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Water flooding type-curves, recently receiving increasing attentions, play an essential role in evaluation
of OOIP and prediction of future production. The study proposed a method modified form Weibull model
and water flooding type-curves to analyze the reservoir production performance, including predication
of oil production and water injection rates. The results indicate that the method can estimate and provide
solutions for oil production, water injection rate and injection-production ratio with a well accuracy. A
case study is conducted to demonstrate the applicability and accuracy of model by field data. The
matching results illustrate a good accordance between calculated values and field data.
© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the development of petroleum industry, there are
increasing challenges to predict the oil production, water injection
rate and injection-production ratio, especially for ongoing reservoir
targets [1,2]. Some methods have been evaluated for a long time
and have appeared in multiple applications, for example, simula-
tion studies, material-balance calculations, and decline curve ana-
lyses [3,4]. For water-flooding oilfields, the determination of the
reasonable oil production and water injection rate is the funda-
mental during the oilfield development process. This process has
direct impacts on the well performance. So the reliable prediction
of oil production and water injection rate plays a significant role in
the production operations.

For water-flooding oilfields, water flooding type-curves are
commonly used in evaluating OOIP and predicting future pro-
duction. This method provides an easy way to reflect the influ-
encing factors in reservoir production by concise mathematical
equations. It is widely used in many countries [5—7]. Since the
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first water flooding type-curves was proposed in 1959, more than
50 water flooding type-curves have been proposed, but only few
kinds of water flooding type-curves are fit for the actual pro-
duction [8—11]. With the development of computational tech-
nique, Weibull model [12] was proposed for evaluating OOIP and
predicting future production. It can be used for predicting oil
production changes during development period, the highest
yearly production and occurrence time [13]. In the traditional
Weibull model, the parameters are mainly reserves, cumulative
oil production and time, and lack of water injection parameter
[14]. It fails in predicting the water injection rate, injection-
production ratio and other development index. This paper pre-
sents a new method to analyze production data of water drive
reservoir. It has the best prediction of production with the real
field production performance. Meanwhile, it can overcome the
limitations of the majority of water drive type-curves and Wei-
bull model.

2. Theory foundation
2.1. Weibull model

Weibull proposed a distribution model of mathematical statis-
tics, and the distribution density of the model is as follows [12]:

o s
f(X):BXa 13( x*/B) (l)
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After the studies [15—17], Weibull distribution model can be
converted to a prediction model. The model can be used to predict
reservoir production and cumulative production. The basic equa-
tions are as follows:

Qo = at*le~? )
Np =5 (1-e ) (3)

Based on Equation (3), Np equals to the recoverable reserve (Ng)
of the oilfield when t is big enough, so & = Ng and Equation (3) can
be expressed as:

Np = Ng (1 — e""“) (4)

2.2. Water flooding type-curves

Several water flooding curves are often applied to predict the
production of oil fields. The basic relationships are as follows.

2.2.1. Type I water flooding curve

Type I water flooding curve was first proposed by Zhen in 2001.
The equation shown as Equation (5) describes a semi-log liner
relationship between cumulative water injection and cumulative
oil production [18].

In(W;) = A+ BNp (5)
Another form of Equation (5) is:
W, = efeBN (6)

Taking the first derivative to time t:

dWl _ BdiNp
=B ™

Where dW;/dt = Qi and dNp/dt = Qo.
Therefore, the annual water injection can be expressed as:

Qinj = Be'e®* Qo (8)

2.2.2. Type Il water flooding curve

Type Il water flooding curve was first proposed by Masi in 1978.
The equation describes a semi-log linear relationship between cu-
mulative water production and cumulative oil production [19].
Equation (9) is the basic equation.

ll’l(Wp) = C+ DNp 9)
Another form of Equation (9) is:

Wp = eCePNe (10)
Taking the first derivative to time t:

dW[) C DNp de

— = D—— 11

a ¢ P (I
Where dWp/dt = Qw and dNp/dt = Qp.

Consequently, the annual water production can be expressed as
follows:

Qw = €“eP*DQg (12)
Equation (13) is the expression of the injection-production ratio

in the year of t.

PR~ niBw
Qo + QwBw

Substituting Qi,j and Qy in Equation (13) with Equation (8) and
Equation (12):

(13)

Be”ByyeBNe

IPR=p——"——
5—‘; + DByyeCePNe

(14)

3. Methodology

Equation (2) can be used to predict oil production. Water in-
jection and the injection-production ratio equations can be ob-
tained at different development periods by substituting Equation
(4) into Equation (8) and Equation (14). The prediction equations
are as follows:

Qo = at* le~bt* (15)

Qinj = Et&Te Dt BNee™ (16)
Where E = abBNgeAeBNr

Ee—BNRE’b[ﬂ
PR = o e (17)

Where F = abDNge€ePNr and H = (aBo)/(YoBw)-

The constants A and B can be determined through the linear
regression of In(W;) and Np in Equation (5). The constants C and D
can be obtained by Equation (9) in the similar way.

The model parameters ¢, a and b can be calculated by taking the
natural logarithm on both sides of Equation (2):

In (&) = Ina — bt* (18)
te—1

Table 1

The production data of H29 zone from 2000 to 2014.
Year Qo Np Qw Wp Qinj Winj IPR

10%/a  10% 10%/a  10%*m? 10%/a  10*m3

2000 1.2586  2.4108 2.1475 3.2854 0.1 0.1 0.027
2001  1.2769  3.6877 2.648 5.9334 2.1 22 0.493
2002 1.4551 5.1428 2.03 7.9634 5.4 7.6 1.397
2003 1.4085 6.5513 2.3629 10.3263 4.1 11.7 0.991
2004 1.42 7.9713 2.3362 12.6625 4.4 16.1 1.066
2005 1.1844  9.1557 24213 15.0838 44 20.5 1.124
2006 1.1938 10.3495 2.4993 17.5831 4.0 245 0.999
2007 0.9862 11.3357 1.8932 19.4763 43 28.8 1371
2008 0.8348 12.1705 2.5922 22.0685 4.0 32.8 1.097
2009 0.664 12.8345 2.5362 24.6047 3.6 36.4 1.067
2010 0.616 13.4505 2.3387 26.9434 29 393 0.931
2011 0.7308 14.1813 23296  29.273 2.9 422 0.892
2012 0.5939 14.7752 2.2243 31.4973 2.9 45.1 0.975
2013 0.4172 15.1924 1.8366  33.3339 2.7 47.8 1.143
2014 0.5782 15.7706 1.7294  35.0633 23 50.1 0.936
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The curve drawn from Equation (18) is a semi-logarithmic 40
straight line in the Cartesian coordinates. Equation (18) is based
on different o values. When the solution is to make the maximum ST
coefficient of linear relationship which o is required by using the 3.0 }
linear trial and error method [20], then a and b can be calculated. g—
Substituting «, a and b into a/(ba) = Ng, the recoverable reserve =1 25 1
(Ng) can be obtained. a0t

Combining Equation (2) and Equation (4): y=0.1377x+1.422

1.5} R=0.997

D _, 4y, (19) 10 —
te-1 Ng 4 6 8 10 12 14 16 18

Similarly, the curve drawn from Equation (19) is a straight line in N,
the Cartesian coordinates. The parameter o can be obtained by
using the linear trial and error method. The intercept equals to a,
and the slope equals to a/Ng. Bringing a, a and Ny into a/(ba) = Ng,
the parameter b can be calculated.

Comparing the correlation coefficient of the two curves drawn 0.0 ¢

Fig. 2. Typellwater drive curve of H29 zone.

from Equations (18) and (19), the optimal parameters a, a, b and Ng 05 |

can be obtained. '
2 10y 1=-0.0185x-0.5568
5 15t R=0.9807

4. Application and analysis <
3) 2.0t

4.1. Field example E s}

. . . . . . 73‘0 I
The zone of Xinjiang oil field is an example of reservoir which s

produces during the major portion of the lifespan. This zone covers 0 20 40 60 30 100 120 140
a development area of 2.9 km?, with reserves of 85.4 x 10%, a mean
permeability of 97.6 x 10> um?, and a mean porosity of 24%.
Additionally, the original formation pressure is 16.9 MPa, the den- Fig. 3. The relationship between ¢« and 1n(t?9|> of H29 zone,
sity of crude oil is 0.877 g/cm?, the viscosity is 12.4 mPas and the
formation volume factor is 1.106. The dynamic production data,
such as the annual oil production, cumulative oil production, the

a

t

0.6

annual water production, cumulative water production are shown
in Table 1. 05 }
Fig. 1 shows good correlation relationship between cumula-
tive water injection and cumulative oil production after linear = 041
regression using Equation (5). Fig. 2 shows good correlation S 03t
relationship between cumulative water production and cumu- =
lative oil production using Equation (9). The intercepts and S 02} 1=-0.0336x+0.5799
slopes can be obtained, which represent the constant parame- 01 | R=0.9804 &
ters A=1.3671, B=0.169, C=1.2327 and D =0.1005. Using the
field development data and time, according to Equations (18) 0.0 *
and (19), is computed using the linear trial and error method ¢ & =5 6 @ 40 4 15 1a 1
which is obtained based on the maximum linear correlation N,

coefficient, then a, b and Ny can be computed using the least

: _ . _— ™
square method (Figs. 3—4). The parameters a, a, b, Ng and linear Fig. 4. The relationship between Np and 2 of H29 zone.

Table 2
57 The parameters of H29 zone.
Equation o a b Ng Correlation coefficients
ol (18) 170 05730  0.0185 183  0.9807
= (19) 1.68 05799  0.0199 173 09804
= 3
=
) be yf04169x+l.3671
R=0.975 correlation coefficient of the two lines are listed in Table 2.
Therefore, parameter is calculated to be 1.70, whose correlation
1 : : : : : . ’ coefficient is R®>=0.9807, then a=0.5730, b=0.0185 and
4 6 8 10 12 14 16 18 Ng = 18.3.

N, Substituting the corresponding parameters into Equations
(15)—(17), oil production, water injection and the injection-
Fig. 1. Typelwater drive curve of H29 zone. production ratio of H29 zone at different development periods
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Fig. 5. The actual and prediction annual production of H29 zone.
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Fig. 6. The actual and prediction annual water injection of H29 zone.
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Fig. 7. The actual and prediction annual injection-production ration of H29 zone.

Table 3
Comparison between the predicted data and the real data.

can be predicted, the calculated data and oilfield actual data are
shown in Figs. 5—7 and Table 3.

4.2. Results and analysis

Figs.1 and 2 drawn from Equations (5) and (9) correspondingly
show good correlation through linear regression, which proved
Type I and II water flooding curves can be reliably combined with
Weibull model.

Figs. 3 and 4 also show good correlation linear, o is computed
using the linear trial and error method which is obtained based on
the maximum linear correlation coefficient, but the former corre-
lation coefficient is greater shown in Table 1.

The comparative analysis of predicted data and the practical
data in the above case study show that the oil production, water
injection and injection-production ratio predicted by the model are
approximately equivalent to the real production data with small
differences.

Because equation (5) is suitable for water-flooding oilfields,
equation (9) is suitable for oilfields after development for one or
two years, this method is suitable for water-flooding mature oil-
fields. More case studies are required to be investigated to validate
the model.

5. Conclusions

Based on the work presented here, following conclusions can be
drawn:

(1) The specific proration-injection allocation of reservoir is
divided into three steps: to determine oil production; to
predict water injection; to calculate injection-production.
The previous model constructed by Mueller [15], despite is
suitable for predication of oil production and water cut,
invalid in predict the water injection rate.

(2) A new method to analyze production data form solution
drive reservoirs is presented. The method is capable of
forecasting the oil production, water injection rate and
injection-production ratio using easily available data.

(3) For the oil reservoir in the case study, the proposed method
has the best prediction of production with the real field
production performance. Meanwhile, the water drive cures
give the highest accuracy.

Date Development time (a) Annual oil production (10%t/a) Annual water injection Annual injection-production
(10%m3/a) ratio
predicted practical predicted practical predicted practical

2000 4 1.2409 1.2586 0.1 0.1 0.033 0.027
2001 5 1.3263 1.2769 1.9 2.1 0.504 0.493
2002 6 1.3592 1.4551 53 5.4 1.335 1.397
2003 7 1.3483 1.4085 43 4.1 1.005 0.991
2004 8 1.3024 1.42 45 44 1.175 1.066
2005 9 1.2297 1.1844 4.5 44 1.032 1.124
2006 10 1.1380 1.1938 4.1 4 1.036 0.999
2007 11 1.0343 0.9862 43 43 1315 1371
2008 12 0.9248 0.8348 4.1 4 1.186 1.097
2009 13 0.7143 0.6867 3.7 3.6 1.115 1.067
2010 14 0.7068 0.627 3 2.9 0.977 0.931
2011 15 0.6503 0.7008 3 2.9 0.803 0.892
2012 16 0.5118 0.59 29 29 1.105 0.975
2013 17 0.4274 0.417 2.8 2.7 1.153 1.143
2014 18 0.4528 0.5782 24 2.3 0.969 0.936
2015 19 0.4052 24 1.035
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Nomenclature
Abbreviations
IPR inflow performance relationship, dimensionless

(0]0)1 original oil in place, dimensionless

Field variables

A fitting coefficient of injection production ratio,
dimensionless

a conversion constants from Weibull distribution model
to oilfield development model, dimensionless

B fitting coefficient of injection production ratio,
dimensionless

b conversion constants from Weibull distribution model
to oilfield development model, dimensionless

Bo oil volume factor, dimensionless

Bw water volume factor, dimensionless

C intercept of a water drive curve, dimensionless

D slope of a water drive curve, dimensionless

Np cumulative oil production, 10%*ton

Nr recoverable reserves, 10%ton

Qinj the annual water injection, 10*m3/a

Qo the annual oil production, 10%t/a

Qw the annual water production

t development time, year

Wi the cumulative water injection, 10%t/a

Wp cumulative water production, 10%on

X distribution parameter, dimensionless

a shape parameter, dimensionless

I’} scale parameter, dimensionless

Yo the density of crude oil, g/cm?
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