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ABSTRACT

New scaling criteria for an oil-water displacement process are presented in this
paper. The modified Darcy law with incorporating fluid memory is used to develop the
model equation. The mathematical model development of different scaling criteria for a
variety of scaling options is outlined here. Sets of similarity groups are derived by
inspectional and dimensional analysis for the displacement process using fluid memory
concept. To date there has been no rigorous presentation of the scaling requirements for a
displacement process where fluid memory has been counted. Relaxed sets of scaling
criteria based on major mechanisms of a process are determined. The purpose of this
paper is to present a method of developing a set of scaling criteria which permits different
relationships between saturation, capillary pressure, fluid pressure, and velocities
involving fluid memory in the model and prototype. The most efficient approach is
identified for oil-water displacement process when fluid memory has been taken care.
This new citation of idea can be used in enhanced oil recovery scheme where formation
and fluid properties are more complex in explaining their behavior.

Keywords: inspectional and dimensional analysis, displacement process, porous media,
prototype, model.

NOMENCLATURE

A,,= cross sectional area of reservoir, f t?
f, = ratio of oil phase velocity to total velocity, u,, / U,
f,,= ratio of water phase velocity to total velocity, u,, / U,
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g= gravitational acceleration, ft/ s

H = height of the formation, ft

J(S)=dimensionless function

k,= reservoir permeability when fluid is oil, md

k,,= reservoir permeability when fluid is water, md

L= Length of the formation, ft

p= current reservoir pressure (at time t), psia

p.= capillary pressure of the reservoir, psia

p,= oil pressure, psia

p,, = Water pressure, psia

p;= initial reservoir pressure, psia

S,= oil saturation at p, dimensionless

S,,= Water saturation at p, dimensionless

S,;= oil saturation at initial pressure p;, dimensionless

S,,i = water saturation at initial pressure p;, dimensionless

t=time, hr

u, = reservoir oil velocity, ft/s

u,, = reservoir water velocity, ft/s

u,.= fluid velocity in porous media in the direction of x axis, ft/s

U, = algebraic summation of reservoir oil and water velocity in x-direction, ft/s

u,,, = reservoir water velocity in x-direction, ft/s

W= width of the formation, ft

x= variable position from the wellbore along x-direction, ft

z= vertical distance from reservoir ground surface toward centre of the earth along z-direction, ft
a = fractional order of differentiation, dimensionless

& = adummy variable for time i.e. real part in the plane of the integral, s

n= ratio of the pseudopermeability of the medium with memory to fluid viscosity, ft3 s'*%/Ib,,
n,= ratio of the pseudopermeability of the medium with memory to oil viscosity, ft3 s1** /ib,,
n,,= ratio of the pseudopermeability of the medium with memory to water viscosity, ft3 s'*%/Ib,,
p, = density of oil at pressure p, Ib,, /ft3

p,, = density of water at pressure p, b, /ft3

¢ = porosity of the solid rock media, dimensionless

6 = contact angle

o = interfacial tension, b, /s>

u = fluid dynamic viscosity, lbys/ft?

I'= gamma function

Subscript

D = dimensionless quantity
R = reference quantity

o =oil

w = water

X0 = oil in x-direction

yo = oil in y-direction

zo = oil in z-direction
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XW = water in x-direction
yw = water in y-direction
Zw = water in z-direction

INTRODUCTION

Laboratory experiments are the most useful way of developing predictive models for
various engineering applications. The usage of scaled laboratory models to simulate field
conditions such as petroleum reservoirs are known to be efficient in evaluating the advantages
of a recovery process (Coskuner and Bentsen, 1988). This procedure would be well accepted
when scaling laws would be known in order to scale up laboratory results to field conditions.
This scaling up offers a formidable challenge in scenarios involving complex solid-fluid,
fluid-fluid interactions, which are predominant in a displacement process, such as in enhanced
oil recovery (EOR) of petroleum engineering. In scaling such miscible displacements, an
inspectional analysis, complemented by dimensional analysis is utilized to obtain a set of
scaling criteria (Pozzi and Blackwell, 1963). A scaled model is designed on the basis of the
principle of similarity. Such a model is characterized by the same ratios of dimensions,
forces, velocities, and temperature. The model geometry, pressure drop, flow rate, time factor,
etc are different for different approaches depending on the type of scaling criteria used. Each
approach has its unique advantages and disadvantages (Bansal and Islam, 1994). Therefore,
the performance of any displacement process in porous media is governed by the related
variables. These variables can be combined by dimensionless groups.

It should be noted that the complete set of scaling criteria is very difficult to satisfy.
Therefore, some of the similarity groups must be relaxed in order to satisfy the most
important parameter of the specific reservoir activities. The choice of which requirements to
relax depends on the particular process being modeled. Scaling of the phenomena considered
to be least important to a particular process might be relaxed without significantly affecting
the major features of the process. The choice of an approach depends on the importance of the
phenomena that are not scaled by that approach. As an example, if one considers such an
approach where, model and prototype have the same morphology, the same fluids, and are
operated at the same conditions of pressure and temperature, the scaling groups such as
geometric factors, morphology factors, ratio of gravitational to viscous forces are completely
satisfied. The criteria used most widely for high pressure models are outlined by Pujol and
Boberg (1972). The high pressure models typically employ the same fluids in the model as
found in the prototype field (Kimber et al., 1988).

There are two basic available methods in the literature by which the dimensionless
groups can be obtained (Geertsma et al., 1956; Loomis and Crowell, 1964; Rojas, 1985;
Islam, 1987). The methods used are inspectional analysis and dimensional analysis. They
have discussed extensively the methods and their applications in the petroleum industry. The
researchers mainly focused their works on oil displacements and recovery processes (Pujol
and Boberg, 1972; Farouq Ali and Redford, 1977; Lozada and Farouq Ali, 1987; Lozada and
Farouq Ali, 1988; Kimber et al., 1988; Islam and Farouq Ali, 1990; Islam and Farouq Ali,
1992; Bansal and Islam, 1994; Islam et al., 1994; Sundaram and Islam, 1994). Basu and Islam
(2007) studied a scaling up of chemical injection experiments. They presented a series of
chemical adsorption tests and provide one with the scaled up versions. They gave a guideline
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how to interpret laboratory experimental results and apply the scaling laws to predict field
behavior. They also compared their findings with numerical simulation results. However,
Scaled physical models have been reported to be more desirable than numerical simulations
(Faroug Ali et al.,, 1987). This is largely applicable for recovery methods where phase
equilibrium and gravitational forces are significant factors.

Recently, Hossain et al. (2009a) studied the scaling criteria for designing waterjet drilling
laboratory experiments for reasonably simulating a given oilfield operation. They proposed a
scaling approach and derived the dimensionless groups for the waterjet drilling technique. A
scaled model is developed including a complete set of similarity groups where experimental
results are scaled up for field application. In addition, empirical models for the depth (D) and
rate of penetration (ROP) are established based on scaled-up process for a drilling oil field
application. However, there is no available literature or model that deals with the scaling
criteria and its applications based on displacement process with memory concept. The
objectives of this paper are to study the relevant variables engaged in displacement process
where the notion of memory is considered during the development of the model equation.
Finally dimensionless groups, relaxed sets of similarity groups and an efficient approach are
identified using inspectional and dimensional analysis. In future, the usage of prototypes are
proposed for proper selection of a subset of scaling groups that may adequately represent the
significant physical interactions dominant in the displacement process. The choice of the
subset should be applicable to dimensionless groups which may annul the effect of the
parameters and do not contribute adequately to the fluid-fluid displacement process.

MODEL DESCRIPTION
A reservoir surrounded with known geometry contains only oil and water. The flow is

parallel to all-axis (Figure 1). The pressure and saturation are uniform throughout the
reservoir. The pore space is assumed to be completely filled with oil and water.
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Figure 1. Porous media considering its state.

Water is injected at one end maintaining a given constant filtration velocities uy,, uy,, .
Just before the production starts up, the saturation and pressure of oil and water is known. The
injection well is in the center of the reservoir and production well surrounds the injection
well. The injection and production of water and oil is at a definite rate or pressure. The oil and
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water components are assumed to be immiscible, therefore, there is no mass transfer between
the oil and water phase. In addition, there is no slippage in flow. Moreover, it is assumed that
there is no effect of capillary pressure and initially both fluids are incompressible and have
constant viscosities.

DERIVATION OF MATHEMATICAL MODEL

Let us consider the modified Darcy law with fluid memory for both oil and water phase
during the production. The equations of state for each fluid, relationship between the capillary
pressure and saturation have been presented as constitutive relationships and constrains in
Table 1. A model can be developed for displacement of oil by water in the porous media by
using the modified Darcy law (Hossain et al., 2007; Hossain et al., 2008; Hossain et al.,
2009b) with fluid memory which may be written as

we= = [ ) @
¢ —af 9%
where,%(‘;_z) - fo(t_?(l_(ji e ,with 0 < a < 1.

Table 1. Constitutive relationship and constraints

Constitutive relationship and constraints

1 Po = Po (Do)

2. Pw = Pw (D)

3. Mo = Mo (Ko s Do)
4. Nw = N (K, s D)
5. ¢ = constant

6. S,+S, =1

7.

pO - pW = pC(SOJSW) 90; QW) U; k)

Equation (1) can be written as

2
I LG e i @
U= 71 r(1-a)

Equation (2) can be written for oil and water as

Uyo = — F(lfl_o ) fot(t_ f)_a (%) dé (3)

ey = = s fie— 7 (E2) dg @)
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The continuity equation in terms of the phase saturation equation, which is a control on
the sum of phase saturations, can be written as

. a Os
div(p, up) + 2% = 0 (5)

d Ws
div(p,, w,) + ¢ L3 o) _ g (6)
where, in Cartesian coordmates div(u) = u" —~+— 6uy + . In the beginning of the reservoir,

a simple material balance for mcompressmle fIU|ds, and for each phase, Egs. (5) and (6) in x-
direction only can be written as

0Uyg Sy _
- to5-=0 (7)
0Uyyy Sy __
o TP =0 (8)

Here, u,, and u,,, are the algebraic values of the components of the filtration velocities
in x-direction. These are considered because the components on other axis are assumed as
zero. The above equations can be transformed by taking as a new variables U,, f,, and f,,
where u # 0. These variables can be defined as

Ux = uXO + uxw (9)
fo=te (10)
fo=1—fy =" (1)

x

Substituting Egs. (10) and (11) into Egs. (3) and (4) respectively.

Uy fo = = s fy e = O (22) ag (12)

U= f) = - ;2 foe— o« (B2)ag (13)

The capillary pressure relation (Eq. (7) of Table 1) can be differentiated with respect to

90, _ 9w _ 0pc
ax ax ax

Again differentiating the above equation with respect to &

_0%py _ 9%p,
9gdx  9&dx
a2 92 a2
Po __ Pw Pc (14)

agdx  9fdx = dFdx

Substituting Eq. (14) in Eq. (12) and adding the Egs. (12) and (13)
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__77—0 _ —a w _ _ a w
Ux = r(1- oc)f =9 [afax afax] d¢ f =25 [afa] @

U= = s [yt O7° [Zgﬁ;]df—;’a*.";af (t= 9 [Zf;’“”] dg (15)

Substituting Eq. (11) in Eq. (8)

%(1—fo>u toZr=0
(1= f)FE+ V(1= £)

a(1 —£) S,
+¢p—=—==0
at

= 0, the above equation becomes

aS

—Ux(1—jg)%+¢a—y=o (16)

Substituting Eq. (15) in Eq. (16)

~{- g e o[l as - s e o7 [Fefasfa-mgr e S o

(s foe= o7 [ as + 5 - o7 [Fagfa- e+ o5

In three dimensional form, Eq. (17) can be written as (17)
{ - OOf( ‘[l gﬁwaaiyw)]d“ ;7(1 ) ( -9 a[afa;] ;}( ) fay
{ >f( e Tl + e f( - o 5l a }( 2
+p,,gz+¢aait‘”=0 ”

Equation (18) presents a simple oil-water displacement model with memory in a 3D
system at any time, t for a production reservoir.
DEVELOPMENT OF DIMENSIONLESS FORM

The dimensionless forms of model equation, corresponding or related equations and
initial and boundary conditions are necessary for inspectional analysis. In developing the
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dimensionless similarity groups using inspectional analysis, each variable or properties in
Egs. (9-11) and (18) and in Table 1 can be written in dimensionless form by dividing it with
some characteristic reference quantity. For example, the property M, M, = M /My, where M,
is the dimensionless form of property M, and My is some constant characteristic reference
quantity. Therefore the equations become;

Eq. (9):

UR UxD = UxoR UxoD + Uxwr UxwD

Uep = (u;(;R) Uyop T (uZM;R) UxwD 19)

Similarly in y and z-direction

Uyp = (ul};—f) Uyop + ("ZL:) Uy p and U,p = (uZZR) ot (ulZ]LRR) - -
Eq. (10):

for foxp = %

foxp = (%)“5_:2 N

Similarly in y and z-direction

foyD = (uoi) e and fozD = (uoi) mesd (22)

Ur for/ Uxp Ur for/ Uxp

Eq. (11):
fu fuxp = 22ttt

— UwxR UwxD
Juxp = (UR wa) U (23)
Similarly in y and z-direction

_ UwyR UwyD _ UwzR UwzD
nyD - (UR wa) Uxp and fuzp = (UR wa) Uxp (24)
Eqg. (18):

NRMop  (tRED _ —a [pLRL(apcD 9Swp )]
T-a Jo (trtp — €rép) x 965 \9S,p Oxp dép

MR Mop +MRNwD (trED _ —a [pLR azwa]
+ ) o (trtp — &rSp) x 0%p0xp dép

0. a 0X.
(1 _foRfoxD)j;_;:u

6xD
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NR MoD thD —a[pcr 8 (Opcp ISwp )]
—_— tpt [
+ r(l-o) (trtp = Erép)™" yr 9§p \0Syp 9yp

( (1 f f )foR afayD
+"—R";§1+"§)”W” R gty — Erép) ¢ [ 2P ] g, orrory

YR 0¥p

Yr 0&p0yp
MR MoD fRfD( a PR 0 (9pcp ISwp
trtp — $rép)~ [ dép
rd—oa) ZR BSD dSwp 9zp for 9foz
(1_foRfozD)Z: =

MR Mop + MR NwD thD _ o [pwr 07 wa] dzp
+ r—a) (trtp — &rép)™ i 98,02 dép
DRSwR 0Swp __
+PorPoD9rRIDZRZD t+ RW ®p _0:0 =0

NRMoD _ foR PcR PcR trtp _ al 9 (9Pcp Swp afaxD
{F(l_ O()tR X f (tD fD) afD (6SWp 6xD )] de} (1 fORfOXD)

MR Mop + MR NMw fu pw trt _ 0°pw afox
+{ Rr(f a)RtR = [ = 6) a[af a;f]dS(D}(l forfoxn) = >

NRMoD _ foR PR DcR trtp _ al @ (9pcp 3Swp _ 3 foyp
+ {F(l—a)tR v3 f (tD fD) 0¢p (0SW[, dyp )] de} (1 foRfoyD) b

tptp

{0 LD [t et f (= 6077 | 2] o 1= o) L2
f it fnpa puto, — g,y [ (22 B0 )] g, L1 — o, ) Lo

trtp
TR0 T Jo P j (o= 6077 | 2o e 1= o) L2
+(Por 9r Zr)Pop 9p Zp + (¢RtiWR)¢D a;TWDD =0 (25)

{177 = 6007 [ (S22 )| a6 (1~ fon foun) L2

ast aXD

(D) {entten phringe, — gy | 220 ] g} (1 fop fup) L2

PcrR

+ (y ) thD(tD - &) ° [E(apw aS—WD)] dfn} (1 - foRnyD)afoyD

Swp 0yp dyp

+

(xiz? PwR) 770D+77WD fthD(tD _ ED) a [ 3%pwp ] ED} fDRfoyD)afoyD

yEper 9&pdyp ayp

() {0 - 607 -2 (2222 gy} (1 = ffun) L2

XR Pw 770 +nw trt - 0°pw 0foz
+ () frttun preiog, g yme [ 222 g b (1 — fp ) L2

ZR PcR
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2 . a 2 a—1
Zp xp tp T(1—a) z SwR Xp t rl—a) as
[PUR 9R ZR XR tR PoD 9D ZD [¢R wR X tR ]:’D a:/D 0 (26)
oD D

forR MR PR NoD for MR PR

Table 2. Dimensionless constitutive relationship and constraints

Constitutive relationship and constraints

1L ppp)i=ow
Nip (Kip» Wip, Pip) 1 = 0, W
(¢pr)¢p = constant
Swi _
Sop + (3) Swp = 1

(pOR) Pop — (M) Pwp = Pcp

PcR DcR

a ke

Now, capillary pressure p. may be expressed by the J(S) function as

pc vk

J(S) = Py (27)

_](S)O'COSG\/E
pc_ \/E

Differentiating both sides with respect to S,,

dp. __ ocos 0 J$ 0] (S)

aS,, vk aS,,

pcp — (]R(S) op cos Og \/(b_R) Jp(S) ap cos By \/op 8] p(S) (28)
9Swp PRV KR \/E 9Swp

INITIAL AND BOUNDARY CONDITIONS

Initial condition:
p(x,0) = p; in dimensionless form as (z;—’f) pp(ip,0)=1,i=x,y,2 (29)

Boundary condition: The external boundary is considered as no flow boundary i.e. closed
reservoir. The interior boundary is considered as a constant production rate boundary.

1. outer boundary:

According to Darcy’s law:

ka o . ]
Uy_;, = ——=2 = 0,in dimensionless form, ﬂ] =0 (30)
K ox 0xpdyp=x;/L=1
2. inner boundary:
. kAyZ ap

According to Darcy’s law, q,—g = Au, = 9 in dimensionless form:
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_ krkpAyzr Ayzp \ (PR OPD
adr =—\— . )\ 3./
URHD xR 0xp
k A kp A 0 .
ap = _( R PR ?ZR)( L yzb ﬂ), wherei = L, H,W. (31)
qR KR iR up Oxp

DERIVATION OF SCALING CRITERIA

Inspectional Analysis

Inspectional analysis requires the variables in a set of equations which fully describe the
process. To derive the scaling groups by inspectional analysis the governing partial
differential equations (Egs. 3-4, 7-8, 18), initial and boundary conditions (Eqgs. 29-31),
constitutive relationships and constraints (Egs. 9-11, Table 1) were formulated. These
equations were then rewritten in terms of dimensionless variables and some constant
characteristic reference quantities (Egs. 19-28). The dimensionless constitutive relationships
and constraints are presented in Table 2. The dimensionless form of initial and boundary
conditions are presented in (Egs. 29-31). Finally, various similarity groups were identified.

Table 3 lists the similarity groups derived from inspectional analysis.

Table 3. Similarity groups from inspectional analysis

L? Swi _ Uwzr _ _Uwzr _ Po
_ L Sg- = s = s == s ===
591 H? 97 Swr 913 Ug 919 Ug fwr 925 Pw
Lz _ Uoxr — _Yoxr_ 2 s = f
_ sgg = —2£ $g14 = L2 pur 926 oR
592 = 8 U Ug for ===
w2 R ° 5920 =yao, .
S =
O e oy 927 = Pr
3 T pr | S99F S915 =y L% pur
Ug R for s — L Pwr
921 = 2 Per s _ Jr(S) orcos O /Pg
P 928 Pcrv kR
594 = PR _ Uoyr s — UozR
pi 5910 = U 916 Ug for k
R _ krprAyR Gr Swr L2 tE1IT(1- o)
5922 = L 5gg9 =R ————
Puwr u _— qr KR forRMRPcR
S = — “wyR = wXi
gs Pcr Sgu = $g917 Un fon kg i A
R w 5g23 = ZR PR ZyzR Sga0 = Porgr HL* tET(1- @)
s u ar e H 30 forR MR PcR
Sy6 = o s — UozR s — wyR
Swr 912 = 918 =y 5o SG2a = kg Pr Ayzr
qruR W

Scaling Criteria

The scaling requirement for this process can be stated as follows;

e These similarity groups in Table 3 should be similar both in model and prototype
e The dimensionless form of initial and boundary conditions must be same

e The constitutive relationships and constraints must be the same for model and

prototype also
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e J(S) must be the same functions of the dimensionless saturation, S,, .

Development of Relaxed Criteria

Based on the assumptions in the approach 1, the terms corresponding to these
assumptions (the terms that does not scale by the approach) are eliminated from the governing
equation shown in Eq. (25). Each term is then divided by one of the remaining coefficients to
yield the dimensionless form of equation. The coefficients represent the relaxed set of
similarity groups which can then be reduced to their simplest form. The constitutive
relationships, constraints, and initial and boundary conditions are treated in a similar manner.
For Approach 1, the effects of gravity are assumed negligible. For Approach 2, the effects the
vertical pressure gradient due to viscous and capillary forces is negligible. For Approach 3,
the effects of saturation, permeability, memory, the saturation pressure-saturation temperature
relationship and capillary forces are not scaled. For Approach 4, the effects capillary forces
are not scaled.

Approach 1. Same Porous Medium, Same Fluids, Same Pressure Drop, Same Temperature
and Geometric Similarity

In this process, initial pressure and temperature as well as the maximum pressure and
temperature change must be same in the model and prototype. In addition, using the same
porous media (same porosity, same permeability, same grain size and same wettability) would
allow better scaling of the irreducible saturations and relative permeabilities. In our case, fluid
memory related to formation can be scaled properly and fluid memory related to formation
fluid can also be scaled properly due to same porous fluid. The main advantage of this
approach is to scale the properties such as viscosity, density, fluid memory and equilibrium
constants, which depend on pressure, temperature and composition of formation, are more
accurately scaled. Therefore, this approach would insure that viscous forces, capillary forces,
and diffusive forces are properly scaled while maintaining geometric similarity. However, it
does not allow the scaling of gravitational and dispersive effects. The relaxed sets of scaling
criteria for the approach are listed in Table 4. Here xp = yp = zp = L.

In addition of these scaling groups, all the dimensionless properties (Table 2) must be the
same function of their dimensionless variables for the prototype and model. For a model
reduced in length by a scaling factor “a” and employing the same fluids as the prototype:

Lproto type

Here, a = and

model

® Apmax (pmax — Pmin ), Doi, pproduction T, k! SoiJ Swi'nR must be the same in model
and prototype

e H,W,q must be reduced by “a@” from prototype to model

o twill be reduced by a2/~ from prototype to model

Approach 2. Same Porous Medium, Same Fluids, Same Pressure Drop, Same Temperature
and Relaxed Geometric Similarity
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Table 4. Relaxed sets of similarity groups by Approach 1

12 Swi _ Uwzr _ _Uwzr krpr AyzR
== | sg7 = $g13 = $g19 = s =——
sg1=1; | S97=5,, Ur Ur fur 924 = " ew
L2 __ Uoxr — _Yoxr_ 2 Po
=L | sgg=—"— $g14 = _ L% pur s ==
S92 w2 Ug Ug for 8920 = FPCR 925 Pw
sg3 = — UwxR s — M 5926 = fOR
Por 599 U 91s Ug for Sg21 = L_ZM
Per H? per 5927 = ¢r
UoyR _ Uozr
$g10 = S916 = ¢ -
Sg4 = I;_R Ug Ug for Sz = krpr Ayzr Sgas = JR(S) og cos O |/ Pg
; 2= —— 8= =
qrHR L Pcrv kr
UwyR _ _Uwxr
S =— S917 =y ¢ -
sgs = 911 Ur Ug fwr s _ krprAyzr Or Swr L2 &1 T(1- @
Pwr 923 = qr iR H 5929 = forMRPcR
0, C
Pcr s _ UggR sg _ _Ywyr
912 = Ug 187 Uk fur
Sge =
Sot.
SwR

To combine the advantages of using the same fluids, the same porous medium and
similar pressure and temperature conditions with proper scaling of the gravitational effects,
the requirement of geometric similarity must be relaxed. If geometric similarity is relaxed and
if the vertical pressure gradient due to viscous and capillary forces is small, the viscous and
gravitational forces may be scaled for the case of horizontal reservoirs. The relaxed
requirements for this approach are listed in Table 5. The most significant difference is the
choice of the reference quantity for the vertical coordinate zg. It is now z3 = (L? pyr/Der)-

In addition of these scaling groups, all the dimensionless properties (Table 2) must be the
same function of their dimensionless variables for the prototype and model. For a model
reduced in length by a scaling factor “a” and employing the same fluids as the prototype:

® Apmax (pmax — Pmin ), Doi, pproduction T, k! SoiJ Swi'nR must be the same in model
and prototype

e H,W, must be reduced by “@” from prototype to model

e g must be increased by “a” from prototype to model

o the reservoir must be horizontal

t will be reduced by a=2/(@=1 from prototype to model

In order to satisfy the scaling groups related to this approach, geometric similarity,
viscous forces, and gravitational forces are satisfied. Therefore, different porous medium, and
different pressure drops are necessary between model and prototype. The disadvantage of this
approach is that it can not properly scale the related groups of saturation, permeability and
memory. This approach violates some of the requirements of the constitutive relationships,
constraints and boundary conditions. This method cannot scale the saturation pressure-
saturation temperature relationship for hot water. This leads to an improper match of the
boundary conditions. Water density and other properties which depend on pressure will not be
properly scaled either. The effects of capillary forces are not scaled. For the calculation of t,
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capillary pressure is considered negligible. The relaxed requirements for this approach are

listed in Table 6.

Table 5. Relaxed sets of similarity groups by Approach 2

L? Swi _ _UoxRr ___krprPwrW
=— S = S = — S = —RR7WR ~
592 = 2 g7 Sur 914 Ur for 922 PR P
2 5428 = PcrVkr
_ Por _ Uoxr Kr PR Pwr L ¢
R e il R L e
Ug for cR 9R KR Sgae = @k S L2 151 T(1— )
9= — ——
Sgs = Pr Sgo = UwxR Uyrr Sgas = Po forR MR PcR
2 %7 ug 5917 = 4 fum Pw
$930 =
= LYt T(1— o
sgs = Pwr s _ Ugyr _— 5926 = for PwR Por IR i (1-o
57 bk d1o Un sg1g = T for MR PCR
R fwr Sgar = Pr
;=
_ Soi _ Uwyr
596 =3 5911 =~ s _ L* pur
wR R 920 = 32 Per
¢

Approach 3. Different Porous Medium, Same Fluids, Same Temperature, Different Pressure
Drop, and Geometric Similarity

Table 6. Relaxed sets of similarity groups by Approach 3

L% _Pr > p kg PR Ayzr =
== $gs =" = DR = RERTyR 5927 = Pr
S = 4 s = S
91 = Pi 920 =y Der 923 qrir H
__ Jr(S) ogcosBg \/Pp
Sgy = 12 Sgs = Pwr 2p Sgzs = kg PR Ayzr Sg28 = W
2=y Per Sgz1 = oy 2R 4= W E
H* pcr
S
= Bor Soi Po s — _PrSwr
$g2 = — Soi =1 929
93 pe | 596 = Sun A $g25 P tr Por G W
$g22 =————
qrHr L HL? t§T(1- )
s — f _ PorYR R
926 = Jor Sg3z0 =~ . — —
forMRPcR

In addition of these scaling groups, for a model reduced in length by a scaling factor “a”
and employing the same fluids as the prototype:

o &,5,, S, must be the same in model and prototype
e H,W, must be reduced by “@” from prototype to model
e twill be reduced by a=3/* from prototype to model

Approach 4. Different Porous Medium, Same Fluids, Same Temperature, Different Same
Pressure Drop, and Relaxed Geometric Similarity

Relaxation of gravitational effects is the major shortcomings of approach 2. In this
approach the viscous and gravitational forces are balanced which repeat many of the
drawback of approach 3. This is done by relaxing pressure drop and requires different porous
media. This approach cannot scale capillary pressure. The reference quantity for the vertical
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coordinate zj is calculated by setting the ratio of vertical and length distance ratio equals one.
It is now zZ = L?. The main disadvantage of this approach is that time is scaled up by the
factor “a”. This indicates that experimental time is more than that of field. The relaxed

requirements for this approach are listed in Table 7.

Table 7. Relaxed sets of similarity groups by Approach 4

L? Swi __ Uozr _ _Uwxr _ Po
L sg, = i S === S == s ===
S91 = 13 g7 S 912 Un 917 Ur fur 925 ow
L? __ UoxRr — Ywzr u s = f
_ L7 s S = _ _Ywyr 926 oR
592 =z 98 =7, 913 =7y, 5918 =y -
5927 = Pr
— Pr UwxR S = oxk UwzR
594 == sgo =2k | STy | sgye =
P Ur Urfwr br Swr L2571 I(1- )
—_ Wi
u 5929 = for MR PwR
5ge = Soi _ Moyr | Sg15 = 2 krpr Aysr ’ "
6= S sg10 = Urfor | §gpp = — 22 )
R qrugL Sg30 = Porgr H L2 tET(1— @)
30 =" — —
Sgre = UosR kg pg W for MR PwR
$g11 = 16 Ug for 5923 =
Uwyr qr KR
Up

In addition of these scaling groups, for a model reduced in length by a scaling factor “a”
and employing the same fluids as the prototype:

o &,5,, S,i,I'(1—a),pui, f, mustbe the same in model and prototype
e L, W must be reduced by “a” from prototype to model
e twill be reduced by a from prototype to model

Dimensional Analysis

Dimensional analysis requires the knowledge of the complete set of relevant variables
influencing the process. The first step in the dimensional analysis of a problem must be to
ascertain which variables are relevant to the problem.

Table 8. Complete variables in the process for dimensional analysis

Symbols Dimensions Symbols Dimensions Symbols Dimensions

Ay, (L] q; (M/L*t] Uyy [L/t]

k (L] t [£] Uy, [L/t]

L [L] u; [L/t] Uy, [L/t]

H [L] Uy [L/t] Po [M/L3]
w [L] Uy [L/t] Pw [M/L3]

4 [M/L %] g [L/¢*] § [t]

Pc [M/L t?] Uy [L/t] n [L3 t'*e /M)
pi [M/L t?] U, L/ t] 1, [L3 t'*e/M]
Po [M/L t?] Ugy [L/t] Nw [L3 '/ M]
Pw [M/L t?] Uy [L/t] o [M/t?]

q [M/L* ] Uoy [L/t] Il [M/Lt]
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Special care should be exercised at this stage that all the relevant variables are included.
This analysis often yields a more complete set of similarity groups but the physical meaning
of the similarity groups themselves is generally more apparent from inspectional analysis.
Dimensional analysis is usually used in conjunction with inspectional analysis to ensure
important groups are not omitted. The similarity groups may also be derived using
dimensional analysis. After the relevant variables for the process are selected, the similarity
groups can be determined using the Buckingham n-theorem. Table 8 lists the symbols,
dimensions of the variables selected. Table 9 shows the similarity groups derived by this
method. There are some more scaling groups identified by dimensional analysis. These are
Ty, 10, 11, T23, T26, T27, 28, T30-

RESULTS AND DISCUSSION

To find out the displacement efficiency of the application of different Approaches,
pressure drop and time are considered as the principle criteria in the selection of scaling laws.
When fluid memory is being encountered, it is necessary to select an appropriate Approach to
scale the different parameters from lab to field or vice versa. In solving different similarity
groups, a =0.1and 0.2,¢ = 0.3, S,, = 0.24,n = 0.343249,p, = 50.0 Ib,,/ft3, L =
1000.0 ft, W =400.0 ft, H = 50.0 ft, p.=30.0psi,g =32.2 ft/s?,fy =0.2,p; =
3000.0 psi, and a pressure drop of 0 ~ 320 psi have been regarded.

Approach 1
Equating the similarity groups Group 3 and Group 29 becomes;

Por _ $r Swr L t§ ' T(1-a)
Pcr for MR Pcr

$g3 = Sg29 =

PR Swr LPtETIT(-a)

Por = for MR
t(z—l — for TR Por
R ¢r Swr L2 T(1— o)
_ forR MR PoR 1/(a=1)
b= rsur 2r0—® (32)

Figure 1 shows the variation of pressure drop with time for different fraction
derivative, a, values when Approach 1 is considered. Equation (32) is used in developing this
plotting. The graph shows that pressure drop decreases with time from a reference point
which has a non-linear trend. There is a huge pressure drop at the beginning of oil-water
displacement process.

This gap gradually decreases with time. Moreover, a has a great role in displacement
process. When a increases pressure drop delays during the process. This simply means that
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oil displacement would be more and swift efficiency of the process will increase when
memory of the fluid is encountered. However, it is more interesting that there would be no
early water break-through in the production well. The viscous fingering effects of the EOR
process would also be less pronounced during the oil-water interaction in the formation if
memory concept is used.

Table 9. Similarity groups from dimensional analysis

Scaling Group

Description

Symbols

Dimensions

= [Ayz/Lz]

geometric factor

Ty = [uwy/ Ux]

ratio of water velocity in y-
direction to total fluid
velocity

ratio of oil velocity in z-

system dimensions

m, = [H/L] geometric factor Ty = [Uy,/ Uyl direction to total fluid
velocity
ratio of water velocity in z-
w3 = [W/L] geometric factor Ty = [uy,/ Uyl direction to total fluid
velocity
ratio of permeability to
my = [k/L%] o Y T3 = [g L/ UZ]

s = [p/p., UZ]

ratio of viscous to
gravity forces

Ty = [pu/pw]

density factor for oil

Mg = [pc/pw Uazc]

ratio of capillary to
gravity forces

s = [Uy §/L]

Ty = [pi/pw UZ]

ratio of viscous to
gravity forces

Ty = [Py  UYT*/LM ]

ratio of gravity to fluid
movement with memory
forces

g = [po/pw Uazc]

ratio of viscous to
gravity forces for oil

Ty7 = [py 1, UFT/LMH ]

ratio of gravity to fluid
movement with memory
forces for oil

g = [pw/pw UJZc]

ratio of viscous to
gravity forces for water

g = [pw Nw U,\1f+a/L1+a ]

ratio of gravity to fluid
movement with memory
forces for water

o = [q/pw U,l

ratio of mass flow rate
to gravity force

Ty =[0/p,, U3L]

ratio of capillary to gravity
forces

11 = [qi/pw Us]

ratio of initial mass
flow rate to gravity
force

3o = [/pw Uy L]

ratio of viscous to gravity
forces

ratio of initial velocity

fluid velocity

my, = [w/ U,] to slip velocity 3y = [S,] oil saturation factor

3 = [u,/ U, :g:;? ]E:E%IV\;?L%?;;Y 0 T3, = [S,] water saturation factor
ratio of velocity in x-

Ty = [u,/ Uyl direction to total fluid 33 = [fo] velocity factor for oil
velocity

s = [u,/ U,] :gt;gtg;‘ mtderv\éfcl)gic;y 34 = [fw] velocity factor for water

T =[U,t/ L] distance travel ratio 135 = [J(S)] J-function
ratio of oil velocity in

17 = [Upye/ Uyl x-direction to total fluid 136 = [P] porosity factor
velocity
ratio of water velocity

g = [wyy/ Uyl in x-direction to total 37 = [a] Fractional order factor

g = [uoy/ Ux]

ratio of oil velocity in
y-direction to total fluid
velocity
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Figure 1. Variation of pressure drop with time for Approach 1.

Approach 2

14000

Equating the similarity groups Group 20 and Group 29 becomes;

S$g21 = 8929 =

L% pur _ PR Swr Lt T(1-0)

w? Dcr

for MR Pcr

Pwr for MR

tr = [W2¢>R Swr T(1— )

Pwr for NMr

tg—l —

1/(a-1)

- W2 Sr T(1— @)

16000 18000

(33)

Figure 2 shows the variation of pressure drop vs. time for different o values when
Approach 2 is considered. Equation (33) is used in developing this plotting. The trend and
nature of the graph is same as explained for Approach 1 except the time duration of the
process. When Approach 2 is used, it takes less time to complete the displacement process
comparing with Approach 1.
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Figure 2. Variation of pressure drop with time for Approach 2.

Approach 3

Equating the similarity groups Group 21 and Group 29 becomes;

L% p, Sw
$921 = 8929 = EZT: - thZIZR 91; w

PR Swr H? per
R ok aa W pu (34)

Figure 3 shows the variation of pressure drop with time for different o values when
Approach 3 is considered. Equation (34) is used in developing this plotting. The graph shows
that pressure drop increases with time from a reference point. It should be noted that there is
no memory effects in this Approach. Here, the time domain is very short during the
displacement process and pressure drop varies linearly with time.

This Approach indicates that, if memory effect is ignored, oil displacement would not be
more and swift efficiency of the process will be lesser than that of Approaches based on
memory. Moreover, early water break-through in the production well will be traced and
viscous fingering effects of the EOR process will be stronger than that of memory based
Approaches.
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Figure 3. Variation of pressure drop with time for Approach 3.

Approach 4

Equating the similarity groups Group 25 and Group 29 becomes;

_ Po _ PrSwr LEtF T(1-0)
Sg2s = Sg29 = — =
Pw for MR Pwr

Po foR MR PwR
Pw PR Swr L2T(1-a)

til =

Po for MR Pwr 1/(a=1)

Pw R Swr L2 T(1—a)

te = | (35)

Figure 4 shows the variation of pressure drop vs. time for different a values when
Approach 4 is considered. Equation (35) is used in developing this plotting. The trend and
nature of the graph is same as explained for Approach 1 and 2 except the time duration of the
process. When Approach 4 is used, it takes more time to complete the displacement process
comparing with Approach 1 and 2.
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Figure 4. Variation of pressure drop with time for Approach 4.

Comparison of Different Approaches

Figure 5 shows the variation of pressure drop with time for different Approaches when
o = 0.1. A comparison of different Approaches is depicted in this figure. Approach 4 shows
the more efficient in the oil-water displacement process when memory is taken care as a
function of time.
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Figure 5. Variation of pressure drop with time for different Approaches.
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Approach 1 is also efficient comparing with Approaches 2 and 3. The use of Approach 3
does not give any significant information during the process when memory of the fluid is
disregarded. It is better to use Approach 4 or Approach 1 in the case of memory reflection.

CONCLUSIONS

This paper introduces new scaling criteria for oil-water displacement based on the
implementation of memory concept. Relaxed sets of similarity groups and a complete set of
similarity groups have also been identified. An efficient Approach is outlined for oil-water
displacement process with memory. The choice of a subset is considered based on uniform
porosities, pressure drop and geometrical similarities. The subset of the dimensionless groups
neglected the effect of dispersive forces. However, future scaled up experimental studies will
provide a deeper insight into the fluid-fluid interactions at a scaled up level and this paper
may be a guidance to reduce considerable expenditures associated with oil-water
displacement process in an EOR scheme. In future, the lab experimental results based on
memory concept can be used to predict field performance in petroleum industry.
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