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Abstract

A new method is pre sented to interpret steady-state flow

experiments for relative permeabili ty and capillary
pressure func tio n s eliminati n g errors caused by the
cap i llary end-effect. This is achieved by reta ining the
capil lary term in the equation s th at are used to interpret
the flow data .

The standard experimental procedure has to be ex -
tended to include variations in botte total flowrate and
the ra tio of pha se flowrates. Consistent values of satu-
ration, relative permeability of each phase, and capillary
pressure are the n cal culated at the inlet end.

Necessary m o di fications in laboratory procedures

are d iscuseed and t h e theoretical deve lopment is ex-

emp lified by nume rical simulat i o n of coreflood experi-
ments .

not be reached for reasons like l imited equ ipment ca-
pacity or stress that may cau se rock damage .

In th is p aper a new steady-s tate techn ique is de-
scribed that includes capil lary effec t s . Both relative
p ermeab i lity and capi llary pressure curves may be de-
rived Erom the same experimental sequence .

The proposed experimen tal setup i s n o t very much

differen t from that of the conventional steady-state

method. A spec ial construction of the i n l et endpiece is
necessary, a llow i ng complete separati on of the flowing
fluids outs ide the porous med ium and measurement of
the indi v idual phase pre ssure s . For a fixed fractio n a l
flow at the inlet, a number of steady-state experiments
is required wi tte vary ing total flowrate to include th e
cap illary effe c t in the analysis of the data.

Introduction

During a s t eady-s tate procedure for measurement of
relative permeab i lity cu rven, the total flow ra te of oi l and
water is usual l y k ept con s t ant wh ile their ratio is

changed at the inlet end of the core . After a change, it is

necessary to wait unti l equil i brium in the co re is re-
es tabl ished, i .e ., when botte the pre ssure d rop and the
effluent flowrate ratio do not c h ange w itte ti me. The
individual flowrates and the pressure drop is th en used
to cal culate the individua l phase relative permeabi lity
val ues by Darcy's law, re lating them to the ave rage
sa turati on in the core , determ ined b y material balance .

The main i nacc uracies of this method s tem from the
basic assumption th at the capillary press u re can be ne -
glected [1,2,3] . Actually, because of capillary effects,

t he naturalien d istribution along the core is nonuniform ,

and the pressure drop is d i fferent in each phase . The

capi l lary effects are d ifficult to avoid even if t h e to tal

flowrate is hig h and fo r soms rocks high flowrate can

Theory

The fo llowing standard equations describe one-dimen-

sional, two-phase flow of immiscib le, incompressi b le

flu ide in a po rous med i um ,

ui = _Ui Op', 1, 2

PJS)=P2-PP

From Eq s . (1) it fo l lows that t he expresion for the
velocity of the firs t phase is

Co n servation of mans gives
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k 1 .fk2dP~~3u aS =u (7)

Pc

Let us co nsider steady-s t ate flow only . Then the satura-

tion in the core is solely a function o f the x-coord inate. and the average saturati on is

Since aSl / cÏt = 0 , i ntegration of (3) then show s that

the expresio n
S(F) _ k Pf S .01 2

7::5
~p

utL P (F f)
(8)

u, = u~F (4)

is a constant. Here F = u~ / ul denote s the fixed frac- with

tional flow at the inlet. From Eq s . (2) and (4) it fo llows 1 c
that S = L J S (x)dx .

0
d p~ = _ 5

u, (f - F) + kfíi,2 ~ 01 ()
Eqs. (6), (7), and (8) relate the measurab le quantities,
i .e ., pre ssure drop i n each of th e phases, total veloc i ty,

Ap
'k L dX and avera ge saturation in the core , to the unknown

OPA = P, (0 ) - P~(L)+ func tion s f, A 2, and S. The la st two equations have

urF o 'kl b een considered in [4 ] for the particulaz case when F =
0 to develop a method fo r the interpretatio n of steady-

dp, state experiments.
~ - kƒ2' 2 u`( F- f)' The two main contro l parameters of the method are

F and u, . Let us consider the case when F is con stant

L~p~ k L 1
j, while ut is varied . As explained below , the capil lary

pre ssure at the ou tlet of the core is con stant . Hence, b y
urF o í1 t 2

dp~

u , (F - f) ~ di fferentiation of Eqs. (6)-(8) witti re spect to capillary

pre ssure at the inlet end, p° , one obtain s
c

k °~(1-f)dp
,:
, dip, F(l- .f)

-Ut

P~=Pc Íx=o , P~ =PC dp`
(
F-f

)

s= L

dus _ k Z
The expressions for phase pressure drops across the

d ~ - L ~ f - F
.~ ~ (10)

core ar e then pc

(1 k S ~Z (11)OPA = F J - .f)dP~ (6a)* dp° L (F - f)Po íF - f)
From ( 1 0) and (11) i t fo llow s that

and

A
Pz = ( l - F) (' ~dP` (6b) dut

po ( f )
and from (9) and ( 1 0) that

The tota l veldc ity fol lows fro m Eq . (5) by integratio n ,
dáp, _ F L dAp2 _ (1- F) L

dus Al k' dur kí1,2
(13a)

61



F L (1-F) L
Al

dOP i k '
~,2 d~

z
k (13b)

du s dus

Al l the saturation-de p endent quan titi es in Eqs. ( 1 3) are
referred to the saturation at the inlet end, as determinedbY E9 (12 )

A number of possibil i tie s to apply the formu lae ( 1 2)
and (13) is possible depend i ng on what i nput informa-
tion is avai l able , i .e ., whether the indi v idual phase pre s-

sure dro ps are measured , and whether the c ap i llary
pre ssure is measured separately . The options are li s ted
in Table 1 .

Table 1 : I nput and interpretatio n alternatives

OP p,. known p, unknow n

None E .( 1 0) S(x = 0)

áp 1 1 l (s), A2 M ~l (s)

AP 2 ~l (s), "
2 (5) ~ z (s)

API , AP 2 I l (s), ;1 z (s) ~1 ( S) , ;12(S), p,

Boundary Conditions

Several practical di ffic ul ties may be env isioned when
trying to apply the method . One of the mai n obs tac les is
how to measure the phase pressure s . Ramak rishnan and
Capiello [4] sugge sted to inject o nly the nonwe tting
phase at different rates in a core i n itially saturated witti
the wetting phase . Then F = 0 in Eq s . (13). The d isad-
vantage is obvious : the relati ve permeabi lity of the
wetting phase cannot be de t ermined. A lso, only drai n -
age curves can be measured .

The phase pressure s may in principle be mon itored
in the 'poro us med i um itself by the techn i que of

sem ipermeable pads [31 . However, the method is
complicated and expensive and probably not v i able fo r
rout ine measurements.

Another method is to measure the phase pressures
ou tside the core , in t h e tub i ng or grooves of the end -
p iece , prov ided that each phase pressure is conti nuon s
from the en d p iece and i nto the core.

Pressure Traverses

Behavior of phase pressures across the core boundaries
ha n bee n extensive l y d iscuseed theoretically, nee [5]-[ 8]
and l i terature cited therein .

Outlet End. The cap i llary pressure outside the core in
the receiv ing endpiece is ass umed to be equal to zero .

If the flow process in the core is drainage and the
capillary pressure c u rve is n o nzero and posi tive fo r a ll
saturation va lnes, e.g., a water-wet sys tem , pressur e
con tinui ty at t he outle t cannot be satisfied for bolti
phases [7,8 ] . The saturation of the nonwetting phase at
the core o u tlet corre sponds to the lowest poss ible capi l -
lary pressure i n s ide the core and the relative permeabi l -
ity of the nonwe tt ing phase is close to zero . As ex-

plained in Ref. [ S J , the nonwe tting phase pressure is
discontinuous and the wetting phase press u re is con -
tinuous . This i s in agreement witti the experimen ts of
R ichardson et. al [3 ] who state that the magnitude of t h e
discontinuity is equal to the capillary pressure at the
equili b rium nonwett ing Huid saturation .

For an imbi bition proce ss, however , the cap i l lary
pre ssure c urve is zero for some s aturati o n , i . e ., the end -
point of an spontane o us imb ibi tion process . The outlet
end saturátion is fixed at this value, bolti phase pres-
s ures a re continuous and the capillary pressuré is zero
and continuons across the boundary .

Experimentally, fo r a drainage proces, a slight fluc-
tu ati o n in injection pressure , say, may shi ft the flow
p rocess at the outlet from drainage to imbibition , res ult -
i ng in zero capillary p ressure and conti nu ity of bolti
phases at the outlet.

Co n sequend y, the capi l lary pressure at the outlet
bo undary of the core only depends on the p roperties of
the relevant capil lary pressure curve . It remains co n s t ant
at different flowrates and may be ze ro or not, depend i n g
on the wettabi lity of the core and type of displace ment
proces.

Inlet End. Wi tti the satu rat io n at the o u tlet boundary
given as d iscussed above , the s teady state saturation
distribution in the Gore is defined by Eq . (5), so that the
saturati on in the core c l ose to the inlet boundary,

,S,.+ and the correspond i ng capillary pressure PC (S+ )

may uniquely be d etermined .
If the two pha se pressures are equa l on the outsid e

of the inlet end, there wi ll be a d isconti nuity of the wet-
ti n g phase pressure going into the core , provided

p~ (Si') is n o n zero . O th erwise, [here wou l d have been

backflow of the nonwe tting phase , contrary to the i m -
posed boundary condit io ns of con s tant race i njec t io n .
However, if the two phases are injected into the core at
diffe rent pre ssures through wetting and nonwetti ng
membranen, b o lti phase pressures wi ll be conti nu o n s .

Pressure Drop Across the Core . S ince the no nwetting
phase pressure is continuons at the inle t and the cap il-
lary pressure is co n s t ant a t the outl et, i t fol lows th at the

total pressure drop measured outside porou s medi um
corres pond s to the pressure drop in the nonwetting
phase p l us a cons t ant value equa l to the cap illary pres-

sure at the o utlet.
For a n i mbibi tion proces, bolti phase p ressures are

cont inuo ns a t the outlet end since the capil lary p ressure
th ere is ze ro . At the inle t boundary, the wetti ng phase
pressure is d iscontinuou s . In th is case, therefore, the
pressu re d rop measur ed outside the core is equal to the
pressure drop of the nonwettin g phase through the core .
W itti th e existing labo ra t ory equ i pment, only the p res-
sure drop outside the co re is meas urable i n practice. An
attempt to measure the individual phase pressure drops
over the por o u s medium will generall y give large errors
because of th e press u re d iscontinui ties across the
boundaries of th e p o rou s medium . In th is situation,
accord ing to Table 1 , only th e phase mobility of th e
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nonwetting pha se may be determined if the capillary
p ressure ,,cu rve is unknown a priori. If the cap illary
pres

s11
-" c u rve is kn own, then botte phase mobilities

may be determ i ned .

Modified Inlet Endpiece

To make the ind ividual pha se pressures measurable, the
inlet endpiece s hould be modified to keep the two
p hases separated outside por o u s medi um . It is sugge s ted
that the we tting phase (water) is injected i nto the core
thro ugh a strong l y water - wet material , e. g ., semiperme -
able membrane. For a mixed-wet core it would al so be
necessary to have an oi l - wet membrane between the
core and the o il groove of the endp iece . This membrane

prevents counter-current flow of the nonwetting phase

at the in l et so that the wa te r inj ecti o n gr oove is fi l led
wi tte water only.

The u sa of water-wet and o il-wet micr o pore mem-
branes at eac h end of a core ha s been reported by
Longero n et al. [9] . We plan to dev elop an endpiece
where part o f the cross section i s water-wet and con-
nec ted to the water tubing and the res t is oil - wet and
connec ted to the oi l tubi ng, to enable mea surement of
in d ividual phase pressures inside the core .

Numerica l simula tion witte a coreflood simulator has
confirmed the con s ideratio ns pre sented here ab out
boundary condition s . Also, i t is important to have d is-
persed inject i o n of each phase and uniform saturatio n i n
cross sec tions of the core si n ce the theory is val id for
one-dimensional flow .

Interpretation Procedure

A Fortran program was developed to interpret labora-
tory data affected by errors by Eqs. (12) and (13) to
de term ine the relativa permeabi lity and capillary pres-
sure curves. The numerical method is a slipping wi n -
dow algorithm . To calculate derivatives, the da ta are

s moothe d by a least-square fit of a logari t h m ic function

and the derivati ve is ca lc u lated analytically. The main
co ntrol parameter is the le ngth of the smoothe n i ng in -
terval whic h is related to the error level . For langer
errors, the in terva l has to be i n creasej .

Examples

A number of numerical experiments has been per -
formed to tes t the i nt erpretation procedure accord ing to
the following sc h ema : ( 1 ) simulate a multi race, steady-
state experiment by a numerica l core flood simulato r ; (2)
usa the artificial data wi tte or wi thout add i tion of ran-
dom errors t o back -calcu late the (inp u t ) relativa perme-
a b ility and capillary p ressures curves.

Simulation Grid

A total of 72 block s wa s used i n the one-d imensional
simulat io n s . The first numerical block is the injection
b lock w itte h ig h k and love 0. The pre ssure drop o f the

phases across the core is repre sented b y the difference

in pressure between the first core block (second numeri-
ca l block) and the core outlet. Some grid refinement is
used at the core inlet and outlet ends. Theblock leng th s1 . .
are for "l-72): 2*0 . 01 , 4*0.02, 3 *0 . 1 , 40*Ó 4 ,X15*0 .2,
5*0. 1 , 2*0.05 .

Core and Fluid Data

L = 20.0 cm ; A = 10.64 cm2; 0 = 22% ; ko(SiK,) = 485

mD ; kr Corey type w itte exponents equal to 2.0;

kro(Siw) = krw(Sor) = 1 .0 ; µo = 1 .06 cp ; µx, = 1 .30 cp.

Two capillary pressure curves veere used ; a pc-c u rve for

a typical water-wet G ore, and one for a m ixed-wet Gore.
Hystere sis effects are not included .

Simulation of Multirata Steady-Steady Floods

Generally, s t artmg at irr educ ib le water saturation, oil
and water are injec ted w itte stepwi se constant rates ac-
cording to a ere set schedule of frac tion al flow value s
and to tal injection rate s . For the examp l es presented
here , the fractional flow is s tepwise held con stant whi le
the total rata is increased i n 20 s teps . The rate-chan ge
schedule should be chosen su c h that the water saturation
strictly i ncrease s at al l positions a l o ng the core to avoid
a mixture of hy steres is effect s and subsequent diffic ul -
tie s wi tte the i nterpretatio n . Th is implies that the rate -
c hange schedule s h ould be designed dependent on t he
we ttab i lity o f the Go re sample .

For the water-wet case , Fig . 1 shows the frac ti onal
flow values (3), the rata sc h edule, the aver age water

saturat io n , and the oi l and wate r p ressures at, the i nlet
end . Fig . 2 gives the corre sponding saturation profiles .
Nota that the water saturation profi les reveal a non-
monot o nous development w itte possible m ixed:: hystere -
sis effec ts . The experimen tal procedure must therefore
be s tudied more in de ta il to find general g uid e l ines to
avoid this effect .

The cor re spondi n g data for the mixe d -wet case are
d isplayed in Figs. 3 and 4, now witte 2 injec tio n ra tios.

Interpretatio n

Water-Wet Core

ne calculated re lat iva permeabi lities of oil and water
s hown by fille d and open circles in F ig . 5 are ve ry c l ose
to th e tree values (simulator input) repre sented by sol id
Ti nes. Also sho wn are the relativa perme ab ili ties of oil
(fille d s quares) and wa ter (o p e n squares) ca lculated
from Darcy's law, i .e ., without account fo r capillary

effects . . One may observe large erro rs caused by th e
negligence of cap illarity even fo r re lati vely large total
natas correspond i ng to love wate r saturations .

If capillary effects are not properly accounted for,

the interpretation errors become especially large for t h e
wetti ng pha se because of the error in pressure drop. As

discussed above , the pressure d rop measured in the
tubing outside porou s medium is for the nonwetti ng
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phase if the capillary pressure at the outle t is zero, as it
is in this example . The relat ive erro r in the wetting
phase 'pressure dr op increases when the total rate de -

creases because of increasing dominance of capillary
fo rces . The capillary p ressure curve is also reproduced
accurate ly, Fig. 6 .

The sensi tivity of the interpretatio n algorithm to
measurement errors has been les led . Pressure drops and
pha se vo lumes veere subj ected to a 1 % rand o m e rr or
level and two smooth en ing inte rvak veere lesled . The
results, n o t s hown here, veere quite s atisfac tory for botte

capillary pressure and rel ative permeab il i t ie s . The 1 %
error le vel, wh ich may be regarded a s realistic, leads to
errors in the calculated relative permeabi litie s wh ich is
lower than the errors re su l t ing from neg lect of ca p illary
effects even without measurement err o rs.

The Nsm- label in the figures is half the number of
measurement points inc luded in the smoothen i ng inter-
val .

Mixed-Wet Core.

The simulated resul ts for the two fractional flow valnes
of 1 % and 99% of water are shown i n Figs . 3 and 4 . The
calculated and the tree relative permeabi l ities and cap i l-
lary pressures are presented in Figs . 7 and 8 for the case
of no errors introduced . The saturation inte rval is fa irl y
well covered b y ju st the two fractional flow valnes used .

When errors are artificially int roduced, the result s
are quali tatively the same as for the water-wet core
discuseed above .

Note that for all races and fractional flow valnes the
saturat io n at the outlet end in F ig . 4 remai ns fixe d at
0.5, the value where the i nput capillary pressure curve is

ze ro, Fig . 8 . Bo tte phase pre ssures are therefo re conti nu-

o us at the outlet end for th is case.

Discussion

The new method has b een demonstrated by n u mer ical
simu lations of two examples . The design of an ac tu al
experiment would depend o n rock and H u id properties,
including wettabi l ity . Hysteresis effects, 'Tor instance,
have been d isregard ed in th is stu d y . In general , a rite
and fractional flow sc h edul e should be chosen to give
monotonously in creas ing or decreasing saturation
change at any pos ition alo ng the core . Then the p rimary
drainage and primary imb i b ition curves may be deter-
mined . Otherwise , different Aa rts of the core may ex p e-
rience separate hysteresis loops o r scann i ng curves wi tte
a composite overa ll effec t that would be impossible to
i nterpret.

Phase pressure measuremen t is the key to ge l neces-
sary i n form ati on for re lative perme abil ity and capil lary
p ressure calculations Erom a multirite steady-state ex-
periment . A feasible p rocedure is to use semipermeable
membranes at the Hu id inlet . The phases mu s t be com-
pletely separated un ti l they enter the co re inlet face .

Co n s truc ti o n of su ch a inlet endpiece is the ma in chal -

lenge in the expe rimental set-up .

The co nven tio n al steady-state me thod gives rise to
conside rable e rro rs due to neg lec t of capi llary end-
effect. As this method is widely in use, an erro r analys i s

should be performed baserf the anal y tical derivatio n

p resented here, numerical s imulati o ns and ex isting

experimenta l data. Methods for correctio n of the er ror

can be developed , e .g ., if the cap i llary pressure c urve is
mea s ured separately, Table 1 .

By the conventional steady-s tate techn i que, the
l argest inaccuracies due to capillary effects are observed
close to the re s idual sa turations . A combi ned and fas t
approach would be to use the multirite s teady-state
t echnique close to the res iduals in combination wi tte a

pseudosteady-state technique in the intermediate satura-
tion range [2] . Th is combined procedure wi l l not requ i re
any m odification of l aboratory equipmen t.

In general , for a water -we t core, neg lect of cap illary
effec ts in the i nterpretation procedure will give a l ove
residual oil saturation , Fig. 5, and a high value for a

m ixe d - wet case .

Conclusions

A new multirite steady-state me thod to determ i ne re l a-
tive permeability and capillary p ressure curves from
core flood i ng experiments has b een developed.

The p roposed experimental set-up requ ires a special
cons truction of the inle t endp iece , al low i ng comple te
separation of the flowi ng flui ds outside the poro u s me-
dium .

The experimental p rocedure consis ts of a number of
conventional s teady-state experiments witte d ifferent
fracti onal flow valnes and different total race s .

The met hod has b een demonstrated on simula ted ex-
periments and its robustness by artificially induced
random error s .

It is necessary to design t he experiment such that al l
A arts of die core fol l ow the same hysteresis curve, pri-
mary drainage or primary imbition .

Nomenciature
A = cross sec tional area of core
f = frac tion al flow function
F = frac tio n al flow at t he i nlet end
k = absolute permeability
L = l eng th of co re
p = pressure
S = saturation
t ._ =ti me

x = coordinate

u =veldcity
0 = porosity

1 = total mo b i lity
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Subscripts

c = capillary ; ,
i = Huid phases o r irreducible or inlet

o = oi l
r = relative
t =total
w = water

Superscripts

0 =@x= 0
+ = i nside the c o re @ x = 0

- = average
L =@ x= L

Operators

D = difference

Acknowledgment

We thank Esso Norge a.s . fo r support .

References

Permeability Mea surement," paper presented at the
1994 International Sy mpos ium of the Society of
Core Analyse, Stavanger, Se pt. .12-14:

R ichardson, J.G., Kerver, J .A., Haffórd , J.A., and
Osoba, J . S . : "Laboratory Determination of Relative
Permeability," Tran s . AIIVIE, 195 (1952) 187-96 .
Ramakrishnan, T.S. and Capiello, A.: "A New
Technique to Measure Slatic and Dynamic Proper-
t ies of a Partiall y Saturated Porous Medium," Ch e m.

Eng. Sci ., 46 No. 4, 1991, 1157-1163 .
Yortsos, Y .C. and Chang, J. : "Capillary Effects in
Steady-State Fl ow in Heterogeneous Cores," Trans-

port in Porous Media 5 , 1990, 399-420.
Marle , C . M . : Mu ltiphase Flow in Poro us Media ,
Gulf Publishing, Editions Technip, Paris, 1981 .
Dale, M ., E1Qann, S., Mykkeltveit, J ., and Vir-
novsky, G . : "Effec tive Re lative Permeabil i t ies and
Capillary Pressure for 1D Hetero geneous Media."
paper presented at the 1 994 European Conference

on t he Mathematics of Oil Recove ry, Ro ros, J une 7-
1 0 .
Van Duijn, C.J. and de Neef, M . J . : "The Effect of
Capillary Forces on Immiscible Two-Phase Flow i n
Strongly Hetero gene ous Por o u s Media ," paper p re -
sented at the 1 994 European Co n ference s on the
Mathematic s of O il Recovery, ROros, June 7- 1 0 .
Longeron , D ., Hammervold , W .L ., and Skj aeveland ,
S . M . : "Water-Oi l Capillary Pressure and Wettability
Measurements Using M icro p ore Membrane Tech -
ni que ," paper presented at the 1 994 International

Sympo s ium of the Society of Co re Analysts,
Slavanger, Sept . 12-14 .

3 .

6 .

8 .

1 . Virnovsky, G. and Guo, Y . : "Pseudo-S teady-State 9.
Technique for Relati ve Permeabi lity Measure-
ments," Report RF-274/93, RF-Rogaland Research,
Slavanger 1993 .

2 . V irnovsky, G ., Guo, Y ., Vatne, K. O ,. and Braun
E . M . : "Pseudo-S teady-State Tec hn ique for Relative

65



Multirate, steady-state flooding (water-wet rock)

Z .oo

. 1 .50

C Y

N 1
.00

0 .50

0. 00

- ---------------
- --- - - - - -

-
--------

♦~ ♦ . ~ + '
~ ~!

1

a

- - - - - - - - - - - - - - - - - -

0 10 20 30 40 50 60

Number of steps

0. 1
E

m

0.01
m
0

0.001 a

0.000 1

70

Figure 1 - S imulated re sponses from multizate, s teady-state flooding, water-wet case.
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Figure 2 - Water saturation distribution from mu l tizate, s teady-state flood i ng, water-we t case .
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Multirata steady-state flood ing (mixed-wet rock)
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Figure 3 - S i mulated respon ses from multirata , steady-s tate flood ing, mixed-wet case.
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Figure 4 - Water saturation dis tri buti on from mu l t irata , steady-state flood i ng, mixed-wet case .
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Figure 5 - Relative permea b i lities (RP) ; from theory in this paper; from Darcy's law witti no corr ec t io ns (NC); and tree
curves ( T~ from input da ta; water - wet case .
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Figure 6 - Cap i llary pressure from theory and from input ( Tree), water- we t case
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Mixed-wet tors. No er ro rs . Nsm=1 .
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Figure 7 - Re l ati ve permea b ilities ; from the ory in this paper and tros valnes (T ) fro m simulator i nput.
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