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Abstract 

'CITe present a theoretical study of how the properties of 
the individual cores in a composite core influence the 
measured relative permeabilities of a waterflood. The as- 
sumptions are that relative permeabilities and porosities 
are equal for all individuals in the composite core, and 
also that the individual capillary pressures are scaled by 
a Leverett-J relationship. Realistic data from a North 
Sea sandstone reservoir are used to select all core and 
fluid properties. 

A new criterion for ordering individuals in composite 
cores is proposed. The best ordering is after decreasing 
permeability in the flow direction, i.e., such that the core 
with the lowest permeability is placed a t  the outlet. This 
ordering will produce a residual oil saturation closest to 
the true one. Our new criterion is in conflict with what we 
believe is common practice, as well as with the Huppler 
criterion (Huppler,l969). 

Introduction 

permeability of all sections (a section is a part of the 
total composite core, built up of one or several individ- 
ual cores) is as close as possible to the over-all average 
permeability for the composite. Also, those sections hav- 
ing average permeabilities that are closest to  the over-all 
average permeability should be located near the end of 
the composite. The last argument is based on the claim 
that the pressure gradient has the largest value at the 
end, which is true only for unfavourable mobility ratios. 
(In his example he uses a water to oil viscosity ratio of 
1:20). With four rocks of identical lengths and porosi- 
ties, and individual absolute permeabilities 400, 600, 800 
and 1000 mD, the harmonic average is 623 mD. There- 
fore the 600 mD core is placed a t  the outlet. The 800 mD 
rock is next, since this gives a harmonic average of this 
two-core-section closer to the harmonic average of the to- 
tal composite, than using either the 400 mD or the 1000 
mD rocks. After one more calculation, the Huppler crite- 
rion gives the following ordering along the flow direction: 
1000,400, 800 and 600 mD. 

However, a common practice, both in steady state and 
unsteady state dispIacement experiments, appears to be 
ordering after increasing permeability, i.e., having the one Relative permeabilities are important parameters for 
with highest permeability a t  the outiet. The argument is characterizing fluid flow in an oil and gas reservoir. Since 
that the capillary forces are lower in a high permeabil- reservoir cores are relatively small (5-7 cm), several such 
ity medium, and hence the capillary end effects should cores are but,ted together, to form a composite core for rel- 
become minimal. Below, we show that this is a wrong 

ative permeability experiments. This increase of length 
of the sample reduces the influence of the capillary end assumption. 

efTect,s and increases the relative accuracy of volume mea- To our knowledge, the problem of how to  best order 

surements. ~h~ underlying assumption is that the indi- a c ~ m ~ ~ ~ i ' e  core in the Presence of ca~i l l ' r~  effec's, has 

vidual cores are similar both with respect to  capillary not previously been addressed. 

pressure and relative permeability functions. Also, one 
assumes capillary continuity between individual cores. 
Henre, the composite is regarded as one single core, and 
the interpretation of experimental results is done accord- 
ingly. 

In reality, the different components often have different 
properties. The ordering of the composite can then be 
crucial for the correspondence between measured and true 
relative permeabilities. 

Huppler (1969) presented a n  ordering criterion, based 
on the permeability of the individual cores. He neglected 
capillary effects, assumed equal individual relative perme- 
ability curves, and considered a watrrflood unsteady state 
displacement evaluated wit11 t l ~ c  dBN-method (Johnson, 
Bossler and Naumann, 1959). The criterion is to or- 
der the individual cores such that the harmonic-average- 

Theory 

One dimensional two-phase flow in porous media without 
gravity effects is assumed to follow the generalized Darcy 
law, 

Here, u j  is the Darcy velocity, k absolute permeability, krj 
relative permeability, pj fluid viscosity, and pj pressure 
of phase j (o ,  w ) .  

Oil and water pressures are related through the capil- 
lary pressure, 

P , ( * S W )  = Po - P w .  (2) 
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Leveret t (1 941) suggested a relation between the capillary 
pressure of different porous media, 

where go, is the interfacial tension between oil and water, 
0 the wettability angle, and 4 the porosity. J is what 
h a s  become known as the Leverett-J function, common 
to all media in question. Brown (1951) found that this 
relationship was able to correlate a number of samples of 
limestone from the same lithology type. 

Marle (1981, p. 23) doubted the general validity of 
Eq. 3, but said that it is a reasonable assumption that 
PC IX m, as long as the cores are of same lithology 
type. This should be true for a composite core, where the 
i n d i ~  idual cores are drilled close-by from one seal peel. 
We therefore assume that 

throughout t.hr study. 
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Figure 1: Saturation profiles ( fw = 1) in a homogeneous 
1000 mD core at. different rates. 

X 

Steady state saturation distribution z B 0.01 
8 

If one ~ ~ O W S  the steady state (SS) saturation distribution 
a 0.001 in a composite core, one is able to calculate the effective g 

relat,ive permeabilities (Dale et.al., 1994). These relative .: 
5 

permcabilitics are exactly the same as those measured in a! o.oool 
a standard SS experiment (given that the theory of two- 
pliase flow is correct). 

Knowing the outlet boundary condition, ,Si, the SS ~e-05  
0.2 0.3 0.4 0.5 0.6 0.7 0.8 

saturation distribution for a homogeneous (single) core of Water saturation 1fiac.l 
lengtll 1 is given by, 

Figure 2: Steady state relative permeabilities for different, 

z(,S,) = 1 + - krw krodPc/dSw 
dSw , Darcy velocities. Homogeneous 1000 mD rock. 

u JSw s; fw(~okrw + ~ w k r o )  - ~ o k r w  
(5) 

where ju, is the fractional flow of water. Inserting Eq. 4 
into Eq. 5 gives 

dS, . 

At f,,. = 1 this simplifies to 
( 6 )  

some water saturation SL. Hence, for a single core, we 
have S$ = SO,. 

From Eq. 6 ,  a small m / u  corresponds to a large x 
(close to I), and in turn, to  a large saturation gradient. 
Fig. 1 illustrates this for a homogeneous 1000 m D  rock 
of length 20 cm with otherwise the base da ta  set (see be- 
low). Increasing the rate is seen to lower the end-effect. 
Here is equal 0.2. Fig. 2 shows the SS relative per- 
meabilities calculated for different Darcy velocities. As 
the rate increases, they approach the true (rock) relative 
permeabilities. 

Similarly, a low permeability will give a small end- Single core effect, see Eq. 6. This is because the viscous forces in- 
The standard outlet boundary condition for a core exper- crease as l / k ,  while the capillary forces increase only as 

iinrrlt i h  zero rapillary pressure in the outlet chamber. We I/&. 
: isul i ic  that both pliase pressures, and thereby the cap- Xn the limit f ,  = 1, Eq. 7 shows that wen the water vis- 
illar? pressure, are continuous across the outlet-interface, cosity goes outside the integral, and a high water viscosity 
and rilat thc capillary Ixessure takes t he  value zero for will give a small end-effect and an estimated residual oil 
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Figurc 3: C:apillary continuity causes a saturation jump 
le twem two neighbour cores. 

saturation close to the true one. 

T h e  shape of the capilrary pressure will influence 
through the value of d J / d ~ ,  in Eq. 6. An increase in 
magnitude of d J / d s ,  will increase the capillary end- 
effect. 

Dividing by 1 in Eq. 6 shows that a large 1 decreases 
the rclstive end-effect. 

Water - 

a s 

Table 1: Base data  sct 

0.2 0.4 0.6 0.8 1 
Water saturation [frac.] 

Permeabilities [mD] 
Irreducible water sat. [frac.] 
Residual oil sat. 1frac.l 
Porosity [frac.] 
Core length [cm] 
Viscosity of water [cP] 
Viscosity of oil [cP] 
Darcy velocity \m/d] 
Rate (3.81 cm diam.) [ ml/min] 

Figure 4: Relative permeabilities used throughout the 
analysis. 
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Composite core 

Throughout the  study, it is assumed that a composite 
core is comprised of individually homogeneous cores. For 
a composite core, we can calculate the saturation distri- 
butmion in (.lie core closest to the outlet (the outlet-core), 
where ,9: is known (typically 9:). At the interface be- 
tween the outlet-core and its neighbour, we again assume 
capillary c,ontinuity, such that the capillary pressure is 
cont inuous across the interface. This will often cause a 
discontinuitmy in the saturation. Fig. 3 gives an example 
of this, assuming that the 100 mD rock is the outlet-core, 
and that  its saturatiorl a t  the interface is 0.63, which cor- 
responds to - 10 kPa capillary pressure. Capillary continu- 
ity thcn irriplies that the capillary pressure of the neigh- 
Louring rock (1000 mD) also is -10 kPa a t  this interface, 
which corresponds to a water saturation of 0.73. The re- 
sult is a n  upward jump in the water saturation a t  the 
int,crface! as seen from the outlet core. The boundary 
(ou t l~ t )  colldition for the new rock is then known, and it 
is possible to calculate its saturation distribution through 
Eq. G .  Chntinuing in this way, we are abIe to calculate the 
satr~ration distribution of the whole composite core, and 
t,brough it ,  the SS relative permeabilities. This routine 
is i ~ n p l r l ~ ~ e n t e d  in the software: EFFECTIVE (Ekrann, 
1995). 

Ari i~l-tportant parameter in this calculation is the esti- 

mated residual oil saturation, 

Base data set 

A base data  set was chosen to match realistic da ta  from 
a North Sea sandstone reservoir. Some of these prop- 
erties are given in Table 1. The flow rate is 2 ml/rnin 
for a 3.81 cm in diameter core, corresponding to a Darcy 
velocity of 2.53 m/d. In this study, the porosity and rcla- 
tive permeability are assumed equal for all the individual 
rocks. Equal porosities should be a reasonable assump- 
tion, since this parameter varies little compared to the 
permeability in a typical composite core. With equal rel- 
ative permeabilities, we know the "true" average relative 
permeabilities of the composite core, which are the indi- 
vidual relative permeabilities. We also assume full capil- 
lary continuity between the  segment,^. 

The core-flooding scenario to be studied w a s  that of 
water displacing oil. Relative permeabilities \\,ere Corey- 
type of degree 3, k,, = 0 . 3 3 ~ ,  k,, = (1 - ,5')3 where ,5' = 
(,St,, - S,,;)/(,S,, - S,,; - S,,), see Fig. 4. The capillary 
pressure shows no spont.aneous imbibition of i ~ a t ~ e r ,  P, = 
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Figure 5: The capillary pressure used as a basis in this Figure 6: Steady state saturation profiles for the extreme 
analysis. .41so shown are measured data  from a typical permeability variation case. Ordering 1234. 
North Sea reservoir. 
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=((I+€-s)/(~+,!?))Y, Pc(S,;) = -0.01 kPa, Pc(l-So,) = 0.8 
-149 kPa, y = 2, see Fig. 5. This capillary pressure is 
always associated with a 1000 mD rock. The capillary - 
pressures of the other rocks, are given through Eq. 4. 
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When nothing else is specified, we always use this set .- - 6 
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The best ordering of a composite 
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core 

The following short notation is used to describe the com- 
posite cores: The individual core with smallest perme- 
ability is called 1, the one with the second smallest per- 
meability 2 etc.. With this notation, a composite of four 
individual cores, ordered after increasing permeability in 
the flow direction, is called 1234. Ordering after decreas- 
ing permeability becomes 4321. With four different in- 
dividual cores there are 24 combinations. The two most 
important ones are 1234 and 4321, but the one proposed 
by Huppler will also be presented for comparison. 

Initially an extreme case of four 5 cm cores of perme- 
abilities 10, 100, 1000 and 10000 mD were used. The 1000 
mD rock keep the base capillary pressure in Fig. 5, arld 
the others were scaled by Eq. 4. Fig. 6 and Fig. 7 show 
the steady state saturation profiles for the orderings 1234 
and 4321. Several important observations can be made 
from them: 

The outlet rock has the same outlet boundary condition 
in the two combinations (S: = S,,). As explained by 
Eq. 6, the 1OOOO m D  rock (4) has a saturation profile 
which increases much more slowly than that of the 10 mD 
rock ( I ) ,  going from right to left. Focusing a t  the f, = 1- 
curve, we see that 4321 has a much better starting point to 
get a good S:st. Continuing to the left across the interface 
gives saturation upward jumps for 4321 while downward 

0.3 
0 2 4 6 8 LO 12 14 16 18 20 

Position along core [an] 

Figure 7: Steady state saturation profiles for the extreme 
permeability variation case. Ordering 4321. 

jumps for 1234, as discussed previously. 
The f ,  = 1 saturation profile for 1234 shows huge cap- 

illary effects, and a poor S:Ft is therefore expected. The 
4321-combination is seen to estimate this parameter much 
better. 

For fractional flows 0.8 and below, i t  is seen that the 
internal end-effects are a bit larger in 4321 than in 1234. 
This  will affect the form of the estimated relative perme- 
ability curves. 

Fig. 8 shows the saturation distribution with the order- 
ing after Huppler (2341 for these permeabilities). This 
ordering causes a dramatic internal end-effect a t  low f,'s 
between two rocks, resulting in poor relative permeabili- 
ties a t  low water saturations. The S::t for 2341 is much 
better than for 1234, but  not as good as for 4321. 

The relative permeabilities for these three compos- 
ite cores are given in Fig. 9,  and it is easy to  see the 
correspondence to  the saturation profiles. The 1234- 



6 8 10 12 14 
Position aIong core [m] 

1996 SCA Conference Paper Number 9602 

0.5 0.55 0.6 0.65 0.7 0.75 0.8 
Water saturation 1kac.l 

Figure 8: St,eady state saturation profiles for the extreme Figure 10: Steady state relative permeabilities for differ- 
permeability variation case. Ordering 2341. ent compositions. Base data set. 
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Water saturation [frat.] 

Figure 9: Steady state relative permeabilities far different 
compositio~is of tlie extreme permeability variation case. 

combination gives a bad SEst, and also a bad estimate for 
water and oil relative permeabilities for water saturation 
above 0.6. However for water saturations below this value, 
1234 is seen to give the best estimation. Huppler's com- 
posite, 2341, gives the worst relative permeabilities for 
water saturations below about 0.6. The 4321-combination 
is clearly the best, both with respect to estimated form 
of the relative permeabilities and SzFt. 

The extreme case above is not realistic. Therefore, 
these results were quantified for the base permeability dis- 
tribution (400, 600, 800 and 1000 mD). Fig. 10 shows the 
relative perineabilities for 1234, 4321 and 4132 (Huppler's 
ordering). The qualitative difference in Szst between the 
cornpositio~is is the same as for the extreme case. The 
4321-combination does the best job. On the other hand, 
ordering 1234 now ha5  tlie best match to the water rela- 
tive pel.lneabilit> in its entire interval (below a water sat- 
uration of about 0.73). Ordering 4321 underestimates the 

water relative permeability endpoint, because a t  f, = 1 
the outlet-core, which has the smallest permeability, also 
has a low water saturation and a low water relative per- 
meability, and it will therefore make a large contribution 
to the total relative permeability. 

Which is the best combination? In the high water sat- 
uration part, the oil relative permeability is the most im- 
portant, and So, is a very important parameter. We 
therefore use S::t as a quality-parameter, and by this 
parameter, 4321 is the best combination. The 4321- 
combination has an  error of 11.9 % in the SEFt, while for 
1234 t,he error is 15.3 %. Ruppler's combination, 4132, 
comes in between. Fig. 13 shows the error in S::t for all 
the 24 possible orderings, for two different flow rates, 2.53 
m/d (2 ml/min) and 7.58 m/d (6 ml/min). It is seen that 
4321 is the best, and 1234 the worst to estimate So,. For 
these. two flow rates the same ranking is observed. 

In the Appendix, we give a proof that 4321 always es- 
timates So, better than 1234. 

Shape of Leverett-J function 

In the theory section, we discussed the impact of the 
shape of the capillary pressure curve. To quantify this for 
our base data, three different Leverett-J functions, were 
used. Fig. 12 shows the 1000 mD capillary pressure curves 
based on these J-functions, All capillary pressures are of 
the same functional type, without any spontaneous part. 
Pcl  is the original base. Two others, which are closer to 
the measured data points, are also constructed. For each 
of these bases, we have calculated the SS relative perme- 
abilities for the composites 1234, 4321 and 4132 using the 
400, 600, 800 and 1000 mD rocks. Table 2 shows thal  
all three Leverett-J functions give the same qualitative1 y 
picture regarding S,Cst for the different combinations. 

When the capillary pressure has both a spontaneous 
and a forced part, spontaneous imbibition will result in 
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Figure 12: 1000 mD capillary pressure curves for three 
different Leverett-J functions. 

Table 2: Error in Szst [%I for three Leverett-J functions 
-- - 

mD rock a t  the inlet, and 4441 has the short core a t  the 
outlet. Placing the short core a t  the inlet gives hardly 
any effect, but having it a t  the outlet reduces the error 
in Szst with almost 3 %. We recommend therefore to  add 
the short 400 m D  core to the composite and place it a t  
the end. 

Leverett-J 
Pc l  
Pc2 
Pc3 

igure 11: Error in ,S,"st for all 24 orderings of permeabil- 
Y. 

1234 4321 4132 
15.27 11.90 13.31 
7.94 6.11 6.87 
5.49 3.76 4.47 

Viscosity ratio 

fferent SS relative permeabilities a t  low water satura- The effect of water viscosity on S$t was discussed pre- 

ons (in the spontaneous region). However, if the spon- viously. For intermediate fractional flows, the effect is 

.neous part does not dominate the capillary pressure, harder to see. To quantify this, the oil-viscosity was kept 

will not alter the picture regarding S:st and estimated constant a t  2.4 cP while the water viscosity was varied. 

lative permeabilities a t  high water saturations (in the Fig. 14 shows the resulting relative permeabilities. As 

rced region). expected, increasing water viscosity improves Sz$. No 
dramatically change in the form of the estimated relative 
permeabilities is observed. 

ndividual core length 

I the Appendix, we prove that 4321 always estimates So, 
.tter than 1234, independent of the individual lengths. 
Je demonstrate this by looking a t  a realistic problem. 
iy, the available core material is three 6 cm long cores 
'permeability 1000 mD, and one 2 cm long core of per- 
eability 400 mD, all drilled close-by from one seal peel. 
it worthwhile to take this short core into the compos- 

P:' Fig. 13 silows the SS relative permeabilities of three 
l~npositc cores; 444 represents the composite core of the 
lrec 1000 IIID rocks, 1444 furthcr includes the short 400 

Unsteady state 

The industrial standard of relative permeability measure- 
ments is the unsteady state method. There are two good 
arguments for performing USS experiments: First of all 
this process takes less time than a SS experiment. Sec- 
ondly, the Aow process is believed to be more similar to 
that  in the actual reservoir with a moving front. The 
problem with USS is that the evaluation method, the 
J BN-method (Johnson. Bossler and Naurnann, 19-59), is 
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Figure 13: SS relative permeabilities for different corn- Figure 15: USS saturation profiles without capillary pres- 
posite cores made of three G ern, 1000 mD cores and one sure. Other properties as t,he base. 
2 cm, 400 I ~ D  corr. 

Without capillary pressure 

0. I For the base composite core without capillarity we corn- 

- pared CENDRA with the generalized Buckley-Leverett 
solution. 400 equally distributed grid cells were used in m" 

G 
h 

0.01 the simulation, and Fig. 15 shows that this was sufficient 
e - t o  produce almost as sharp fronts as the analytical solu- 5 tion. 

g 0.001 
a 

With the JBN-method, only data after breakthrough 
u 
< .- - are used, i.e., after the front arrives a t  the outlet. There- 
m - fore the estimated relative permeabilities are determined 
2 O.NKII in the interval from the front-satmuration (about 0.62), and 

upwards to 1-So, (0.877). 
Huppler (1969) derived his compositional criterion for 

Ik05 
0,5 0,55 0.6 0,65 0,7 0,75 0,8 0.85 USS water-floods with no capillarit,~. Since his conclusion 

Water saturation (frac.1 is based on an unfavourable mobility ratio, the criterion 
should apply to our data  when capillary pressures are 

Figure 14: SS relative permeabilities for different water zero. Without, capillary pressure, the production curves 
viscosities. Oil viscosity is always 2.4 cP. and the saturation profiles (Fig. 15) are equal for all order- 

ings, while the pressure distributions are different. Fig. 16 
shows the USS relative permeabilities f ~ r  Huppler's com- 

based on the Buckley-Leverett (1912) solution with zero posite, 41-32, together with those of 1234 and 4321. ~h~ 
capillarity. This is not always a good approximation. 4132-ordering is clearly the best These sin-  

Both the endpoint relative permeabilities and endpoint Ulatians are all run to 3000 minutes (87.7 PV) to ensure 
saturat'ion are equal for USS and SS, if only the USS- the agreement between SS and USS relative perrneabili- 
experiment. is run long enough. Since, Sz:t is equal for the ties. 
two proc,esses, our compositional criterion found for SS is It is important to note that the USS permeallil- 
valid also for USS, as measured by this parameter. The ities of a composite core of equal individual relative per- 
purpose of this section is to investigate how the USS eval- rneabilities and no capillarity, not become the true (rock) 
uation method affects the form of the estimated relative relative permeabilities, ar; is the case for SS relative per- 
pernneability curves. meabilities. (In this case, with no capillarity, the SS rel- 

Art,ificial productiori data were produced using the ative permeabilities for all orderings are the rock re1at)ive 
core-flood simulator CENDRA (Gno,1993), and USS rela- perrneabilities.) 
tive per~~jcabilities were calculated with the JRPi-method. 
To validate our JBN-implen~~nt ,a t io~~ and to control nu- With capillary pressures 
mcrical dispersion in CXIVDRA, we have used an exten- 
sion of the analytical Buckley-Levcret.t, solution (Buckley With capillary pressure present, the displacement front 
and Lt.verct,t, 1942) for a composite core. will be smeared out and an end-effect will be built up. 
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Figure 16: USS relative permeabilities without capillary Figure 18: USS saturation profiles with capillary pressure. 
pressure. Ordering 4321. 
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Figure 17: uSS saturation profiles with capillary pressure. Figure 19: USS relative yermeabilibies w i t h  capillary pres- 
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The JBN-method is no longer ideal, but is applied any- 
way, as it is used in practice. 

The base rock and fluid properties are used. Now differ- 
ent ordering also causes different production/saturation 
data, see Fig. 17 and Fig. 18. The effect of the capillar- 
ity can be quantified by comparing the saturation profiles 
in Fig. 17 and Fig. 18 with those of Fig. 15, which is 
for the no capillarity case. More importantly, the same 
saturation-jumps are observed as for steady state. This is 
again caused by capillary pressure continuity across the 
interfaces between individual rocks. 

Fig. 19 shows the USS relative permeabilities from 
the different orderings. Now also data for water satu- 
rations below the no-capillary-front-saturation (0.62) are 
obtained. Focusing on the oil relative permeability, it is 
seen that none of the orderings give a particularly good 
estimate. This is caused by the level of the capillary yres- 
sure wed. Different ordering of the components is seen 

0 

to give minor effects, a t  least for waber sat.urations above 
0.6. 

I t  is of interest to compare USS and SS relative perme- 
abilities. Fig. 10 shows the SS relative permeabilities that 
corresponds to  the USS relative permeabilities in Fig. 19, 
and it is seen that the SS relative permeabilities are much 
better. The endpoint saturations and endpoint relative 
permeability values are almost the same for the two cases, 
which is expected a priori. In SS, Szgt is seen to  describe 
the quality of the oil relative permeability. In USS, this 
is only the case for water saturation above 0.63, which is 
approximately the no-capillary front saturation. 

0 2 4 6 8 10 12 14 16 18 20 0.5 0.55 0.6 0.65 0.7 0.75 0.8 
Position along core [m] Water saturation [frac.] 

Summary and conclusions 

We have studied how the individual core properties of a 
composite core impact on the measured relative perme- 
abilities. The calculated relative permeabilities in this 
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study correspond exactly to those measured in standard a, t, y unimportant coefficients 
SS and lTSS experiments. Special attention has been 
given finding the best ordering of cores when capillar- 
ity is present. Core and fluid properties were selected to Subscripts 
match realistic waterflood data  from a North Sea sand- 
stone reservoir. i initial, component 

The assulnptions made are that all individual cores j phase, component 
havr equal relative permeability curves and porosities, 0 oil 
and also that their capillary pressures follow a simplified residual 
Lev~rett-J relationship. w water 

We have t,hese conclusions: 

1 .  Given a constant injection rate, a (single) core with 
low permeability will have a smaller end effect than Superscripts 
a (single) core with a high permeability. d decreasing ordering 

2. All  our computations suggests that the best ordering e~~ estimated 

of a composite core, as measured by the estimated i increasing ordering 

residual oil saturation, is after decreasing permeabil- * arbitrary ordering 

ity along the flow direction, i.e., such that the core 0 evaluated a t  PC = 0 
with lowest permeability is placed a t  the outlet. 1 evaluated a t  the outlet 

3. We have proved mathematically that the suggested 
ordering allays is better than the opposite ordering, 
of increasing permeability, again as measured by es- Acknowledgements 
timat,ed So,. This result is independent of the indi- 
vidual lengths and mobility ratio. The work reported was funded by Saga Petroleurn. We 

are grateful for the permission to publish. 
4. In ITSS with zero capillarity, Huppler's criterion holds 

for our example. With capillary pressure however, 
our proposed miterion is better, since estirnat,ed ,So, 

~~f~~~~~~~ 
are equal for USS and SS. 

5. The SS method gives a better estimate of the H-W., 1951, Capillary pressure investigations, 

permeability curves than do the USS method. Trans. AIAIE, 192, 67-74. 

Nomenclature 

Symbols 

fractional occurrence 
Leverett-J function 
extended Leverett-J function 
absolute permeability 
relative permeability 
length of singe1 core 
total length of composite core 
nurnber of individual cores 
pressure 
capilIary pressure 
saturation 
normalized water saturation 
Darcy velocity 
coordinate along flow directiori 
viscosity 
porosity 
illt,erfacial tension 
u.ettability angle 
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Appendix 

crease across rock intersections for the decreasing or- 
dering, and decrease for the increasing ordering. This 
is examplified in Figs. 6 and 7. Thus, we have shown 
S:(x) 2 Sh(x),  0 -5 3: 5 L for the full problem. 

Consider a composite core made up of N individual rocks, Equality cannot prevail throughout. Since porosity 
absolute permeabilities k,, i = 1, N. Individual rocks is the original statement follows. 

may have different lengths. Porosity and relative perme- 
abilities are assumed to be the same in all rocks. Further- 
more, all rocks share a common Leverett-J function, mak- 
ing capillary pressure inversely proportional to  the square 
root of permeability, see Eq. 4. The Leverett-J function 
is assumed to take the value zero for some water satura- 
tion Sz < 1 - So,. Relative permeabilities and Leverett-J 
curves are supposed to satisfy their usual monotonicity 
requirements, see Figs. 4 and 5 .  Rocks are labelled after 
increasing permeability, i.e., such that kJ 2 k, whenever 
j > i .  We shall compare the two monotonic orderings 
of the compositt core, i.e., with permeabilities increas- 
ing (1,2. .., N) or decreasing (N, N - 1, .., 1) from inlet 
to outlet. With the  assumptions listed, and with a finite 
injection rate, we claim that 

where equality prevails only in the trivial case of equal 
permeability of all individuals. 

Outline of proof 

Let superscript d indicate the decreasing ordering (N,  N-  
1, .., I) ,  i the increasing ordering, and * an arbitrary or- 
dering of rocks in the composite core. The discussion to 
follow pertains to f, = 1 (Corresponding to SEst). 

Neglect first the saturation discontinuities a t  the in- 
tersections between rocks, and show that s : ( ~ )  > 
SL(x),O 5 x < L: 

- If two adjacent rocks i ,  j in the arbitrary se- 
quence have the higher permeability rock (j) 
closest to the outlet, interchange the two rocks 
and use Eq. 7 to show that the two cases have 
identical saturations a t  the endpoints of the 

, . 
subinterval, and Ski 2 SkJ inside. Equal- 
ity prevails throughout the subinterval only if 
,Sw = 1 - ,So, a t  its outlet end. 

- Interchanging pairs of rocks does not change the 
saturation profile outside the subinterval, due 
to the nun-influence on endpoint saturations. 
Thus, one can continue switching pairs until the 
decreasing sequence has been obtained, never 
decreasing the water saturation a t  any point in 
the proceSs. 

111 particular! $ ( x )  > .S;(z),0 5 2: 5 L. Equality 
cannot prevail throughout, since S,(L) = S: < 1 - 
.%,, . 




