


Fig. 1—On the right (from Ref. 2), a 3D mode! of vertically stacked
trough crossbeds with distinctive foreset and bottomset facles.
On the left, the schematized model. The crossbed sets are char-
acterized as box-like structures with a specific langth, height,
and width. The foreset and bottomset laminae within this box-
like structure have characteristic dimensions.

tion of the pressure gradient in the reservoir relative to the orienta-
tion of the box. We discuss two cases.

Flow perpendicular to foreset laminae. The pressure gradient is
in the x direction.

Flow parallel to foreset laminae. The pressure gradient can be in
the y or the z direction.

We assume that these two situations are close to the worst- and
best-case scenarios with respect to oil entrapment. In the following
paragraphs, we derive the analytical formulas that relate trapped oil
saturation to the capillary number and the endpoint relative perme-
ability of the water phase. In these formulas we disregard gravity.
The results are listed in Table 2.

Flow Perpendicular to Foreset Laminae. We apply the previously
mentioned conditions at a heterogeneity boundary to a situation
where the pressure gradient of the injected water phase is perpendic-
ular to the laminae of the foreset. Fig. 2 shows the capillary pressure
curves that may apply to the coarse-grained and fine-grained lami-
nae of a water-wet foreset. We label the lamina type with the lowest
capillary pressure at 5, =1 — S, with the subscript 1 and the other
lamina type with the subscript 2. Initially, the laminae are in capil-
lary equilibrium. Hence, the saturation in the laminae depends on
the capillary pressure. When the laminae are flooded with water,
capillary continuity between the downstream boundary of Lamina
1 and the upstream boundary of Lamina 2 will be maintained until
the ROS of Lamina 2 is reached. At this point in time, the water satu-
ration at the downstream boundary of Lamina 1 can no longer in-
crease. We define this maximum water saturation at the downstream
boundary of Lamina 1, which results from the capillary equilibrium
condition when the saturation at the upstream boundary of Lamina
2tends to 1 —S,,, as S, 4.

We now consider the water saturation within Lamina 1 after ex-
tensive flooding. For the water phase, we can write Darcy’s law:

_ _ kikn,y dpy.

Vo &= 7;— E ............................. (l)
Upstream of the downstream boundary of Lamina I, the capillary
pressure is continuous as long as both phases at more than their re-
sidual saturation. Furthermore, v, is zero, which implies that p, is

constant where S, > S,, Therefore, dp,,/dx = — (dP./dx). Were-
write Eq. 1 as
_ Kk 9P _ Kk P,

Vw Be ox

A ds, dx

We can write Eq. 2 in a dimensionless form with P, =, /@/kJ(S,):

, 45,
1 =N, k,J Qx,' e 3)
ki@,0on
where ch" = ml—- ............................ (4)
ANk Xp = S e e (&)

N,y x is the dimensionless capillary number perpendicular to the
foreset laminae, J' is the derivative of the Leverett-J function with
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TABLE 1—STATISTICS OF TROUGH CROSSBED SETS

Length, m 2-20
Width, m 0.5-5
Thickness, m 0.14-0.4
Thickness coarse foreset laminae, m hy 0.004-0.015
Thickness fine foreset laminae, m h 0.002-0.01
Thickness bottomset, m 0.01-0.1

respect to water saturation, xp is the dimensionless distance perpen-
dicular to the laminae, and # is the thickness of the laminae in which
oil is trapped. Integration of Eq. 2 leads to the following expression
for the capillary number as a function of the water saturation §,,,,, at
the upstream boundary of Lamina 1:

= 1
Nl Swa) = = o e ©)
J J (@Y w)dw
Sud

From Eq. 6, the capillary number can be calculated for
1= Sor <8y < Sy,q- Depending on the wettability, the Leverett-J
function can have a definite endpoint when the oil saturation tends
to the residual saturation. In these cases, ROS can be reached be-
tween the upstream and the downstream boundaries of Layer 1 at di-
mensionless distance @ from the downstream boundary. In this case,
the following expression applies:

N, @) = - ———2 . 1))
orl

J J'(k (w)o

sw.d

Eqs. 6 and 7 describe the capillary number from % to 0. Straight-
forward calculus enables us to find similar expressions for the per-
manently trapped oil §,; and the effective water permeability at
8w =1-—5,:. The relevant formulas are listed in Table 2, Column A.
To simplify the formulas, we assume that the bottomsets have no
conductivity nor volume. The formulas in Table 2 involve simple
numerical integration and can be applied for specific field condi-
tions. Example calculations follow later.

Flow Parallel to Foreset Laminae. Here, we look at flow parallel
to the foreset laminae. In this case, oil may be permanently trapped
against the bottomset laminae. The assumption that the bottomset
has the same characteristics as the fine-grained foreset laminae im-
plies that oil can only be trapped in the coarse-grained laminae,
which we label with the subscript 1. After extensive flooding, the
remaining oil in Lamina 1 will be stationary. We copy Eq. 2 and ap-
ply it to paralle! flow of water in Lamina 1:

- k|k~| &dsw

Ve = “Fw ds. d_y‘ ............................ 3)

For the average parallel flow velocity of the water phase, we write
v = By + hyviy
v hy + hy

We now use the following equilibrium approximation, where we
disregard viscous forces perpendicular to the laminae:

(d—"i) = (91’1) ................ (10)
o) = (F) oo

(i.e., the pressure gradient in Lamina | equals the pressure gradient
in Lamina 2) to describe the flow in Layer 2 in terms of the flow in
Layer 1:

k L]
Vo, = 2% w2
2 = 9t
* klkrwl "
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TABLE 2—SUMMARY OF FORMULAS FOR QUANTIFICATION OF TRAPPED OIL

A: Perpendicular B: Parallel
ke-z = ‘11_+£)'k1 1 ke,y = l_lt_)‘—;kl 1
lfk $100w ¥k1¢1‘70w
ch’: - Il-:'l:v 1 2 NC"-V = PoUsb 2
]fk 100w k1410w
vw’z . I‘-,:l&ev.t 3 vw'y = “";QN:,;— 3
d — Vw o fbw d; — Vv, yBw
| = Fembrus 4 ‘zﬁ = T 4
Swd= Sw1 at Jy = Jo(1 - Sor?) 5 Sw,d = Sw1 at J1 = Jo(1 — Sor2) 5
N, v,z (Sw,u = e =1 6 ch‘ (S , ) = oarn —(1+2) 6
s ¢ ) sz.,_; T (w)kewr (w)dw y\Pw,u f:"‘v‘ (k,-..l(w)+r.\k:w2).l{(u)du
w,u €
(Sw.d1 1- Sorl) So,iz (Sw,u) = %fﬂ +-- 7 So,iv(SW,u) = l_‘%ffﬂ +-- 7
s\l.'.u ! SWJ‘ - £
. Nw,,(su,_u)fsw'd T (@) krws (w)wdw - Nﬂ,.(sw_..)fsmd (krwt (w) 7 2kE o )} (w)wdw
(Y T+2)2
= 1+2 = 142
krwz(Sw,u) = Nev,a(So.u)(J1(Sw,0) =1 (Sw.u))+ 3t~ 8 | krwy(Suu) = TEmNL e D) 8
N. a) = _ —-a 9 N, v, a) = _ —a(l4+X) 9
cv.z( ) fsl,,,_i"l Ji (@) krw1{w)dw c v( fsl.p:"r, (bvor (@) 7 \kr7) T2 (w)ds
ac€
(1,0) Sois(a)= ~ l=fenltlentAlers 4. 10| Spiyl@) = 2=SmflentiBen 4 ... 10
Ney,e(a) f;‘::orl J; (W)knui (w)wdw - Nev.o(a) f;;:orl (krul(w)+74\k:w2)-,{ (w)wdw
1+A (T+A)2
[( 1~a ch‘.(a)u,(s._.)—.nu—s")))] -1
142 T FTART T+X
krw.z(a) = += 1 kTW,V(a) = : 2 (14A1) M
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Fig. 2—Caplllary entrapment perpendicular and parallel to the
foreset laminas. On the left, capillary pressure curves for
coarse-grained and fine-grained water-wet laminae. Indicated
are the initial capiliary pressure and the capillary pressure at
which oil is trapped at the downstream boundary of the coarse-
grained iaminae. On the right, the modet for flow perpendicular
(top) and paraliel (bottom) to the foreset laminae. The arrows in-
dicate the flow direction of the water phase.

where £;,; is the relative water permeability at the ROS in Layer 2.
Fig. 2 shows a schematized drawing of capillary entrapment during
parallel flow. In the area where the oil is trapped, the water phase is
diverted to the surrounding laminae. We see that there is no continu-
ity in capillary pressure at the boundary between the fine-grained
and coarse-grained foreset laminae. Yet, along this boundary, the
saturation in Lamina 1 may vary between (1 — S,,)and S,, 4. We note
that this sitvation is in agreement with the boundary conditions
stated by Van Duijn et al.14 We combine Eqs. 8, 9, and 11:

1 +}. = klkrwl dPrQE (12)
A'Tk,.wz —vn#_w d.S'w dy ) e et e e e
1+ X
wl

where A = ho/hy and T = ko/k;. We now write Eq. 12 in a dimension-
less form:

oy

e 1, 48w
P=7 +A(k,w, + Atk o) Ty e (13)
k9,00,
where NCV,_V = m ........................... (14)
and yp = I-’,‘ .................................... (15)

N, y is the dimensionless capillary number that applies parallel to
the foreset laminae, J is the Leverett-J function, yp is the dimension-
less distance perpendicular to the laminae, and b represents the
width of the foreset lamina. Integration of Eq. 13 leads to the follow-
ing expression for the capillary number as a function of the water
saturation S, ,; at the upstream boundary of Lamina 1:

Again, we may need to apply a factor a to describe the full range of
capillary numbers in the case where the Leverett-J function has a
definite endpoint at S,, =1~ S,,. When the ROS is reached at a di-
mensionless distance a from the downstream boundary of Lamina
1, the capillary number is

Noa) = — a(l +1)

e an

1=S4r)

J [kpr(@) + TAKL) ) (@)

sw d

Expressions for the permanently trapped oil S,; and the effective
water permeability at §=1—35, ;, which follow from Eq. 17, are
listed in Table 2, Column B. For simplicity, we assume that the bot-
tomset acts as a heterogeneity boundary with infinite conductivity
and no volume. Example calculations follow later.

Experimental Verification of Trapping at a
Heterogeneity Boundary

We performed glass-bead experiments!S to validate the trapping
mechanism during perpendicular flow. The experiments were per-
formed with a slab-type model (length=0.5 m, width=0.16 m,
height=0.01 m), in which we measured the water saturation by
means of the microwave absorption technique.!6-2! We filled the
upstream part of the model with coarse-grained and the downstream
part with fine-grained glass beads. We measured the trapping of de-
cane against the grain-size discontinuity during flooding with water.
Fig. 3, on the left, shows the saturation profile plotted vs. the dis-
tance from the heterogeneity at four different flow velocities. To
plot these data in a dimensionless form, we rewrite Eq. 3:

s
w.Xp

;—%= I k(@) (@)dw.

sw.d
In Fig. 3, on the right, we plot the four saturation curves vs. xp/Ny, x.
The figure shows a good match between the four different curves,
indicating that the scaling procedure is correct.

Results and Discussion

We applied the derived formulas to a crossbedded structure defined
in Table 3. The parameters are based on modeling work done by
Hartkamp-Bakker* and Ringrose e al.5 The relative permeabilities
and the Leverett-J functions we used are based on the Brooks-
Corey?2 model, which describes these curves as a function of the
sorting factor and the threshold capillary pressure at §,, = 1.

In Fig. 4, permanently trapped oil is plotted vs. the perpendicular

N ( s ) - _ a+4) (16) and the paraliel (in the width direction) macroscopic pressure gradi-
ANt s,y ent. To show the sensitivity of some of the parameters involved, we
' changed one parameter in each of the plots.
I [krwl(w) + le:wz] J(o)dw In Fig. 4a, we see the effect of the lamina thickness ratio, A. This ratio
is changed from 1 to 0.5 by increasing the thickness of the coarse-
w.d grained laminae. As a result, the capiliary number (Eq. A2 in Table 2)
t 06 coarse fine - 1 0.6 coarse finc
S, ! S, !
04 flow of water, £ 704 flow of water 4
1
Py
02 %,,«“ o2} J
0 0 "
-045 -035 -025 -015 -0.050 08 06 04 02 0
x [m] Ff\g/}
Fig. 3—Experimental data on the trapping of oll in a coarse-grained, water-wet lamina. On the
left, saturation plotted vs. distance for four different flow rates. On the right, saturation plotted
vs, the dimensionless distance divided by the capillary number. We see that the curves for the
four different flow rates overlap, indicating that correct scaling was applied.
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TABLE 3—CROSSBED CHARACTERISTICS USED IN
EXAMPLE CALCULATIONS
Lamina 1 Lamina 2

Vertical width of laminae, m 2.0
Horizontal width of laminae, b, m 05
Thickness of laminae, h, m 0.01 0.01
Permeability in laminae, k, md 200 50
Porosity, ¢ 0.3 0.3
ROS, Sy 0.2 0.2
Residual water saturation, S, 0.15 0.15
Sorting factor, € 15 1.5
ASy=1).C 05 0.5
Intertacial tension, gy, N/m 0.03
Viscosity, water phase, x4, Pa's 0.001
Relative water permeability, Ky, Kpy = S2+3e)e
Relative oil permeability, k. ko = (1"= SW2(1 - §2+Ve)
Leverett-J function, J J=cs,\

perpendicular to the laminae decreases and the curve for perpendicular
flow shifts to the left. Another effect is that the volume in which oil can
be trapped is increased; hence, more oil can potentially be trapped.

Fig. 4b demonstrates the effect of the permeability contrast, 7. This
contrast is changed from !/5to /g by increasing the permeability of the
coarse-grained laminae. Both the perpendicular and parallel capillary
number increase, resulting in a shift of both curves to the right. Fur-
thermore, the water saturation at the downstream boundary of the
trapping layer decreases, resulting in a higher maximum trapping.

In Fig. 4c, we increased the width of the foreset laminae by a fac-
tor of 2. This results in an increased capillary number parallel to the
laminae. Less oil is permanently trapped under the same paralle!
pressure gradient. Perpendicular trapping is not affected.

[n Fig. 4d, we increased the sorting factor for the coarse-grained
laminae from 1.5 to 3. The water saturation S, 4 at the downstream
boundary decreases; therefore, more oil can potentially be trapped.
In addition the gradient J' of the Leverett-J function becomes less
steep, resulting in a shift to the left for both curves.

Effects of Wettability. We have seen that the conditions at the hetero-
geneity boundary play an important role in the trapping mechanism.
Wettability has a direct effect on the capillary pressure curves and
therefore on the saturation at the downstream boundary of the trap-
ping laminae. Alternating water-wet and oil-wet laminae, for
instance, may lead to severe trapping. However, this situation is prob-
ably not very realistic. Under fully oil-wet conditions, the large gradi-
ent in the capillary pressure curves close to ROS's will lead to a very
low fraction of permanently trapped oil (however, delay in production
will occur). One other important aspect is that, under oil-wet condi-
tions, oil is potentially trapped in the fine-grained laminae, whereas
under water-wet conditions trapping takes place in coarse-grained
laminae. In our simplified model, we clearly see the implications; the
fine-grained laminae form a continuous path through the crossbedded
reservoir. Therefore, the length scale involved in the capillary number
is many times larger than the length scales in the crossbed set, and no
significant permanent trapping will take place.

The effect of fractional wettability is shown in Figs. 4¢c and 4f. We
modeled mixed wettability by lowering the constant C in the
Brooks-Corey capillary pressure model. This constant represents
the Leverett-J value at S, = 1. We disregarded the effects of mixed
wettability on the relative permeability curves. In Fig. 4e, the
constant C of the coarse-grained laminae is changed from 0.5 to
0.25. The figure shows that more oil can potentially be trapped. In
Fig. 4f, we changed the constant C of the fine grained laminae from
0.5 to 0.3. As could be expected, trapping becomes less severe.

Conclusions

1. Wettability plays an important role in trapping in crossbed sets.
2. We derived simple expressions with which the magnitude of
capillary entrapment can be estimated.
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3. The derived expressions clearly show the sensitivity of capil-
lary trapped oil to wetting, sorting, lamina permeability, and the di-
mensions of crossbed sets.

Nomenclature
b= width of a foreset lamina, L, m

C= constant in the Brooks-Corey model representing the
Leverett-] value at S, = 1
Idp/dxl = macroscopic pressure gradient, 1/Lt2, Pa/m

= thickness of a foreset lamina, L, m
= Leverett-J function
J' = derivative of the Leverett-J function with respect to
water saturation

k= permeability, L2, m?
k, = relative permeability
= thickness, length or width, L, m
= dimensionless capillary number
p= pressure, m/LtZ, Pa

P.= capillary pressure, m/Lt2, Pa
= saturation

v= Darcy velocity, L/t, m/s

x= distance perpendicular to the foreset laminae, L, m
y= distance parallel to the foreset laminae, L, m

a = dimensionless distance from a boundary to the

location where S, =S,
€= sorting factor

8= contact angle
= ratio of laminae thicknesses hy/h)
p = viscosity, m/Lt, Pa-s
7= ratio of permeabilities kz/k1
¢ = porosity, fraction
w = integration parameter
Subscripts

cv= capillary over viscous forces
d= at the downstream boundary of Lamina |
e= cffective
i= permanently trapped

n= normalized
o= oil
or= oil residual
ow= between oil and water
= relative, water
u= at the upstream boundary of Lamina 1
w= water
wr= water residual
x=the direction perpendicular to the foreset laminae
y= the width direction parallel to the foreset laminac

z= the height direction parallel to the foreset laminae

o= interfacial tension, m/t2, N/m

1= the lamina type of the foreset in which oil is trapped

2= the lamina type of the foreset in which oil is not
permanently trapped

Superscript
*= atthe ROS
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81 Metric Conversion Factors

bar x 1.0* E+05=Pa
cp X 1.0 E-03=Pa-s
dyne/cm X 1,0* E+00 =mN/m
ft % 3.048* E-0l=m
md X 9.869 233 E-04 =um?
*Conversion factor is sxact. SPERE

SPE Reservoir Engineering, May 1996

Paul van Lingen is a PhD student from the Dietz laboratory ot the
Facuity of Mining & Petroleum Engineering, Delft U. of Technolo-
gy. The topic of his study Is caplliary entrapment in small-scale
heterogeneities during immiscible flooding. He hoids an MS de-
gree in mining and petroleum enginesring. Hans Brulning is the
head of the Dietz laboratory for reservoir engineering at Delft U,
of Technology. His interest Is In theoretical and experimental
modeling of complex flow problems In heterogeneous porous
media with applications to thermal recovery, underground
coal gasification, improved recovery/production with poly-
mers, and DNAPL spreading. He hoids a PhD degree in physical
chemistry from the U. of Amsterdam. C.PJ.W. van Kruljsdijk
holds the chalr of reservoir engineering at Delft U. of Technolo-
gy. in combination with a position at the Inst. of Applied Geosci-
ence. Previously, he was with Shell Infi. E&P B.V. in The Nether-
lands from 1985 to 1989 and with Shell Canada Ltd. in Caigary
from 1989 to 1993. He holds an MS degree in physics from U. Eind-
hoven in The Netherlands. van Kruijsdik, currently a Review
Chairman for SPE Reservoir Engineering, has served on the Edi-
torial Review Committee since 1991, He Is a curent member of
an Annual Meeting Technical Committee and served as
1994-95 member of the Forum Series Committee and the Euro-
pean Formation Damage Symposium Program Committee.

!.

van Lingen Brulning van Kruljsdijk



