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This paper attempts to explore the variable mass flow in horizontal well from both
experimental and numerical perspectives. For this purpose, a simulation model was created for
single-phase liquid and gas-liquid two-phase variable mass flows in the wellbore using the
FLUENT simulation software, and applied to the computational fluid dynamics (CFD)
simulation of the variable mass flows in a horizontal pipe. Then, several experiments were
carried out on the single phase variable mass flow in three scenarios, the unperforated
horizontal pipe, the horizontal pipe with one perforation, and the horizontal pipe with two
perforations. Through the analysis, the author established linear regression equations regarding
the relationship of mixture pressure drops caused by the perforation-main pipe flow ratio. The
main conclusions of the research are as follows: First, in both single-phase and gas-liquid two
phase flows, the pressure drop across the perforation process increases with the perforation-
main pipe flow ratio, under the same total flow rate. The trend is independent of the number
of perforations. The simulation results agree well with the experimental data. Second, for both
single-phase and gas-liquid two-phase variable mass flows, the pressure drop across the
perforation process increases with the main pipe velocities, when the perforation velocities
remain the same. Third, the pressure drop of the horizontal pipe with one perforation is greater
than the total pressure drop of the horizontal pipe with two perforations, as long as the total
single-phase fluid flow rate and the main pipe flow remain the same. The trend is exactly the
opposite when the total two-phase fluid flow rate and the main pipe flow remain unchanged.
Fourth, for single-phase liquid flow, the friction factor of unperforated pipe obtained by the
Colebrook equation is much smaller than that calculated from the experimental data. Based on
the measured data, a new friction factor of the perforated horizontal pipe was presented through
data fitting. Fifth, when the total flow rate remains the same for the single-phase liquid flow,
the friction factor is much higher for perforated horizontal pipe than the unperforated
horizontal pipe, but the proportion of the increment is relatively small. The research findings
shed valuable new light on the variable mass flow in horizontal wellbore.

1. INTRODUCTION

1.1 Experimental analyses

Nowadays, horizontal well development is a revolutionary
technology in the oil industry. During the development, the
pressure drop in the long horizontal wellbore, a determinant of
well productivity, should not be ignored, especially in the
horizontal wells with high formation permeability, high yield,
and long horizontal interval. Neglecting the temperature
change caused by heat transfer, temperature may also change
in general pipe flow [1-3]. It is generally accepted that the
pressure drop of wellbore variable mass flow consists of
friction pressure drop, acceleration pressure drop and mixture
pressure drop. However, the existing studies on pressure drop
of horizontal wells have concentrated on the friction pressure
drop and the acceleration pressure drop of the variable mass
flow in the horizontal wellbore [4-13], failing to consider the
additional impact of radial inflow on the wellbore flow. Below
is a brief overview of the previous research into the variable
mass flow in horizontal wells.
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In 1992, Asheim et al. [14] performed single-phase flow
simulation experiments in horizontal wellbores based on fluid
dynamics. Taking water as the fluid medium, the experimental
plan includes both single-hole injection and double-hole
injection. The injection velocity at the edge was kept below
three times the main flow rate. The experiments show that the
hole injection has two main impacts on the main flow in the
wellbore: the boundary layer of the wellbore wall is disturbed,
resulting in variation in wall friction; the pressure energy is
partially consumed to accelerate the fluid from the hole(s) to
the velocity of wellbore flow. Thus, the pressure loss in
horizontal wellbore was divided into the friction pressure loss
and the acceleration pressure loss, and described by two
specific algorithms of pressure drop.

In 1993, Su et al. [15-18] experimentally calculated the
friction factor of the variable mass flow in a perforated pipe.
The experiments cover both no-injection and injection



conditions with water as the fluid medium. The horizontal
wellbore pressure was split into four parts: wall friction
pressure drop, acceleration pressure drop, perforation
roughness pressure drop and mixed pressure drop. Then, the
empirical formula of mixed pressure drop and the relative size
of the other pressure drops were determined according to the
experimental data.

Since 1992, Thara et al. [19-22] have conducted a series of
simulation experiments on gas-liquid two-phase flow in
horizontal wellbore. With air and water as the fluid media, the
wellbore flow was simulated through injection at different
points in the test section. The original simulation model, only
applicable to low gas-liquid ratio (injection ratio), was
modified considering the effect of fluid injection on pressure
drop. However, the modified model still cannot yield highly
accurate results under high injection ratio.

In 1995, Plaxton et al. [23] examined the single-hole
injection effect on oil-water two-phase flow using a closed-
loop device. According to the experiment plan, the injection
fluid is water, while the main flow is oil-water two-phase flow.
The injection velocities were set to more than three times the
main flow rate throughout the experiment.

In 1995, Yuan et al. [24-26] simulated single-phase single-
hole injection on the fluid medium of water and characterized
the pressure loss induced by hole injection with the integrated
resistance factor. This factor covers the wall friction,
acceleration pressure drop, hole injection, and so on. Then,
single-phase flow experiments with perforation injection were
performed to disclose the effect of perforation density on the
flow features, and the formula of integrated resistance factor
was derived considering the perforation density.

In 1996, Ouyang et al. [27-28] conducted experiments on
the variable mass flows in horizontal wellbore, including
single-phase flow and gas-liquid two-phase flow. The flow
resistance was calculated based on experimental data, and the
resistance factor in radial inflow was obtained with the
experimental parameters. The experimental results reveal that
the resistance factor increases under the laminar flow and
decreases under the turbulent flow.

In 1997, Schulkes et al. [29] carried out a variable mass
single-phase flow experiment on how hole injection affects
axial pressure drop. With water as the fluid medium, the
pressure drop of unperforated horizontal pipe was contrasted
with that of perforated horizontal pipe. The comparison shows
no obvious difference between the pressure drops.

From 1998 to 2000, Zhou Shengtian [30-34] designed a
simulation device for the variable mass flow in horizontal
wellbore, and applied it to simulate single-hole inflow of
horizontal well with the fluid medium of water. During the
simulation, it is assumed that the pressure drop along the pipe
includes the friction pressure drop of the pipe wall, the
acceleration pressure drop and the mixing pressure drop.

From 2007 to 2011, Wang Zhiming et al. [35-38] from
China University of Petroleum-Beijing conducted indoor
experiments to simulate the flow in single-phase and two-
phase flow holes, aiming to identify the impact of perforation
on the axial main flow. The single-phase fluid medium is water,
the two-phase fluid medium is oil and water, and the
simulation material is spiral perforated steel pipe.

In 2013, Wei Jianguang et al. [39] investigated the effect of
perforation parameters and hole injection on the wall friction
pressure drop, acceleration pressure drop and mixed pressure
drop in horizontal wellbore through a single-phase flow
experiment. The full-scale casing perforating model and the

310

fluid medium of white oil were adopted for the experiment.
1.2 Numerical simulations

In 1989, Stone et al. [40] coupled reservoirs and horizontal
well flow with a fully implicit, three-phase thermal recovery
model. The wellbore was divided into cylindrical grid blocks,
and a seepage model was constructed by Darcy’s law, and
mass and energy balance equations. For all phases, the
wellbore model encompasses mass, momentum and energy
conservation equations. The Jacobian matrix was derived
through analysis and solved by a direct solver.

In 1991, Long et al. [41] predicted horizontal well
productivity, and simulated the flows within and near wellbore.
Considering the well block as a porous medium, different
methods were presented to solve the reservoir coupled with
wellbore of ultrahigh permeability. Using a mixed grid system,
the simulator considers that the flow in a double porous
medium obeys the Darcy’s law. The simulation model can
deduce pressure and saturation distributions simultaneously,
but cannot explain the details of the wellbore fluid flow.

In 1991, Folefac et al. [42] described horizontal wellbore
flow with a numerical model of liquid-gas flow and a 1D drift
flow model. After ignoring the inertia term, the models were
solved in the quasi-steady state according to the mass and
momentum conservation equations of fluid flow in the
wellbore and reservoir. It is concluded that the liquid supply
ability of the well is overestimated without considering the
pressure drop in wellbore fluid flow. This is particularly true
in wells of high productivity, small radius and large
perforation intervals.

In 1996, Ouyang Liangbiao et al. [43] investigated the
friction, gravity and fluid inflow based on multiphase flow and
fluid dynamics. The acceleration pressure drop caused by fluid
inflow was also taken into account. Besides, the reservoir
seepage-wellbore fluid coupling unsteady model was
established and solved by iteration. Compared with popular
empirical and semi-empirical methods, the model works
reliably in predicting the holdup and pressure gradient of gas-
liquid two-phase flow.

In 2000, Zhou Haibing et al. [44] explored how single-hole
injection on the flow friction resistance of perforated section,
and set up the corresponding physical model based on the
motion equation of the viscous fluid. Assuming that the
wellbore fluid is a single-phase, steady-flow, viscous,
incompressible Newtonian fluid, the scholars employed the
finite-volume method to discretize the flow problem. In
addition, the pressure-velocity coupling was handled by the
SIMPLE algorithm, the turbulence in non-staggered grids was
eliminated by momentum interpolation, and the convection
term was expressed in second-order Quick format. The model
of the problem was solved by the implicit method of discrete
linear equations. Through the calculation, the friction factor
between laminar flow and turbulent pipe flow was correlated
with the Reynolds number of the cross-section and the
dimensionless injection velocity of the wall.

In 2002, Zhang Qi et al. [45] theoretically analysed the flow
pattern and pressure drop of gas-liquid two-phase variable
mass flow in horizontal wellbore. Specifically, the Taitel and
Dukler horizontal models were extended by the Kelvin-
Helmholtz instability theory to obtain the transition
discriminant of stratified flow to non-stratified flow in gas-
liquid two-phase flow of horizontal wellbore. On this basis, a
flow pattern discrimination model was built for stratified flow,



intermittent flow, dispersed foam flow and annular mist flow.
Meanwhile, the pressure drop calculation model was derived
for stratified flow and intermittent flow. The corresponding
flow pattern was drawn in view of the modelling results.

In 2002, Cheng Lingsong et al. [46] established a horizontal
wellbore pressure loss model based on the vertical well black-
oil model and four kinds of pressure drops (i.e. friction
pressure drop, acceleration pressure drop, mixed pressure drop
and gravity pressure drop), and developed a novel solution
called block matrix multiplication with preconditioned
conjugate gradient method. The calculation results

demonstrate that the proposed method has a good convergence.

Thus, a software was compiled on the basis of this method.

In 2004, Wu Shuhong et al. [47] divided a horizontal
wellbore into several micro-element sections without
changing the total wellbore flow rate. It is assumed that the
flow in a micro-element section has nothing to do with the
radial flow concentrating on the interface between two
adjacent sections. Thus, the flow in each section was regarded
as an equal mass flow irrespective of the radial flow. On this
basis, a simplified model of pipe flow was obtained in the
horizontal section of equivalent seepage model. Then, the
staggered-grid finite-difference method was adopted for the
calculation. The mass and energy conservation equations were
computed with a set of grids, and the equivalent seepage model
with another set. The two sets were staggered up by half a grid,
forming the staggered grids. After coupling wellbore grids
with reservoir seepage grids, the wellbore flow in the
horizontal section was treated as an equivalent seepage
problem in porous media with some seepage capacity in
reservoir numerical simulation. Finally, the parameters of
horizontal wellbore were discussed by the coupling model.

In 2004, Duan Yonggang et al. [48], following the theory of
unsteady seepage flow, treated the seepage and flow of
horizontal wellbores as an organic whole, established a
mathematical model of unsteady flow under the coupling of
the reservoir and the wellbore, and derived the numerical
solutions to the wellbore-reservoir coupling model. The
wellbore flow model involves such complex factors as fluid
friction, momentum change and mixed disturbances flowing
into the wellbore wall, while the wellbore-reservoir coupling
model was built by boundary integral method.

In 2005, Wang Xiaoqiu et al. [49-50] took the instability
seepage model of infinite homogeneous formation as reservoir
seepage model, and created the seepage pressure drop model
of horizontal wellbore coupled with the formation. The
horizontal wellbore pressure drop model considers the effects
of wall friction pressure drop, acceleration pressure drop and
mixing pressure drop. According to the coupling conditions,
the horizontal wellbore and formation are in the same pressure
system. Then, the pressure drop and output distribution in the
horizontal wellbore were acquired by solving the coupling
model in actual cases. Under the coupling of wellbore and
reservoir, the results reveal the variable mass flow features of
the horizontal well with perforation completion.

To sum up, there are many experimental analyses or
numerical simulations on the variable mass flow in horizontal
well. Nevertheless, the experimental and numerical methods
are rarely combined in the same research. To make up for the
gap, this paper attempts to explore the variable mass flow in
horizontal well from both experimental and numerical
perspectives.
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2. NUMERICAL SIMULATION ON VARIABLE MASS
FLOW IN HORIZONTAL WELLBORE

To simulate the internal flow field of the horizontal wellbore,
the author established a simulation model for single-phase
liquid and gas-liquid two-phase variable mass flows in the
wellbore using the FLUENT simulation software.

2.1 Flow control equation and numerical simulation
method

In a horizontal wellbore, both the single-phase liquid and
gas-liquid two-phase flows satisfy the mass equation and
momentum equation.

(1) Single-phase flow

The single-phase liquid in the horizontal wellbore can be
viewed as an incompressible fluid, whose flow satisfies the
mass and momentum equations.

The mass conservation equation can be expressed as:

9p , olpw)
ot OX;

(1)

Where p is the liquid density; t is the time; yj is the velocity
in the i-th direction; X; is the spatial coordinate in the i-th
direction.

The momentum conservation equation can be expressed as:

0 0 6p afij
6t(pu')+6X- (pu;u;) o o TS

i i i

2)

Where p is the static pressure; @i is the gravity in the i-th
direction; tjj is the stress tensor; S; is the source of momentum.
The source of momentum was considered as 0 because the
formation seepage is negligible.

(2) Two-phase flow

The FLUENT simulation uses the mixture model solver: the
primary phase is gas, the secondary phase is water, and the
model is k-¢ standard turbulence model. The near-wall surface
was processed with a balanced wall function. The pressure and
velocity were coupled by the SIMPLE algorithm. The
Standard and PRESTO methods were selection for pressure
coupling based on the injection velocity of the wall and the
magnitude of the primary velocity. Moreover, Green-Gauss
Cell-based interpolation algorithm was adopted, and the
second-order regression was employed for the momentum
equation and the volume fraction. In the two-phase flow
model, the fluid media are water and air.

2.2 Computational fluid dynamics (CFD) simulation

(1) CFD model and boundary conditions

In the CFD simulation, the horizontal wellbore was
simulated with a horizontal pipe. The parameters of the pipe
are as follows: the inner diameter (ID) is 27.8mm, the length
is 1m, and the side hole ID is 12.7mm. Several holes (phase
angle: 180°) were opened vertically on the pipe at an interval
of 30cm. The first top hole and the first bottom hole were 20cm
and 35cm away from the inlet, respectively. The physical
model of the horizontal wellbore is shown in Figure 1. The
flow area was meshed into 1,443,610 tetrahedral grids (Figure
2), reaching the grid independence requirements.



Figure 1. Physical model of horizontal wellbore

Figure 2. Meshing model of horizontal wellbore

(2) Analysis of simulation results

(DSingle-phase flow

Firstly, the single-phase flow was simulated with one hole
(perforation) on the pipe. Figure 3 illustrates the variation in
pressure with single perforation velocities at the total flow rate
of 1.0m%/h. It is clear that the pipe pressure drop increased with
the perforation velocity. The relationship between the friction
factor and injection velocity ratio is presented in Figure 4.

Secondly, the single-phase flow was simulated with two
perforations on the pipe. Figure 5 displays the variation in
pressure with the two perforation velocities at the total flow
rate of 1.0m3%h. It can be seen that the pipe pressure drop
increased with the two perforation velocities under the
constant total flow rate. Comparing the situation of the two
perforations, it is learned that the pressure drop across the hole
injection grew with the pipe flow when the two perforations
have the same velocity.

Figure 6 compares the simulated pressure of the single
perforation plan and that of the double perforation plan. It is
observed that the single perforation plan has a greater pressure
drop than the double perforation plan under fixed total flow
rate and the pipe flow.

— No perforation flow

600 .
—— The perforation flow is 0.2m’/h
500 The perforation flow is 0.4m%h
400 —— The perforation flow is 0.6m°h
— N N 3
g 300 T\ —— The perforation flow is 1.0m’/h
E 200
>
2100 \
S |
108.00 0.05 0.10 0.15 0.y 0.25/0.30 0.35 0.40 0.45
The distancet0 inlet (m)

-200-

Figure 3. Pressure variation curves (Total volume: 1.0m%h)
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—m— Perforated pipe flow when the total flow rate is 1.0 m*h
—m— Conventional pipe flow when the total flow rate is 1.0 m*/h
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Figure 4. Relationship between the friction factor and
injection velocity ratio
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Figure 5. Pressure variation curves (Total volume=1.0m3%h)
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Figure 6. Pressure variation curves (Total volume=1.0m3h)

@ Gas-liquid two-phase flow

Firstly, the two-phase flow was simulated with one
perforation on the pipe. Figure 7 illustrates the variation in
pressure with single perforation velocities at the total flow rate
of 1.0m%h and the gas-liquid ratio of 50m%/m?.

Secondly, the two-phase flow was simulated with two
perforations on the pipe. Figure 8 displays the variation in
pressure with the two perforation velocities at the total flow
rate of 1.0m’/h and the gas-liquid ratio of 50m’/m?.

Figure 9 compares the simulated pressure of the single
perforation plan and that of the double perforation plan at the
total flow rate of 1.0m%h and the gas-liquid ratio of 50m3/m>.
As shown in Figures 7-9, the pipe pressure drop increased with
the perforation flow rate(s), and the single perforation plan has
a smaller pressure drop than the double perforation plan under
fixed total flow rate and the pipe flow.
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Figure 7. Pressure variation curves (Total liquid
volume=1.0m%h)
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Figure 9. Pressure variation curves (Total liquid
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3. EXPERIMENTAL ANALYSIS
3.1 Experimental instruments and procedure

Except for the 10m-long test pipe section, the experimental
instruments and procedure are as specified in Reference [36].

The pipe diameter of the test pipe section is DN28 and that
of the side pipe is DN13. The entire test facility is about 16m
long. The transparent and visible side pipe was inserted into
the test pipe section. The parameters of the main instruments
are listed in Table 1 below.
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Figure 10. Experimental instruments

Table 1. Parameters of the main instruments

Devices measurement Accuracy
ranges
Turbine flowmeter of liquid 0-6 (m3h) 20.5%
flow of main pipe
Differential pressure gauge 0-15 KPa <IKPa
Thermal mass flowmeter of 0-10 (m%/min) H%
gas flow of main pipe
Turbine flowmeter of liquid 0-1.2 (mh) 20.5%
flow of side pipe
Thermal mass flowmeter of 0-2 (m3/min) +1%

gas flow of side pipe

3.1 Experimental range and friction factor calculation

(1) Experimental medium and range

Water was selected as the medium for the experiment on
single-phase variable mass flow, while air and water as the
media for the experiment on the gas-liquid two-phase variable
mass flow. The pressure measuring section is 2m long. The
experimental range is shown in Table 2.

Table 2. Experimental range

Liquid phase Pipe Liquid phase
flow rate diameter  flow velocity Type
(m/h) (m) (mi/s)
Single-phase
0.45-7 0.028 0.194-3.159 horizontal pipe
flow
2-7 0.028  0.903-3.159 Single-phase

variable mass flow

(2)Calculation of friction factor

(DThe friction factors were calculated as four times the
value of Colebrook equation [39].

The friction factors under different Reynolds numbers were
calculated based on Colebrook equation. Since the factors are
Ya of the Darcy-Weisbach friction factor, they should be
multiplied by four when used in fluid dynamics.

@The friction factors were calculated based on the pressure
drop measured in the experiment.

The energy conservation can be expressed as:

2 2
(V—+z+£)1:(v—+z+£)2+hL 3)
29 A 29 A
where i =hs + hy, is the head loss, with /%y is the linear loss
and A, is the local loss. For the steady flow in horizontal pipe,
there is only the linear loss, that is, 4, = Ay.

For single-phase flow in horizontal pipe, the potential



energy term and kinetic energy term remain unchanged. In
other words, the pressure energy loss equals the linear loss.
Hence, the friction factor can be expressed as:

_ 2Apd
el

f
“4)

Where Ap is the measured pressure drop.

Injection point 1

= |

28mm

I

Iniection point 2

Figure 11. Experimental section of variable mass flow

The case is different with the variable mass flow in
horizontal pipe. The experimental section of the variable mass
flow is presented in Figure 11. The total measured pressure
drop can be divided into three parts, namely, linear pressure
drop, acceleration pressure drop and mixture pressure drop.
The calculation formulas for linear and acceleration pressure
drops are readily available. In this experiment, the linear
pressure drop occurs in the downstream end, while the linear
pressure drop occurs in the perforated section.

1.1,
Ap, == pf —v 5
2" D*
where fand v, are fluid friction factor and velocity at the
downstream end of the perforated section.
The acceleration pressure drop can be expressed as:

v. A v. A
AP, = pVI[2-E—F 4+ (-2 -2)7]
TTVWA YA

Where v is the upstream velocity of the perforated section;
U, is the perforation flow rate; A; is the cross-section area of
test pipe section; A4, is the cross-section area of hole and £is
fluid density.
The mixture pressure drop can be expressed as:

(6)

Apm = Ap - Apf - Apacc (7

where /Ap,, is the mixture pressure drop; /AAp is the measured
pressure drop.

The pressure drop section starts from the downstream end
and terminates at the injection point. In the section, the fluid
velocity in the downstream of the injection point is extremely
small. Hence, the acceleration pressure drop along the axis can
be viewed as zero, and the calculation formula for the mixture
pressure drop can be expressed as:
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(®Calculation of the friction factor of horizontal pipe flow

The friction factor of the horizontal pipe flow was
calculated by steps (D and @). The results are displayed in
Figure 12.

—— Four times Colebrook friction factor
0. 050 = Experiment friction factor
0. 045 .
0. 040
0. 035 .
0. 030 -
0. 025+ .
0. 020
0.0154 "
0.010
0. 005
0. 000

Friction factor

0 10000 20000 30000 40000 50000 60000 70000
Reynolds number

Figure 12. Comparison of experimental friction factor and
Colebrook friction factor

As shown in Figure 12, the friction factor obtained by the
Colebrook equation is much smaller than that derived from the
measured results. The slight difference originates from the
inconsistency between the perforated horizontal pipe flow in
our experiment and the standard flow in unperforated
horizontal pipe. Due to the side holes, the roughness of the test
pipe section is changed, such that the pipe flow no longer
conform to the classical Colebrook equation of horizontal pipe
flow.

In order to compare the variable mass flows in perforated
and unperforated horizontal pipes, the friction factors of the
flows in perforated horizontal pipe were fitted under different
Reynolds numbers. The fitting results were obtained as:

When Re<32,000,

L _5.305In(Re v )- 36.866

Ja

)
When Re>32,000,
2 0179In(Re7 )+ 9.071
VA (10)

3.3 Experimental analysis of single-phase variable mass
flow

(1)The wvariation in the friction factor of perforated
horizontal pipe

Several single-phase variable mass flow experiments were
conducted for unperforated horizontal pipe, the horizontal pipe
with one perforation, and the horizontal pipe with two
perforations. Furthermore, several more experiments were
performed for horizontal pipe with one perforation at different
injection ratios and the same total flow rates.

(DUnperforated horizontal pipe

The friction factor calculated based on the measured
pressure drop is referred to as the experimental friction factor,



while the friction factor for unperforated horizontal pipe
calculated by formulas (9) and (10) is referred to as the fitting
friction factor.

According to the computing results (Figure 13), there is no
side hole inflow in the test pipe section, and the fitting friction
factor agrees well with the experimental friction factor.

= Experiment friction factor
—— Fitting friction factor

. 0504
. 0454
. 0404
. 035
. 0304
. 025
. 0204
. 0154
. 0104
. 0054

Friction factor
_C> O OO0 0o o o o o
[=]

00 T : r : - - ,
0 10000 20000 30000 40000 50000 60000 70000
Reynolds number

Figure 13. Experimental and fitting friction factors of
unperforated horizontal pipe

(@Horizontal pipe with one perforation

In the horizontal pipe with one perforation, there exist an
axial main flow and a side hole inflow at the same time. It is
assumed there is no mixture pressure drop, in light of the
computing method for the friction factor of variable mass
horizontal pipe. Thus, the pressure drop equals the measured
pressure drop and additional friction factor of the experiment.
The fitting friction factor was computed in the same way as
that for the unperforated horizontal pipe. Figure 14 shows both
the experimental and fitting friction factors. It is clear that the
pressure drop of the horizontal pipe with one perforation is
significantly higher than that of the unperforated pipe.

Fitting friction factor

0. 025 - = Experiment friction factor

0. 020 . HE
0. 015

0.010+

Friction factor

0. 005

0. 000 T T T T T T )
0 10000 20000 30000 40000 50000 60000 70000

Reynolds number

Figure 14. Experimental and fitting friction factors of
horizontal pipe with one perforation

(®Horizontal pipe with two perforations

For horizontal pipe with two perforations, the experimental
and fitting friction factors were obtained in the same way as
that of the horizontal pipe with one perforation. The results are
presented in Figure 15.

As shown in Figures 13-15, there are significant differences
between the horizontal pipe with one or two perforations and
the unperforated horizontal pipe, provided that the flow rate
falls in 1-5m’h (for 4-1/2 in casing, 331.1-1,655.5 m’/d) and
the total flow rates are the same. Comparatively speaking, the
contrast between the horizontal pipe with two perforations and
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the unperforated horizontal pipe is sharper than that between
horizontal pipe with one perforation and the unperforated
horizontal pipe. The friction factor is much higher for
perforated horizontal pipe than the unperforated horizontal
pipe, but the proportion of the increment is relatively small.

Fitting friction factor
= Experiment friction factor

0.025+
1 | ] H .
0.020 \ L
| |
1
o
S 0.015-
©
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=
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Figure 15. Experimental and fitting friction factors of
horizontal pipe with two perforations

(2)Variation in friction factor with injection velocity ratios
at the same total flow rate

The variation in friction factor with injection velocity ratios
was examined under the same total flow rate. The results of
varied total flow rates and injection velocity ratios were
calculated based on the measured data for horizontal pipe with
one perforation.

—— Experiment friction factor when total flow rate is 2m°h

0.026 ) L i N
Experiment friction factor when total flow rate is 3m’/h
24 Experiment friction factor when total flow rate is 4m’h
0.0 Experiment friction factor when total flow rate is 5m’h
s
S 0.0221 J——
(o]
=
c
.2 0.0204
-
o
‘=
L 0.018+ /_/
0.016 |

0.0 0.2 0.4 0.6 08 1.0 1.2 1.4 1.6 1.8
Ratio of injection velocities

Figure 16. Experimental friction factors at various injection
velocity ratios

It can be seen that the experimental friction factor generally
increased with the injection velocity ratio. The trend is the
same with the numerical simulation results (Figure 4). With
one perforation, the friction factor acquired from the measured
pressure drop decreased with the increase in the total flow rate.

(3)Additional pressure drop induced by variable mass flow

Based on the measured data of the horizontal pipe with one
perforation, the mixture pressure drop was computed with the
fitting friction factor and mixture pressure drop formula (11).

v v
Apm/ L 5 718+43.279v - 0.943v2 +1.004(2) —0.17(“2)?
AX 2 v v (11

Where AxX is the length that generates Apu;x (KPa). The value
of AX was set to 2m in our experiments.

Then, the main pipe flow rate, the perforation flow rate, and
the perforation-main pipe flow ratio were computed, and the
divisor regression analysis was performed on the SPSS



software. The linear regression equations were derived with
the dependent variable of the mixture pressure drop, and the
independent variables of the main pipe flow rate, the square of
the main pipe flow rate, the perforation-main pipe flow ratio,
and the square of the perforation-main pipe flow ratio.

4. CONCLUSIONS

Numerical simulations were performed on both single-
phase and two-phase variable mass flows in horizontal
wellbore. The following two conclusions were drawn from the
simulation: First, in both single-phase and gas-liquid two
phase flows, the pressure drop across the perforation process
increases with the perforation-main pipe flow ratio, under the
same total flow rate. The trend is independent of the number
of perforations. The simulation results agree well with the
experimental data. Second, for both single-phase and gas-
liquid two-phase variable mass flows, the pressure drop across
the perforation process increases with the main pipe velocities,
when the perforation velocities remain the same.

The pressure drop of the horizontal pipe with one
perforation is greater than the total pressure drop of the
horizontal pipe with two perforations, as long as the total
single-phase fluid flow rate and the main pipe flow remain the
same. The trend is exactly the opposite when the total two-
phase fluid flow rate and the main pipe flow remain
unchanged.

For single-phase liquid flow, the friction factor of
unperforated pipe obtained by the Colebrook equation is much
smaller than that calculated from the experimental data. Based
on the measured data, a new friction factor of the perforated
horizontal pipe was presented through data fitting.

The experimental results show that, when the total flow rate
remains the same for the single-phase liquid flow, the friction
factor is much higher for perforated horizontal pipe than the
unperforated horizontal pipe, but the proportion of the
increment is relatively small.

Based on the experimental results on single-phase variable
mass flow, the linear regression equation was established
through data fitting for the mixture pressure drops caused by
the perforation-main pipe flow ratio.
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the time, s

the spatial coordinate, m
the static pressure, Pa
the gravity, kg.m. s

the source of momentum, Pa/m
the velocity, m.s™

the velocity, m.s™
the height, m
the head loss, m

the differential pressure, Pa
the diameter of pipe, m
the diameter of pipe, m

research on variable mass flowing law in horizontal
wellbore. Natural gas industry 25(4): 92-94.

318

|

A
Re
AX

the length of pipe, m
the cross-section area of test pipe section, m?
Reynolds number

the differential length, m

Greek symbols

P
u
T

A

Subscripts

[
f

L
1,2
acc

p -
m, mix

the liquid density, kg. m-2
the velocity, m.s?

the stress tensor, Pa

the friction factor

in the | -th direction

friction factor

the loss

the upstream and downstream
acceleration

perforated hole

mixture





