
17.01% 
16.23% 
12.28% 
8.05% 
3.61% 

Ratio of Dy- 
namic Press. 

Drop 
(viscous) and 
Displ. Press., 

IhpLvpd 

100 
50.0 
25.0 
12.5 
10.0 
5-00 
3.33 
2.50 

Normalized 
Inlet Water 
Saturation, 

* 
S w  ,inlet 

4.2E-5 
2.5E-4 
l.lE-3 
4.2E-3 
6.7E-3 
2.3E-2 
4.6E-2 
7.2E-2 
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Figure 1. The capillary end effect in an oil-water co- 
injection experiment. The core, assuming water-wet, was 
initially saturated with water, with or without S,. 

Figure 4. Normalized inletend water saturation as a 
function of k k,lsb A P , / L ~ , ~ ,  far single-phase oil dis- 

placing water (water-wet core; 15 I h I 2.9 ). 

Figure 2. In oil-displacing-water case, the measured 
capillary curve (dashed) can be represented by an ideal- 
ized curve (solid). The intercept of the ideaIized curve at 
residual oil saturation is the displacement pressure, P d .  

In le t  Outlet 
End End 

0.0 0.1 0.2 0.5 0.4 0.5 0.6 0.7 0.1 0.9 1.0 
Dlmenslonless Distance. z/L 

Figure 3. Normalized water saturation profiles of single- 
phase oil injection displacing water in a water-wet core 
for h = 2.1 and different values of k k,l,- A P , / Q , ~ ,  . 

Figure 5. Normalized average water saturation as a 
function of k k,(, AP,/Q. p, for single-phase oil dis- 

placing water (water-wet core; 15 I h I 2.9 ). 
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Inlet 
End 

Outlet 
End 

. ~ . , . ' . ~ . l . ' . , . l . l ~  

s r 2' $-' 

- 

(A = 2.1) 
- 
2- - 

I l.3F .- 
D 
5 e 1.2L 
U 

t 
n i 1.1 1 
e 
m 
0 - 
: I . o - - - - - - " - - " - - - - - - - - - - - " " - - -  - 
m ldeallzed Llne: Capillary End Eflect Ignored 
E 0 

F € - - 
0 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Dimensionless Distance, z/L 

Fipre  6. Pressure gradient, ( - ~ p (  ) k kmlL A / x ~ ~ ~ ~ .  as 

a function of distance from the injection end, xlL. Condi- 
tion considered: single-phase ail displacing water (water- 
wet core; h = 2.1). 

Figure 7. Ratio of actual terminal oil relative permeabil- 
ity to the averaged value as a function of 
k k,Isk AP, / L ~ .  po for 15 5 h 5 2.9 . The averaged 

~erminal oil relative permeability is calculated based on 
the total prcssure drop across a core sample. 

Rgure 8. Ratio of the actlcal terminal oiI relative perme- 
ability to the averaged terminal oil relative permeability 
as a function of P, /lpLI for 15 5 7r 5 2.9 . 

Figure 9. Normalized average water saturation as a 
function of P, /(A.PL1 for 15 5 h 5 2.9 . 
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Inlet Outlet 
End End 

l . o , . l ~ , . l . l ~ l ~ l ~ l ~ , ~ l ~ ~  

0.0 
D l 2 3 4 5 6 7 8 9 1 0  

Distance from lnlet End (cm) 

Figure 10. Water saturation profiles before and a f ~ r  the 
coreflood experiments. Initial condition: top bullets wilh 
a mean S, = 0.749; final condition with the capillary end 
eflecr: open diamonds with an average = 0.324; final 

condition without the capillary end effect: bottom bullets 
with a mean Si, = 0.292. Saturation profiles are obtained 
by microwave attenuation techniques. 

Water  Saturation, Sw 

Figure 11. Comparison betwecn the theoretically pre- 
dicted capillary pressure with the measured ones fiom 
centrifuge, porous-plate, and mercury-injection experi- 
ments. 

\ 
. ' . l . l l ' l  I . I , i  1 . 1 ,  

0.0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0 

W a t e r  Safuration, S, 

Figure 12. Comparison between the theoretically pre- 
dicted relative permeabilities with the experimental data. 
The experiment was conducted at reservoir condition in 
steady-state mode. 

lnlet Outlet 
End End 

'" 0 

o . o l . ' ~ l ~ l ~ l ' l ' l ' l ~ " l ' l  
0 1 2 3 4 5 6 7 8 9 1 0  

Distance from tnlet End (cm) 

Figure 13. Comparison M e e n  the predicted capillary- 
end-effect saturation profile with that measured using 
microwave attenuation techniques. Solid Curve: pre- 
dicted, bulleb: measured values. 




