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Abstract

Recovery factor is an important aspect in reservoir reserve estimation
study. Displacement efficiency studies of particular types of reservoir
mechanism are used to determine the recovery factor. The study of
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efficiency of water injection is based on fluid displacement front.
Some indicators for injection efficiency are defined, i.e., water oil
ratio, water cut, breakthrough time, etc. These indicators depend on
reservoir parameters. Parameter estimation is an important issue in
history matching. Improved forecast using available data, i.e., online
updating, is an important issue in reservoir management. This paper
aims to develop a Bayesian methodology for estimation of reservoir
parameters and its application in reservoir efficiency. The proposed
method consists of two steps: forecasting (prior) and updating
(posterior). The forecasting step uses the frontal advance model and
the updating step consists of weighted average of forecast and
prediction error correction. The simulation study shows that the
proposed method is able to estimate the parameters sequentially and is
used for the prediction of injection efficiency.

Introduction

Reservoir reserve can be estimated from different methods: volumetric,
material balance and reservoir simulation. Deterministic method uses a single
value for each parameter, stochastic method uses a probability model for
each parameter and a simulation is used to generate the reserve distribution.
Volumetric oil in place (OIP) is given by

0

OIP = 7§?A Zn: hidi (1= Swi),
i=1
where OIP is oil in place (stb), A is drainage area (acres), By is initial
formation volume factor (rb/stb), h; is individual zone thickness (ft), ¢; is
porosity (%), and S,,; is water saturation (%). El-Khatib [2] used inverse
Laplace transform to estimate the hydrocarbon in place. Reserve R is defined
by R = R¢ x N, where Ry is recovery factor. Recovery factor is determined

from displacement efficiency studies of particular types of reservoir
mechanism. Reservoir simulation is the technique that applies modeling to
analyze the reservoir performance. The outputs from the simulator are
reserve estimates, depletion, production forecast, and strategy to optimize
the recovery. Reserve estimation carries a lot of uncertainties even when
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calculated by most skilled estimators, e.g., heterogeneity and anisotropy. In
reserve estimation, typical unknown that needed to be estimated are:
reservoir volume, porosity, oil saturation, recovery factor, and formation
volume factor. In sweep efficiency, the time to water breakthrough at the
producer is a function of porosity. It is, therefore, important to develop a
methodology to estimate the porosity based on frontal advance study. This
paper aims to discuss the recovery factor modeling and porosity estimation
for reserve estimation. The indicator is calculated using piston like model for
immiscible and convection dispersion model for miscible fluid displacement.
The parameters are estimated using Bayesian methodology using the
analytical solution as forecast (prior) and observations to update (posterior)
the estimate.

Methodology

Fluid displacement requires contact between the displacing fluid and the
displaced fluid. The movement of the front between displacing and displaced
fluids and the breakthrough time are indicators of efficiency (Fanchi [4]).
One of the simplest methods of estimating the advance of a fluid is piston
like model. The approach uses fractional flow theory and is based on the
assumptions: flow is linear and horizontal, water is injected into an oil
reservoir, oil and water are both incompressible, oil and water are
immiscible, and gravity and capillarity effects are negligible. The theory of
piston like displacement is a simplification of the problem of the
displacement of one fluid by another. It assumes that there is no displaced
fluid movement behind the front. In practical terms, this implies that the
oil saturation behind the front is at its residual value S,., and that the

macroscopic displacement efficiency Ey = (1— Syj — Sor )/(1— Syi). Consider
a linear piston like displacement of a fluid 2 of mobility A, = k,/u, by a
fluid 1 of mobility A4 = kq /1y, corresponding to a mobility ratio M = A /A,
= kqpp /kopy, through a porous medium of length X. The pressure difference

Ap between the inlet and outlet faces of the medium is held constant. If M is
not unity, then velocity of the front would be a function of its position.
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Consider the time at which the front is located at a distance x from the inlet.
The velocity of the fluids on either side of the front is identical

If pressure losses in the zones behind and ahead of the front are Ap; and

Apy, then

d d
Ap = Apy + Apy,  Apy = X(d_sjl’ Apy = (X - X)(d_sjz'
Solving for (%) :
1
d d
Ap = Apy + Apy = X(d_gjl +(X =x) (d—gjz

X(£)1 +(X =x)M (%)1

(%)l(x(l— M)+ XM)

yields

dp) _ Ap
dx);  MX +x1-M)’
From Darcy’s law

Vzﬁziz_ﬂ(@j _ —1Ap
dt  ¢p op \dx )i Op[MX +x(1-M)]’

where ¢p = &(Sym — Sim)- BY integrating, time t taken for the front to
travel from O to x is

d)D[MXX +X—22(1— M)J

t= }nlAp
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Solving LM 2 | wxx - 2APE _

0,
2 ®p

- ~MX + y(MX)? — 20Apt[L — M)/0p]
1-M '

If vq is the initial velocity of the front (velocity at x = 0), then
v__
QECIES
If M is greater than 1, then the velocity of the front increases with x and

vice versa. Displacing fluids tend to move faster in zone with higher
permeability. Dimensionless position of the saturation front

\/mz +2(1- m)%x const xt —m

Xtq (K, ¢, 1) = i-m :
dp I(rWO

where m = i,,/A, and const = 3 Bw . Effective relative
len((1 - Sor) — Swr)

mobility of a layer as a function of front is

1
VIS S
eff - 7"W }“0
Aw xfd > 1.
Oil and water rates at the outlet end are
Kkt (xfd)dp
0o (xfd, k) = len Xid <1,
0 xfd > 1,

klw(i—?]) xfd > 1,

qw(xfd, k) =
0 xfd < 1.
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Total oil and water rates
Oot (1, K, 0) = Ao (xfd (K, ¢, 1), k), aur = qu(xfd(k, ¢, t), k),
ot = ot (t, K, &) + Ayt (t, K, ).

Water cut is the ratio of water rate to total rate of production

_ QuT (t, K, ¢)
welt, K 0) = T k. 9)°

In estimating the advance of a fluid displacement front in an immiscible
process, the efficiency indicator breakthrough time is defined as
__ GAL
bt = q(dfy/dSy)’

where ¢ is the porosity, q is the injection rate, L is the distance from injection
to production, and df,,/dS,, is the slope of tangent line. Piston like theory

t

treats the displacement of one fluid by another under immiscible conditions.
An immiscible displacement occurs when the displaced and displacing fluid
do not mix. In a miscible displacement, the fluids mix and is described by a
convection dispersion CD equation:

ac 2°C  oC
> _plx_ &

where C is the concentration of displacing fluid, D is the dispersion, and v is
the velocity. The solution of the one dimensional CD equation is

C(x t)= %{erfc( ;JDltt) - eVX/Derfc( ;:/rDlttj}

where erfc is the complementary error function erfc(x) =1 —

2 X _22
ﬁjoe dz.
Oil recovery efficiency is a function of time, pressure, oil rate, gas rate,
cumulative oil produced, and cumulative water produced.

Bayesian estimation is an approach for fusing observations with prior
knowledge of physical process to obtain an estimate of the distribution of the
true state of a process (Wikle and Berliner [6], Evensen [1] and Grewal and
Andrews [3]). Let X denote the state of a process and Y be the observation.
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Bayes’ rule gives f(x|y)= f(x)f(y|x)/f(y), where f(y|x) is the
distribution of the observations given the state x, f(x) is prior of the state,
and f(x|y) is the distribution of state given the observations.

One iteration of Bayesian estimation consists of two steps: forecast and
updating. Forecast step used the reservoir model to predict the state from

timet-1tot; thi = f(Xtu—l,i)’ i=1.. N, N isthe ensemble size and f

is the reservoir model. In updating step, the state th is updated by error

between prediction and actual measurement. In this paper, the state in
estimating permeability k and porosity ¢ based on observations of total
flow rate g and water cut wc at the outlet consists of four quantities

X =(logk ¢ 0ot WC)t. Porosity usually has a normal distribution while
the permeability has a lognormal distribution. At time t=0, log
permeability logky and porosity ¢ are generated using sample size of N

T 2 2 .
from normal distributions N (g, . Slog k0) and N(pg, . c¢0). At time

t, = kAt, permeability and porosity follow a random walk process kj =
kg_1 and ¢y = ¢x_;1. Before reaching an observation time tg, total flow

rate and water cut are calculated based on the formula as function of time,
permeability and porosity. The total flow rate and water cut are updated as
function of t, however, the log permeability and porosity are constant (not
updated). At observation time ty,s all four quantities are updated. The state

space representation for oil displacement is

log k log ki1 0
ok | Pk-1 0
= + Wl ,
OTot, k Aot (tks Kics d) k-1
Wi we(ty, ki, k) wg 4

0 0 1 O
Y, = O1ot, k s
0 0 0 1) we

Start by defining a time interval from t = 0 until T (experiment time).
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Inside this interval, simulate a set of equally spaced observations, given
log Kirye @nd dgrye, perturb the observations at observation time tq,g with

some normal error. The sequential estimation will converge to the true
permeability and porosity after a matching of observations (total flow rate
and water cut).

Results and Discussion

The estimation of reserve recovery factor is studied through the
estimation of porosity and permeability on the basis of a one layer fluid
displacement. The model implementation is provided by the solution of the
model: water front, flow rates, total flow rate and water cut. Consider a one
dimensional displacement with a length of X =50cm. The true parameters

are Kiye =.242D and ¢yye = 26%. The cross sectional area is A = 1cm?,

oil viscosity .20cp, water viscosity 1, endpoint relative permeability for water
Krwo = -5, endpoint relative permeability for oil k.o =.5, residual water

saturation s, = .25, residual oil saturation s, =.15, pressure drop
Ap =10atm, and mobility m = 20%. Bayesian estimation is used to solve

the history matching total flow rate and water cut and obtaining the estimate
of permeability and porosity. The algorithm is run from t = 0 to 500 days,
and the ensemble size N =40. Two observations: total flow rate (with
normal error mean 0 and standard deviation .01) and water cut (with normal
error mean 0 and standard deviation .1) are used in history matching of oil
displacement (Figure 1). The first stage of estimation is to find the best
matching for the total flow rate and water cut. In this study, it is easier to
match the total flow rate compared to the water cut. The total flow rate is a
continuous variable, and water cut is a binary variable. In order to reduce the
sum squares of error in history matching total flow rate and water cut, a trial
and error was performed on the initial distribution of parameters. The
simulation shows that initial distribution contributes significantly on the
stability of Bayesian estimation. Figure 2 shows the results of Bayesian total
rate and water cut matching and permeability and porosity estimate. The
match is good and the estimate tends to converge to the true values.
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Figure 1. Observed total rate and water cut.
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Figure 2. History matching permeability and porosity.

Conclusions

53

This paper discusses the Bayesian estimation methodology for reserve
estimation through the estimation of recovery factor. Recovery was modeled
using piston one layer fluid displacement model. The indicators of recovery
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are oil rate, water cut which is a function of porosity. This paper shows how
to estimate the porosity using total rate and water cut measurements based on
fluid displacement process. The study shows that the proposed method can
be used in recovery factor estimation. Further study is needed to show the
applicability of the proposed method in general fluid flow process and
reserve estimation.
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