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Abstract: Digital transformation has become one of the major themes of the development of the
global oil industry today. With the development of digital transformation, on-site production will
surely achieve further automated management, that is, on-site production data automatic collection,
real-time tracking, diagnosis and optimization, and remote control of on-site automatic adjustment
devices. In this process, the realization of real-time optimization work based on massive data
collection needs to be carried out combined with oil and gas well transient simulation. Therefore,
research of the horizontal well capacity prediction transient model is one of the important basic
works in the work of oil and gas digital transformation. As development progresses, when the
bottom hole flowing pressure or formation pressure is less than the saturation pressure of crude oil
in the reservoir, oil and gas two-phase seepage occurs in the reservoir. Due to the characteristics of
oil and gas two-phase seepage, after the oil and gas two-phase seepage occurs in the reservoir, the
well production will be reduced, or even greatly reduced. Therefore, how to predict the horizontal
well capacity better in this case is an important problem that needs to be solved urgently. In this
paper, the method and process of establishing the transient calculation model of two-phase flow in
horizontal wells are introduced in detail from three aspects: fluid physical properties, reservoir oil-
gas two-phase seepage, and the coupling model of Inflow Performance and Flow in Wellbore. The
model is more reliable through the verification of production data from five wells in two oilfields.

Keywords: horizontal well; capacity prediction; transient model; saturation pressure; two-phase
seepage

1. Introduction

Digital transformation has become one of the major themes of the development of the global oil
industry today. As a traditional industrial industry, the oil and gas industry faces the new situation
and new trends of the accelerated energy revolution and energy transformation. It must effectively
utilize digital technologies represented by cloud computing, Internet of Things, 5G, big data, artificial
intelligence, etc., to drive business model reconstruction, management model reform, business model
innovation, and core competence enhancement. Ultimately, the transformation and upgrading of the
industry and value growth will be realized. The transformation and upgrading of oil and gas
production involves many aspects such as automatic collection, real-time tracking, diagnosis and
optimization of on-site production data, and remote control of on-site automatic adjustment devices.
Through transformation and upgrading, on-site production automation management is finally
realized, management efficiency is improved, and production and operation costs are saved. It is the
need of industry transformation and development, and it is also an urgent need on site. Many aspects
need to be involved in this upgrade process, not only to achieve breakthroughs in hardware, but also
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to form a supporting package with this hardware in software. For example, the realization of real-
time optimization based on the collection of massive data needs to be combined with the transient
simulation of oil and gas wells. Therefore, the development of the transient model of horizontal well
productivity prediction is one of the important basic tasks in the digital transformation of oil and gas.
This is the need to accelerate the development of digital transformation of oilfields. This is not only
of great significance for enriching the basic theory of horizontal well production technology, but also
of obvious value for the actual application of oilfield production.

In the development of horizontal wells, the continuous inflow of reservoir fluids from the toe to
the heel leads to changes in the inflow and pressure of the horizontal wellbore. The changes in the
inflow and pressure of the horizontal wellbore affect the total production of the horizontal well and
the design of the horizontal wellbore structure parameters. Therefore, the development of horizontal
well transient productivity prediction research involves the fluid flow state in the horizontal wellbore
and the interaction between it and the reservoir. Especially when the well bottom flowing pressure
or formation pressure is less than the saturation pressure of formation crude oil, oil and gas two-
phase seepage will occur in the reservoir and wellbore, and the prediction model will be more
complicated. Many scholars at home and abroad have carried out related research.

In 1958, Merkulov [1,2] published an article for the first time, proposing a formula for calculating
horizontal well production. He assumed that the reservoir shape was box-shaped and the horizontal
well was located in the center of the reservoir, and then used the seepage mechanics method to derive
the production formula of the horizontal well under steady seepage conditions. In 1964, Borisov [3]
systematically summarized the development process of horizontal wells and inclined wells,
introduced the production principle of horizontal wells, and comprehensively applied seepage
mechanics principle and mathematical derivation methods to obtain the yield analysis formula of
horizontal wells under steady seepage conditions. In 1984, Giger [4-6] used basically the same
assumptions as Borisov’s formula to derive the oil recovery index equation for a horizontal well in
the center of the reservoir. In the same year, he proposed the formula for calculating the horizontal
well capacity of heterogeneous reservoirs, which is obtained by replacing the original permeability
with equivalent permeability on the basis of the homogeneous reservoir capacity formula. The Giger
equation, like Borisov’s equation, does not take into account the limitations of horizontal length of
horizontal wells and ignores the effect of wellbore pressure drop.

In 1986, Joshi [7-9] established a single-phase seepage model of horizontal wells based on the
principle of electric field flow. This model simplifies the three-dimensional ellipsoid seepage problem
of horizontal wells, simplifies it into two two-dimensional seepage problems in the horizontal plane
and vertical plane, and uses potential energy theory to derive the steady-state productivity equation
of horizontal wells in homogeneous isotropic reservoirs. Assumptions: (1) single-phase, steady-state
flow; (2) weakly compressible fluid; (3) homogeneous oil reservoir, without considering skin effect ;
(4) The outer boundary is the constant pressure boundary; (5) The horizontal well is located in the
middle of the reservoir. In 1988, Babu [10] proposed the productivity equation for horizontal wells in
the box-type closed reservoir he studied. This productivity equation is different from the productivity
equation of other scholars and considers the quasi-steady flow. In 1990, Renard and Dupuy [11]
studied the impact of formation damage on horizontal wells based on the summary of the
productivity equation of Joshi and Giger horizontal wells, and obtained the productivity equation of
horizontal wells considering skin effect. The equation is suitable for circular oil drainage area,
elliptical oil drainage area and rectangular oil drainage area.

In 1996, Dou Hongen [12] regarded the horizontal well as a vertical well across an infinite
formation, and derived the horizontal well capacity formula according to the potential superposition
principle. In 1996, Shedid explored the difference of seepage mechanism between heel and toe of
horizontal section of horizontal well, and described the shape of the oil drainage area of horizontal
wells through two rectangles and a semicircle. After a series of studies, he proposed a horizontal well
oil production index formula applicable to gas cap and bottom water reservoirs. In 2008, based on
the research of Joshi and Giger on the production formula of horizontal wells, Chen Yuangian [13,14]
used the area equivalence method to equivalently convert the elliptical oil drainage area to a quasi-
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circular oil drainage area, at the same time, changed the length of the horizontal section into a quasi-
circular production tunnel according to the principle of production equivalence, and finally obtained
a new horizontal well production calculation formula by using the equivalent flowing resistance
method. In 2010, Liu Wenchao [15] divided the ellipsoid of horizontal wells into inner zone, middle
zone and outer zone, derived the steady seepage capacity calculation formula of the corresponding
area according to the seepage characteristics of each zone, and finally obtained the production
formula for calculating the horizontal well in heavy oil reservoir according to the fluid flow through
the boundary of each zone is equal.

In 2019, based on the analysis of typical seepage characteristics of horizontal wells, Jia Xiaofei
[16] et al. considered the planar elliptical flow and deduced a new comprehensive productivity
formula of horizontal wells by using the water and electricity similitude principle and the equivalent
flowing resistance method. This formula is more adaptable than the commonly used formula, and
can calculate the horizontal well capacity under different drainage shapes, penetration ratios, etc. In
2021, Gao Yihua [17] et al., based on the potential superposition principle and the mirror reflection
principle, established the calculation model of radial flow distribution along the wellbore of
horizontal wells across plugging faults under two modes, obtained the Productivity prediction
method of horizontal well cross fault in complex fault-block oilfield, and on this basis, formed a
reservoir engineering method to quickly optimize the sectional length of horizontal wells across
plugging faults in each fault block.

However, most of the research results of predecessors are based on steady-state and single-
phase, which can no longer meet the needs of the current development and construction of smart
oilfields. Based on this, this paper studies the transient model of horizontal well capacity prediction
coupled with oil and gas two-phase seepage and wellbore flow, and the studied model is verified by
analogy with the existing model.

2. Establishment of Oil and Gas Two-Phase Seepage and Its Coupling Model with Wellbore

According to the basic principle of reservoir oil and gas seepage, the basic equation of oil and
gas two-phase seepage can be obtained. For the oil phase, there is:

jrcrodeshe

For the gas phase, there is:
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where A, and KA, are the relative permeability of oil and gas, which are functions of oil
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saturation S, . B, and f, are the volume factor and viscosity of the oil phase, which are

functions of pressure. 5, (4, and R are the volume factor, viscosity and dissolved gas-oil ratio

of the gas, which are also functions of pressure.
From Equations (1) and (2), it can be seen that the functions to be solved are pressure p and

saturation S, but in the two equations, the coefficient terms are often functions of these two

functions, so such an equation has a strong nonlinearity, and at the same time, the obtained solutions
(such as pressure and saturation) have a strong dependence on these state parameters (such as
relative permeability, volume factor, dissolved gas-oil ratio, viscosity, etc.).

The establishment of the above equation implies that the pressure of the oil layer is lower than
the saturation pressure of crude oil, so there will be oil and gas two-phase seepage in the formation,
so the above two equations exist. Since the oil layer pressure is lower than the original saturation
pressure, with the continuous degassing of crude oil, the properties of crude oil such as crude oil
volume coefficient and viscosity and dissolved gas-oil ratio are changed.
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2.1. Simplified Model — Calculation of Fluid Physical Properties under Average Pressure Conditions in a
Certain Region Segment

The basic equation of two-phase seepage in oil and gas is a nonlinear partial differential
equation, which is commonly solved by approximate methods. Based on the assumptions of the
material balance method:

(1) At any moment, the porosity, fluid saturation and relative permeability of the reservoir are
uniform;

(2) Regardless of the gas zone and oil zone in the reservoir, the formation pressure is the same,
and the volume coefficient, viscosity and gas dissolution amount of gas and oil are the same;

(3) Regardless of the influence of gravity;

(4) At any moment, the oil phase and the gas phase are balanced;

(5) No water intrusion, not counting the amount of water output.

Rs, Bo, and Bg are all functions of the average formation pressure P, determined by high-
pressure physical property experiments, as shown in Figure 1.

RS B() Bg

Pb P; P Pb P P

Figure 1. Schematic diagram of the relationship between Rs, Bo, Bg and the average formation

pressure P.
Production GOR:
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Since the production gas-oil ratio is the ratio of the gas flow (including dissolved gas and free
gas) converted to standard conditions to the oil flow rate converted to standard atmospheric
conditions, the production gas-oil ratio can also be written as:

Y
0,8, +?0RS

K
R=—— 2o —pp et p @
9 K, u,
BD
where &, is the gas flow rate under oil layer conditions, ¢, = —* 27rh d—p, cm®/s. & is the
K, r
. . . K, dp .
oil flow rate under oil layer conditions, Qg = 2nrh d—, cmd/s. U . M, are the viscosity of
H,

gas and oil, which are functions of the average formation pressure p, mPa-s.

The relationship between average formation pressure and formation oil saturation can be
obtained by equating the above two equations:
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In the above formula, the viscosity of crude oil and natural gas are also functions of pressure, as
shown in Figure 2.

Ho
U

P P

Figure 2. Schematic diagrams of the relationships between viscosity and pressure of crude oil and
natural gas.

According to the above formula, the saturation of formation crude oil under different average
formation pressure conditions can be obtained, and the relationship between the recovery degree and
the average formation pressure can be further obtained, as shown in Figure 3.

S " n

o

Figure 3. Schematic diagrams of the relationships between the saturation of formation crude oil,
recovery degree and formation pressure.

2.2. Simplified Model — Calculation of Average Pressure in a Certain Region Segment

Using steady-state sequential replacement method:

Each instantaneous moment of the whole process of unsteady oil and gas two-phase seepage
can be approximated as a steady state, and the unsteady state of the whole process can be regarded
as a superposition of many steady states.

From the relationship curve between average formation pressure and formation crude oil
saturation, the pressure can be divided into several intervals, and the pressure value and saturation
value in each interval are taken as the median value:

— p.+p.
p:pz 2pl+l (6)
So:% ?)

In each small pressure interval, it is considered that the oil and gas seepage is steady, and the
physical characteristics of the internal fluid are consistent.
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2.3. Calculation of H (Potential) of Three-Dimensional Spatial Horizontal Well under the Condition of Oil-
Gas Two-Phase Flow

When the gas-mixed oil seepages into the well under the dissolved gas drive mode, its flow state
is unsteady, and the well production (or bottom hole pressures) changes with time. However,
considering that although the process of gas-mixed oil seepage is unsteady, at every moment in the
total process can be approximately regarded as a steady state.

That is to say, in a certain short period of time, the formation pressure and oil saturation change
little. If this time interval is small enough, it can be considered that the pressure and saturation are
independent of time. That is steady seepage. At this time, the oil well production formula obtained
according to the steady state will basically conform to the actual situation.

Corresponding to the oil-gas-water two-phase flow, although the oil has been produced, the oil-
phase flow always exists throughout the production process. Therefore, it is more appropriate to
consider the flow process in the oil-gas-water three-phase with the phase seepage law of the oil phase.
Seepage law of oil phase can refer to the method of single-phase oil seepage law in literature (Liu P,
et al.) [18]. The instantaneous (one sink point in space) production (under the ground conditions) is:

K d
g, = —2—4=L ®
u,B, dr
Importing A, = ?,we can get
qU=LKr0Ad—p=4Kﬂ7”2£d—p ©)
“,B, dr u,B, dr
1 K
dr=—2--d
9, 4K r LB, p (10)
1 K
- +C= ~—d
T 4km -[,uoBo P (1)
dH =—2dp
If 'UUBO , then
H=--1 ., (12)
4K
1 K
— =+ C = Lo d = H 1
Ry -[ uB, v ()
1 K
—q —+C=K[22dp=kH 14
drr IuOBU (4

Compare the single-phase spatial steady-state point sink function ¢=—4L+C and the
o

single-phase spatial instantaneous point source function:

aH erfe(

r
)
e frt (15)

Ap(r,t) =

doi:10.20944/preprints202304.0513.v1
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Then it can be seen that the instantaneous point sink function of the oil phase in the oil and gas
two-phase is:

n. (16)

AH(r, t) = N
Anr 2 nt

(17)

Similarly, single-phase seepage can obtain the spatial instantaneous line sink function of oil and
gas two-phase and the calculation function of horizontal well H (potential) in different types of
reservoirs, as well as the coupling model and solution method.

That is, the H (potential) generated by an entire horizontal segment on space (X Y Z ) is:

4

n q X, Vot 2ot
H = ;Z:; H, = Tkl ]Z:; (Lﬂ (x, y,, 2z, dx + L glx, y, z;, )dy + L Mx, y,z,t)dz)  (18)

The H (potential) on the right side of the equation is obtained by calculating and accumulating
several intervals separately.

Oil well productivity prediction is also closely related to the types of reservoirs. Generally, four
types of reservoirs can be distributed: top closed bottom water reservoirs, gas cap bottom water
reservoirs, upper and lower closed edge water reservoirs, and upper and lower closed boundary
reservoirs.

Assuming that the reservoir type of the two-phase seepage of o0il and gas is upper and lower
closed boundary reservoir, the calculation method of horizontal well H (potential) in the upper and
lower closed boundary reservoir is as follows.

2.4. Calculation of Spatial Potential of Uniform Inflow into Horizontal Section in Closed Reservoir

For the upper and lower closed boundary reservoir as shown in Figure 4, a horizontal well with

length L isdivided into N segments.

Z
Closed boundary
\Heel
Va Vi )5\/
> P é' X
£ TUE/

Closed boundary

"

Figure 4. Schematic diagram of the horizontal well in the upper and lower closed boundary

reservoir.

According to the mirror reflection principle, as shown in Figure 5, we can get:

¢j(X,Y,Z,r)=—j—"{Z[é(x,y,znmz,x,Y,Z,t>+§(x,y,2nh—z,x,Y,z,z)]}+cj (19)
T

Nn=—oco0
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where ¢ ; is the potential generated by the j-th line sink at any point in the oil layer; ¢q; is the flow

rate of the j-th line sink; h isthe oil thickness; z is the between each part of the well and the bottom
of the oil layer; C, is a constant; and & is the function defined by the following formula:

1 & Xei ei
cfj(x,y,2nh+z,X,Y,Z,t)=L—Z(I f(x,ysi,zsi,t)dx+Iy g(x,y,zsi,t)dy
= Xsi Ysi (20)

nh+zm
" h(x, v, 2, 0)dz)

4nh+zg;

xsl

L. X
where / are the length of the j-th segment line sink; and ~¢" are the start and end abscissas

of the j-th segment line in the x-axis direction, and the other parameters are Y and Z directions
coordinates.

That is, the H (potential) generated by a certain horizontal segment on space ( X , Y , Y4 ) is:

L, o2,

21
J Ve 1)

LSS Closed boundary
Heel —~———___— Toe producing well

7777777777777 77 Clesed boundary
X

— Producing well

N

1
y :
Figure 5. Mirror of horizontal well in upper and lower enclosed boundary reservoir.

2.5. Horizontal Well Flow Relationship

According to the potential superposition principle, the potential generated by the whole
horizontal well in the oil layer is:

N

N .
XY, Z,1) =Z¢j(X,Y,Z,t)+C=—Zz—J(pj +C 22)
JT

J=1 J=1

For different types of reservoirs, the formula ?; is respectively equal to the formulas in braces
in Equation (19).
It can be obtained from Equation (22).

N
¢.=>¢,+C (23)
j=1

The formula @), is the potential function at the constant pressure boundary or oil drain
boundary; @ . 1s the potential generated by the j-segment line sink at the constant pressure boundary

or the oil drain boundary.
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It is obtained by Equations (22) and (23).
OXY.Z0=0.+3[0,(X.Y.2.)=0,] 2
=
According to the potential function Equation (13), we can obtain
KH(X,V, Z,t) = K1, + ZV“ lp.(X, VY, Z,t) — ¢,.] (25)

J=1

The H (potential) on the left side of the equation can be obtained by regional integration
according to Equation (13), as follows.

ff} dp =4 (26)

where 7 is the pressure at any point in the oil layer (or the comprehensive pressure after
considering the potential energy difference); K s the permeability of the oil layer; £, is the
permeability of the oil phase; e is the relative permeability of the oil phase; Ho s the viscosity

of crude oil. B, is the crude oil volume factor.

Equation (26) can reflect the seepage law of the wellbore in the formation, that is, the relationship
between the external pressure of the wellbore and the output flowing into the wellbore, and the
variable mass flow law in the wellbore needs to be considered in establishing the coupling model.

2.6. Coupling Model of Inflow Performance and Flow in Wellbore and Its Solution

According to the flow in the wellbore, a coupling equation is established to solve the flow in the
formation, and the coordinated production in accordance with the two flow laws is obtained, that is,
the coordinated production of the oil well.

The three-dimensional steady-state seepage of fluid in the oil layer and the flow in the wellbore

are both interrelated and affect each other. Suppose the pressure at the midpoint of the J section
line sink on the horizontal well is Py , and the potential generated by the I section line sink at the

midpoint of the J section line sink is q)ij , the linear equation system for the production of each
segment is obtained according to Equations (26), (25) and (22), and the production of each segment
is obtained by solving the equation.

According to the variable mass calculation method, the pressure drop in the wellbore is
calculated, and the pressure at the point of the j section in the wellbore is:

P =p,—05dp,; (j=1,2,.,N) 7)

D,

where P28 T Pur | Por is e flowing pressure at the heel end of the wellbore.

Prjn = P2 = Py _ApW,_j (j=12,..,N) (28)
The total production of the whole well is

_ (‘]s,l +q,,%4;; +"'+qs,N)
? B

o

(29)

In the above-mentioned coupled model, both 9 and % are unknowns, which can be solved

using the iterative method. First Assuming a set of Py values, use Equations (26), (25), (22) to solve

doi:10.20944/preprints202304.0513.v1
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q array. Then, q array is substituted into the pressure drop formula and Equation (27) to update
Py array from heel to toe Then update q array from the linear equation system of formula

production, and so on, until both Pu and 4 array reach a certain computational accuracy. Finally,
the total well production can be obtained from Equation (29).

3. Example of Transient Productivity Prediction Calculation of Oil and Gas Two-Phase Seepage
in Horizontal Wells

3.1. Samples Calculation

Known conditions:
(1) The basic parameters are shown in Table 1.

Table 1. Parameters of oil reservoir and horizontal well.

Name Value Unit
Horizontal permeability 10 mD
Vertical permeability 10 mD
Crude oil volume factor 1.281
porosity 0.3
Total compressibility coefficient of formation 0.0002 1/MPa
Crude oil viscosity 0.6365 mPa.s
Reservoir thickness 30 m
Horizontal well length 400 m
Original formation pressure 30 MPa
Well bottom flowing pressure 28 MPa
Completion method Open hole completion
Oil reservoir type The upper and lower closed boundary reservoir
Saturation pressure 15 MPa
Reservoir temperature 80 °C
Production time 1 year

(2) The phase penetration data is shown in Figure 6.

0.9 1

0.

0.

0.
[]
< 0.
gb (). —o—Krg
>

——Kro

0.

0.

0.

0 10 20 30 40 50 60 70
Sg(%)

Figure 6. Oil-gas two-phase seepage curve.


https://doi.org/10.20944/preprints202304.0513.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2023 doi:10.20944/preprints202304.0513.v1

11

(3) The result is shown below.

It can be seen from Figures 7-10 that under the same production pressure difference conditions,
if it is a single-phase flow, the production is the same. If it is an o0il and gas two-phase seepage, the
production is lower than that of single-phase flow, and the more serious the degassing, the lower the
production. The calculation result is as follows:

The total production rate is 206.71 m®/d

—a4— Flow rate along the wellbore —=— Pressure along the wellbore

R 14068.0
0.0361 — & laoe7s
0.0341 — 14067.0
0,032 14066.5
< 0.030 14066.0
€ 0.028] J4065.5 T
T 0.026- 14065.0 o
S 0.024 / {40645 3
S 0022 140640 £
$ 0.020- 140635
* o018 \ / 14063.0
140625
0.0161 : : .\‘.\A—'."/.A : : 14062.0
0 100 200 300 400

Distance to the foot (m)

Figure 7. Formation pressure 30 MPa, bottom hole flowing pressure 28 MPa, single-phase flow.

The total production rate is 206.71 m*/d

—a— Flow rate along the wellbore —=— Pressure along the wellbore

1 s -2328.0
0.036] — A 123275
0.0341 — 12327.0
0.032] — 19326 5
£ 0.030- 7 12326.0
% 0.028 123255 3
T 0.026 123250 @
5 0.0241 {23245 3
§ 0.022 12324.0 £
£ 0.0201 123235
1 12323.0
00187 RN 123225
00164 " " ]eves.
- . — At : . 2322.0
0 100 200 300 400

Distance to the foot (m)

Figure 8. Formation pressure 18 MPa, bottom hole flowing pressure 16 MPa, single-phase flow.
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The total production rate is 202.74 m®d

—a4— Flow rate along the wellbore —s— Pressure along the wellbore
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Figure 9. The formation pressure is 16 MPa, the bottom hole flowing pressure is 14 MPa, and the oil
and gas two-phase seepage occurs.

The total production rate is 97.16 m*/d
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Figure 10. The formation pressure is 10 MPa, the bottom hole flowing pressure is 8 MPa, and the
degassing is more serious.

3.2. Verification of Productivity Prediction of Two Oilfields

In order to test the transient coupling model of the established horizontal well productivity
prediction, the IPR prediction verification was carried out by taking the test production horizontal
wells in Iran MIS oilfield and the test production horizontal wells in Hafaya oilfield as examples.

(1) MIS oil field, Iran

The basic parameters and test production data of the two wells such as MIS 320 CN-H7 are
shown in Table 2, Table 3, Table 4, Table 5 and Table 6, respectively.
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Table 2. Reservoir parameters of two horizontal wells.
Absol Absol
Oil Layer . Comprehensive bs.o. ute. bs.o. ute.
. Porosity . Permeability (in the Permeability (in the
Well No. Thickness . Compression Factor . . ..
Decimal X, Y Direction) Z Direction
m 1/MPa
mD mD
MIS 320 CN-H7 157.79 0.116 0.001276264 43 43
MIS 322 C/N-H2 157.79 0.116 0.001276264 578 578
Table 3. Characteristics of single-phase seepage crude oil in two horizontal wells.
Well No. Crude Oil Volume Factor Crude Oil Viscosity Relative Density of Crude Oil
MIS 320 CN-H7 1.09 1.8 0.832
MIS 322 C/N-H2 1.09 1.8 0.832
Table 4. Reservoir types and completion parameters of two horizontal wells.
0il oil i
Drainage Drainage Wellbore Wellbore sk‘m' Well ._ Formation
Well . . Coefficient Reservoir
Well No. Reservoir Type Area Area Length  Diameter . Pressure
Type Length () Length(y)  m in inWell — Factor = yp,
8 g ly Completion (m3MPa)
m m
. Infinitely large
MIS 320 Horizont .,
CN-H7  al wells homogenfzous 394.1 61/8 10 7.093 291
reservoirs
Infinitely
MIS 322 large .
C/N-H2 157.79 homogeneous 1524 1524 422.34 61/8 -3 7.093 3.059
reservoirs
Table 5. Experimental production data of MIS 320 CN-H7 well.
No. Duration ESP (Hz) Puws (psi) Ap (psi) Rate(bbl/d) PI (bbl/d/psi)
1 22:00-2:00 35 351 72 255
2 2:04-6:15 40 346 77 330 3.86
3 6:19-10:15 45 333 90 398 '
4 10:21-16:00 50 252 171 596

Table 6. Experimental production data of MIS 322 CN-H2 well.

No. Oil Rate (bbl/d) AP (psi) Pwf (psi) Watercut (%) Choke size (1/64”) ESP (Hz) PI (bbl/d/psi)

1 3392 25 419 0.2 42 45
2 3820 28 416 0.2 52 47 136.57
3 4260 31 413 0.1 50 50

The prediction results of different productivity prediction methods of MIS 320 CN-H7 well and
the error analysis with the Experimental production data are shown in Figure 11 and Table 7 below,
respectively.
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Figure 11. Comparison of calculation results and test data of different productivity prediction
methods.
Table 7. Calculation results of different productivity prediction methods and error analysis of test
data.
Multiphase
Method Merkulovb Giger Joshi Borisov Babu&Odech Renard Elgaghad Dou Flo‘:v
Hongen  Transient
Model
Absolute
average 0369 0442 0378 0.422 2.859 0422 0413 0.120 0.096

relative error
(decimal)

The prediction results of different productivity prediction methods of MIS 322 CN-H2 well and
the error analysis with the trial production data are shown in Figure 12 and Table 8 below,

respectively.

357

25 r

pressure (EPa)
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production (m3/d)
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emmmRen ard s ¥l 7 2 chaddsi sanysATi ab smmmTlou Hongen

wm=Tro—phase transient model

Figure 12. Comparison of calculation results and test data of different productivity prediction
methods.
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Table 8. Calculation results of different productivity prediction methods and error analysis of test
data.
Dou Multiphase
Method Merkulovb Giger Joshi Borisov Babu&Odech Renard Elgaghad Honeen Flow Transient
8 Model
Absolute average relative o519 508 0617 0775 0.806 0775 0787 0097 0.103

error (decimal)

(2) Hafaya oil field

The basic parameters and test production data of the three wells in Hafaya are shown in Table
9, Table 10, Table 11, Table 12, Table 13 and Table 14, respectively.

Table 9. Reservoir parameters of three horizontal wells.

Absol
. Comprehensive bso.u.te . Absolute )
Oil Layer . . Permeability (in er s Oil Layer
. Porosity Compression Permeability (in
Well No. Thickness . the X, Y . Temperature
m Decimal Factor Direction) the Z Direction) oC
1/MPa oo mD
mD
HF003-S001H 70 0.177 0.0013154 0.076 0.02736 81.2
HF002-M001H 30 0.115 0.001285 13.4 93.78
HF001-N002H 8 0.197 0.00174 861 114.27
Table 10. Characteristics of single-phase seepage crude oil in three horizontal wells.

Well No. Crude Oil Volume Factor  Crude Oil Viscosity Relative Density of Crude Oil
HF003-S001H 1.237 1.33 0.904
HF002-M001H 1.55 1.643 0.794
HF001-N002H 1.444 0.64 0.872

Table 11. Reservoir types and completion parameters of three horizontal wells.
Wellbore Wellbore Coesflf(ilclient Re‘s,?iloir Formation
Well No. Well Type  Reservoir Type Length  Diameter . Pressure
m in in Well Factor MPa
Completion (m3/MPa)

Horizontal Boundary

HF003-5001H wells homogeneous 532.1 0.15 -5.69 2.49 30.38
reservoirs
Horizontal Infinitely

HF002-M001H wells large homogeneous 579 0.15 -5.47 5.99 30.659
reservoirs

Horizontal
HF001-N002H 273 0.15 -3.51 40.22
wells

Table 12. Experimental production data of HF003-S001H well.

. Choke Size WHP Flowing Differential Pfoduction Rate
Date Time (in) (psi) Pressure Pressure Oil Gas
(psi) (psi) (bbl/d) (Mscf/d)
29.8.2011 14:53 16/64 “ / 2522.46 1760.4 241.6 161.2
30.8.2011 2:23 20/64 “ / 2141.11 2141.75 280.6 167.1
30.8.2011 10:42 24/64 “ / 1990.89 2291.97 255.6 221.8
30.8.2011 16:23 16/64 “ / 2301.37 1981.49 213.5 109.7
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Table 13. Experimental production data of HF002-M001H well.
Choke Size WHP  Flowing Pressure  Differential Pressure . ProductTon Rate
(in) (psia) (bsia) (0si) Fluid 0Oil GOR
P P P (bbl/d)  (bbl/d)  (scf/bbl)
48/64 450 2870.405 1454.19 1992 1992 976

Table 14. Experimental production data of HF001-NO02H well.

Oil Production Rate (bbl/d) Flowing Pressure (psi)
3263.6 5693.99

The prediction results of different productivity prediction methods of HF003-S001H well and
the error analysis with the experimental production data are shown in Figure 13 and Table 15 below,
respectively.

3% r

pressure (EPa)

0 20 40 60 80 100 120 140 160

production (m3/d)

® Test Data a1 kul ovh — i gar
Joshi Borisor e B b uddech
=—Renard ===l gaghadblsisanyadTiab ===Tlon Hongen

e Two—phase transient model

Figure 13. Comparison of calculation results of different productivity prediction methods with test

data.

Table 15. Calculation results of different productivity prediction methods and error analysis of test

data.
Multiphase
D F1
Method  Merkulovb Giger Joshi Borisov Babu&Odech Renard Elgaghad ou 0‘,N
Hongen Transient
Model
Absolute
average relative  0.196 0731 0.092 0.104 0.318 0.102 0.309 0.356 0.098

error (decimal)

The prediction results of different productivity prediction methods of HF002-M001H well and
the error analysis with the experimental production data are shown in Figure 14 and Table 16 below,

respectively.
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Figure 14. Comparison of calculation results and test data of different productivity prediction
methods.
Table 16. Calculation results of different productivity prediction methods and error analysis of test
data.
Multiphase
D F1
Method Merkulovb Giger Joshi Borisov Babu&Odech Renard Elgaghad ou 0‘,N
Hongen Transient
Model
Absolute average
relative error 1.195 1.849 1436 1.552 2.308 1.542 1.332 0.297 0.257

(decimal)

The prediction results of different productivity prediction methods of HF001-N0O02H wells and
the error analysis with experimental production data are shown in Figure 15 and Table 17 below,
respectively.
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Figure 15. Comparison of calculation results and test data of different productivity.
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Table 17. Calculation results of different productivity prediction methods and error analysis of test
data.
Multiphase
D F1
Method Merkulovb Giger Joshi Borisov Babu&Odech Renard Elgaghad ou ow
Hongen Transient
Model
Absolute
average
relative 1.829 1.987 1.901 1.940 1.580 1.940 2.230 0.194 0.116
error
(decimal)

The absolute average relative error statistics and average error calculation of the five wells are

shown in Table 18.
Table 18. Total average error statistics of 5 wells.
Multiphase
Forecasting . . . Dou Flow
Merkulovb Giger Joshi Borisov Babu&Odech Renard Elgaghad .
Methodology Hongen Transient
Model

MIS 320 CN-H7 0.369 0442 0378 0.422 2.859 0.422 0.413 0.12 0.096
MIS 322 CN-H2 0.519 0.808 0.617 0.775 0.806 0.775 0.787 0.097 0.103
HF003-S001H 0.196 0.731 0.092 0.104 0.318 0.102 0.309 0.356 0.098
HF002-M001H 1.195 1.849 1.436 1.552 2.308 1.542 1.332 0.297 0.257
HEF001-N002H 1.829 1.987 1901 1.94 1.58 1.94 2.23 0.194 0.116

Average error 0.8216 1.1634 0.8848 0.9586 1.5742 09562 1.0142 0.2128 0.134
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5. Conclusions

(1) The difficulty of transient productivity prediction of oil and gas two-phase seepage in
horizontal wells is that after the pressure of the oil layer is lower than the saturation pressure, the
volume factor and phase permeability of crude oil change with pressure, which are functions of
pressure, and to calculate these parameters, the pressure at this position needs to be calculated. In
addition, the calculation of the potential of the horizontal well is also extremely complicated, and it
is necessary to consider the parameters of some parameters with the pressure change as a whole to
calculate, but it does not hinder the relationship between the horizontal well potential (pressure) and
production established by the potential superposition principle, so as to establish a production
prediction model with the coupling of formation oil and gas two-phase seepage and wellbore pipe
flow.

(2) The calculation example shows that when bottom hole flowing pressure is higher than the
saturation pressure, the same production pressure difference will result in the same output; When
the bottom hole flowing pressure is lower than the saturation pressure, the oil and gas two-phase
seepage occurs in the near well area, and the other areas (higher than the saturation pressure) are still
single-phase seepage, and the production decreases. When formation pressure and the bottom hole
flowing pressure are further reduced, the two-phase seepage area of the reservoir oil and gas
expands, and the production will be greatly reduced.

(3) The model has high applicability, small error and reliable model through the prediction and
verification of production from multiple field logs.
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