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Study on Growth and Change of Solid Particles with Water Flow in Qilfield Water-Injection
Pipeline
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Abstract: The solid particles in oilfield water-injection pipelines with water flow will continuously grow and change, and the oversized solid particles may block the pores of
the formation and reduce the oilfield recovery efficiency. Therefore, the study on the growth and change to solid particles during transportation has become a question of
interest in oilfields. However, there is little research on this question currently. Therefore, on the basis of the liquid-solid two-phase flow model and the particle population
balance model, a growth and change model of solid particles in long-distance water-injection pipelines flowing along water was established in this paper in consideration of
the injected water temperature drop along the path, as well as the growth, coalescence, breakage and deposition of particles. Comparison of the field test results indicated
that the average error of the particle size distribution fitting degree calculated by the model is 6.9%, and the average error of median diameter is 4.1%. This model was used
for analyzing the impact of the flow rate, temperature and median diameter of the united station outlet in a block oilfield of Shengli Oilfield on the solid particle size of the
wellheads, and the critical flow rate, temperature and median diameter of the united station outlet were predicted when the median diameter at the wellheads meets the
injection requirement (< 2 um). The establishment of this model cannot only be used for the study on the growth and change to solid particles in water-injection pipelines
flowing along water, but also provides a technical reference for the study on the growth and change to low-concentration solid particles accompanying flow in long-distance

liquid/gas phase pipelines.
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1 INTRODUCTION

Produced water in oilfields will be injected into the
formation after being processed by the united station to
maintain formation pressure and reduce the impact on local
environments [1]. During the transportation process, the
solid particles in the injected water will continuously grow
and change due to chemical reaction growth or coalescence
of particles [2]. A large number of large-size particles, if
generated, may block the pores of the formation and reduce
the oilfield recovery efficiency [3]. Therefore, the study on
the growth and change to solid particles during
transportation of injected water has become a question of
interest in oilfields. This problem is also manifested in the
pipelining of flour, sugar and mud, etc. [4, 5].

To describe the growth and change to solid particles in
the liquid phase pipeline, the researchers used the method
of coupled liquid-solid two-phase flow model and particle
population balance model [5, 6]. Researches on the theory
of liquid-solid two-phase flow began in the 1940s [7].
Single-particle dynamic model first appeared. This model
holds that solid particles have no effect on flow pattern and
have independent, stable and regular movement in flow
field. In view of interphase interaction that is not
considered in single-particle dynamic model, particle
trajectory model is proposed by Crowe [8] based on the
research result of gas-droplet two-phase flow. Relative to
single-particle dynamic model, this model adds source
item of liquid-solid interaction to hydrodynamic equation
so that it is closer to flow reality of two-phase flow. The
above two models treat fluid and particle as continuous
media and discrete media respectively. Soo [9] proposed a
dispersion model, assuming that the discrete particles are
treated as continuous media (pseudo-fluid). This model
uses the continuous medium theory to study the movement
of granular media and the turbulent diffusion between
particle phase and fluid is considered. In addition, Spalding
[10] also proposed a single fluid model, holding that there
is no relative motion between solid particles and fluid, and
the particle phase should satisfy the continuity equation

only. As for the issue that the single fluid model is too
simplified, Bowen [11] proposed a two-fluid model. In this
model, the turbulent diffusion of each phase, interaction
between solid particles and interaction between solid
particles and fluid are considered. This model also holds
that the kinetic and thermodynamic parameters of particle
phase are considered as spatial continuous distribution
function. In oil industry, the two-fluid model is generally
used in the study of sulfur deposition [12], wax deposition
[13] and hydrate transportation [5], but the solid particles
in water reinjection pipeline are less researched.

The liquid-solid two-phase flow model mainly
depicted the impact of the interaction between the liquid-
phase solvent and the solid-phase solute on the flow field
during the flow process, and failed to consider the changes
to the development of solid particle. In order to describe
the growth and change to solid particles and improve
liquid-solid two-phase flow model, Hulburt & Katz [14]
proposed the particle population balance model (PBM)
according to the law of conservation of particle mass. The
model can describe the primary crystallization (nucleation
& growth), secondary crystallization (coalescence &
breakage) and deposition of solid particles [S]. Accurate
modeling of these dynamic events constitutes the key to
application of the model. Arrhenius put forward the
crystallization rate equation in accordance with the
concentration and energy changes of the reaction system
[15]. By correlating the particle growth rate with the
particle size, Abegg et al. [16] proposed the ASL growth
model. On the grounds of different solid particle
coalescence  mechanisms,  Smoluchowski, = Camp,
Abrahamson  respectively  proposed the particle
coalescence model when the particles were mainly
controlled by Brownian action, laminar flow and
turbulence [5, 17]. After comprehensive consideration of
the mechanism of particle wear breakage and
fragmentation breakage, Fan [18] proposed a particle
breakage model based on the moment method. By
considering the impact of diffusion and gravity action on
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the deposition of solid particles in the flow field, Park [19]
proposed a corresponding solid particle deposition model.
Despite the extensive application studies on the particle
population balance model, these studies usually only
considered the change to solid particles with time and flow
rate and ignored the impact of Brownian diffusion on small
solid particles (< 1 um) [5, 6] . This will be unable to fully
reflect the growth and change to small particles affected by
Brownian motion in the injected water.

As a result, as to the growth and change to solid
particles in the water-injection pipeline, by combining the
injected water operating conditions and test results of
particle size and content of solid particles in a certain block
of Shengli Oilfield, based on the liquid-solid two-phase
flow model and the particle population balance model, we
establish a growth and change model for solid particles in
long-distance water-injection pipelines. In the subsequent
second section, a growth and change model for solid
particles in long-distance water-injection pipeline is
established. The third section is the solving algorithm for
the model. The fourth section is the application result and
discussion of the new model. The last section is the
summary and conclusion of the results of this study.

2 MATHEMATICAL MODEL
2.1 Liquid-Solid Two-Phase Flow Control Equation

The mass conservation equation, the momentum
conservation equation and the energy conservation
equation should be satisfied in the liquid-solid two-phase
flow process, as shown in Egs. (1) to (6), respectively.

For liquid and solid phase continuity Eq. (5), see Egs.
(1) and (2) respectively.

Oa, py
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where a1 njand os are the volume fractions of the liquid
phase and the solid phase, respectively, with their sum of
1. p1 and psrepresent the density of the liquid phase and the
solid phase, respectively, kg/m®. V; and V; represent
velocity vector of the liquid phase and the solid phase
respectively, m/s. m and mi represent the mass source
term of the liquid phase and the solid phase, respectively,
with their sum of 0.

For the liquid and solid phase momentum conservation
equations (6), see Egs. (3) and (4) respectively.
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where 7jand 7, are the surface force tensors of the liquid

phase and solid phase control volumes, respectively, N/m?.
g is the mass force vector, N. fiis the interaction force (e.g.
drag force, lift, virtual mass force and Basset force)

between the solid particles and the liquid phase [20]. M1

and Ms are liquid phase and solid phase momentum

vectors caused by mass transfer respectively, N/m®.
For the liquid and solid phase energy conservation Eq.
(5), see Egs. (5) and (6), respectively.
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where eand e; are the energy of the liquid phase and solid
phase control volumes, respectively, including internal
energy and kinetic energy. ¥'= 2uSS, where S is the strain
rate tensor. ¢; and gs are the energy transfer source term of
liquid phase and solid phase respectively.

For long-distance reinjection water pipes, the
application Egs. (1) to (6) need further discussion, see
section 2.3 for details.

2.2 Particle Population Balance Model

Population balance model proposed by Smoluchowski
[17] is as shown in Eq. (7).

6n(v,x,t)

5 +V(Vn(v,x,t)) \% (Dan(v,x,t)) S(v,x,t)(7)
where, n(v, x, t) is the particle number density function,
a/m®. Vis the average rate of the v particle in the i direction,
m/s. D, is the diffusion coefficient. S(v) is the kernel
function of dynamic events of particles, such as growth,
coalescence, breakage and deposition kernel functions.

(1) Diffusion coefficient. Because of the different
Knudsen number (Kn) [21] ranges, there are different
computing models for the diffusion coefficient D,. Kn can
be calculated by Eq. (8).

Kn= ®)

A
r
where / is the mean free path of the solvent molecule, m;
is the critical nucleation radius of solid particle, m.

When Kn < 1, Einstein [21] considers that the diffusion
coefficient can be calculated according to Eq. (9).

 kpTCe

= 9
3mud, ©)

X

where kg is the Boltzmann constant, 1.380649x1072 J/K. T
is the temperature, K; u is the liquid dynamic viscosity,
Pa‘s; d, is the particle diameter, m; Cc is the correction
coefficient, for which Pratsinis [22] gives the expression,
see Eq. (10).

Tehnicki viesnik 27, 3(2020), 996-1005

997



Guiliang LI et al.: Study on Growth and Change of Solid Particles with Water Flow in Qilfield Water-Injection Pipeline

Ce =1+Kn[1.142+0.558exp(—0.999/1<n)] (10)

When Kn > 50, the diffusion coefficient can be
calculated by Eq. (11)[21].

D, = knT (11)

Y2, 0m na
@ pc 1412
3'”’”( 8)

2

where p is the liquid phase density, kg/m?; ¢ is the liquid
phase velocity, m/s. a is the adjustment factor, which can
be 0.9.

When 1 < Kn < 50, the particle diffusion coefficient
can be obtained by harmonic average of Egs. (9) and (11)
[23].

(2) Particle growth model. The particle growth model
can be divided into a size-independent growth model, a
size-dependent model, or a growth dispersion model. The
size-dependent model considers that the growth rate of the
particles is related to their particle size. The ASL size-
dependent model proposed by Abegg [16] is a commonly
used particle growth model, as shown in Eq. (12).

G(L)=G,(1+aL)’ (12)

where Gy is the growth rate of the crystal nucleus, m/s. L is
the particle size, m. a and b are model parameters and can
be obtained experimentally.

(3) Coalescence model. For particle coalescence,
Smoluchowski [17] gives the coalescence mathematical
expression of multi-scale particles in discrete form, and its
calculus form can be obtained, see Eq. (13).

Sag :%J‘ﬂag (V,V—u)n(V,x,t)n(v—u,x,t)dv—
(13)
—Jﬂag (vu)n(v.x,t)n(v—u,x,t)dv

where, S, represents a coalescence source term. S is a
coalescence coefficient. u represents a particle with a
volume u. The first term on the right side of the equation
represents the generation rate of coalescence and
generation of the v particle, and the second term represents
the decay rate of the v particle after coalescence with other
particles.

Depending on different mechanisms of the
coalescence action, the coalescence coefficient has various
forms, such as Brownian coalescence and turbulence
coalescence.

For Brownian coalescence, Park [23] divides it into
three regions according to different Kn.

When Kn < 1, the coalescence coefficient can be
calculated by the Eq. (14).

ﬂag (V,u):K(v1/3 +M1/3)(V_1/3 +u_1/3) (14)

When 1 < Kn < 50, the coalescence coefficient model
is shown in Eq. (15).

B (V’”):CagK(V1/3 +u1/3)(v_1/3 +u_1/3) (15)

where C,g 1s a solid particle coalescence correction term,
see Eq. (16).

Cye =1+1.591Kn (16)

When Kn > 50, the coalescence coefficient is
calculated using Eq. (17).

Ve (6T
(2] (o

where, p, is the solid-phase particle density, kg/m®.
For the turbulence coalescence coefficient, calculation
can be performed using Eq. (18) [24].

Br (v,u)zK(vm +u1/3)‘vz/3 _uz/s‘ (18)

The collision coefficient K is calculated by equation
(19)[25].

 2kgT
3u

K (19)

Solid particles are simultancously subjected to
Brownian action and turbulence because there are solid
particles with both small size (< 1um) and large size (> 1
pum) in the injected water. In this paper, Eq. (20) expresses
the coalescence coefficient of the solid particles in the
injected water.

By (viu) = C By (v.u)+Cy Br (v.u) (20)

where, 5z represents the coalescence coefficient of solid
particles in the injected water. C; and C, respectively
represent the coalescence weights of solid particles with
particle size < 1 pm and particle size > 1 pm, and can be
determined experimentally.

(4) Breakage model. The breakage involves breakage
of basic particles and breakage of large particles of
coalescence. The former is the reverse process of solid
particle growth, and the latter is the reverse process of
coalescence. These processes can also be referred to as
attrition  breakage and fragmentation breakage,
respectively. The mechanism of particle breakage is not the
same, but can still be written in a uniform form [18], see
Eq. (21).

Spr = Habr (u)bbr (u)n (u,x,t)dvdu -

€2y

—Iabr (v)n(u,x,t)dv
where, Si represents the breakage function; au(u)
represents the generation probability of large particle of
breaking into u particle; bun(v|u) represents the small
particle distribution function after breakage. The rest of
symbols have the same meanings as above.
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When S is calculated using the moment method, a,
and by, can be calculated by Eqgs. (22) and (23), respectively
[26].

0.012}

ay (L;) =10 L=10.1e L>1 (22)

by =1+(L —1)16/3 (23)

where, L;is the characteristic length of i particle; & is the
order of the moment.

(5) Deposition model. Park [19] proposed a deposition
kernel function that considers particle diffusion and gravity
action, see Eq. (24).

E(v)=Eg(v)+E,(v) (24)

where, Ep(v) and E,(v) are the deposition kernel functions
controlled by particle diffusion and gravity action,
respectively, see Egs. (25) and (26).

-2(n-1)
Eg (v) =Ay 3n (25)

E,(v)=Bv" (26)

In Eq. (25) and Eq. (26), for 4 and B coefficients, refer
to the literature [19]. n is the adaptation coefficient, and can
be obtained experimentally.

When particles have growth, agglomeration,
fragmentation, and deposition kinetics events, the moment
S(v, x, f) of in Eq. (7) can be written as Eq. (27).

N
jS(v,x,t)vkdv = kaiVik_lG(Vi)+

i=1

1 N N i P ‘
+522ﬂywiwj[(l/i +V;) =V —Vj}r (27)

i=1 j=1

1

N
S () (a0 )
j=1

where, G(V;) = Go(3Vi/(4n)) 3, Go = 1.0 s7! can be taken
[31].

2.3 Growth and Change Model of Solid Particles in Water-
Injection Pipeline

In order to avoid safety hazards due to pressure
fluctuations caused by frequent adjustment of operating
conditions of injected water, the operating conditions of
injected water should be stable. Therefore, the

transportation process of injected water can be
approximated as a steady flow. The content of solid
particles in the injected water is much less than 1% of the
mass of water, so the impact of solid particles on the liquid
phase flow can be neglected [27]. Therefore, the injected
water flow can be approximated as a single-phase liquid
flow, and the continuity equation, the momentum
conservation equation, and the energy conservation
equation can be reduced to Egs. (28) to (30), respectively.

d

a(pllel) =0 (28)
L{onta)=0 (29)
d 2 Vlz

a(ﬂl‘ﬁ 4 [Hz +7J] =0, (30

El-Dessouky [28] proposed a semi-empirical model for
calculating brine density, see Eq. (31).

The relevant parameters in the equation are shown in
Tab. 1.

If the effect of density can be neglected during the
exportation of injected water, the flow behavior of the
injected water can be approximated as an incompressible
and stable flow.

Thus, Eq. (30) can be written as Eq. (32).

[%j dl{%] dr__do. (32)
or ), d&x \oP), &x &

After further derivation, the formula for temperature
drop along the path can be obtained, see Eq. (33).

T=Ty+(Ty—T)e™ +Dp1efﬂf%ef‘“dx (33)
0

where, Tpand Ty is the ambient temperature and the starting
temperature, respectively, K. Dy is the inner diameter of
the pipeline, m. a = KnD,/(Mcp). The third term on the
right side of the equation is the Joule - Thomson effect,
which can be ignored in the reinjection water pipeline, and
the Sukhov temperature drop formula is obtained!”.

By the simultaneous Egs. (28) to (30) and Eq. (7), Eq.
(28), a growth and change model for solid particles in long-
distance reinjection water pipelines can be established.

Table 1 Related parameters in the EIl-Dessouky brine density model

No. Parameter No. Parameter No. Parameter
1 F,=4 5 A,=4.0322G,+ 0.1153G,+ 3.26x107*G; 9 G, =0.5
2 Fy=24,—-1 6 A,=—0.1082G, + 1.571G,— 4.23x107*G; 10 G,=B
3 Fy=445—-34 7 A;=-0.01224G, + 1.74G,— 9.0x10°G; 11 Gy;=2B-1
4 A= 2T —-200)/160 8 A= 6.92x1074G,— 8.7x107°G,— 5.3x107°G; 12 B =(2sal —150)/150

Note: T represents temperature, °C. sal represents salinity.
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3 MODEL SOLUTION

The key to solving the growth and change model for
solid particles in long-distance water-injection pipelines is
the solution to the particle population balance equation. To
this end, the Direct Quadrature Method of Moments
(DQMOM) proposed by Fan [18] can be used for solving.

The moments of the particle distribution function n(v,
x, t) are approximated by an n-point Gaussian integral, as
shown in Eq. (34).

N
my =J kn(v,x,t)dv ~ Zvikwi (34)

i=1

where, v;is abscissas, i.e., the particle scale of the i-th point;
w;is the weights, indicating the number of particles whose
abscissas is v;; N is the number of integral nodes. K =0 ~
2N-1.

In this case, the particle number density function can
also be approximated as Eq. (35).

n(v,x,t)zZW,-é'(v—vi) (35)

where, ¢ is the Dirac delta function [30].
By substituting Eq. (35) into Eq. (7), Eq. (36) can be
obtained.

{00 o) oo
(36)

= .[S(t,v,x)vkdv

After Eq. (36) is derived and organized, Eq. (37) can
be obtained.

| {5(V—vi){%+V~(Vwi)—V~(DV(WI-))}—
—5'(v—v[){wi%+wy-w—(Dv(wl.).wl.+V.(Dwiwl.))}— (37)
—5"(v—vl-){Dwi (Vvi)z} Vidy = JS(t,v,x)vkdv

Let {; = viw;, and by substituting Eq. (37), we can get
Eq. (39).

fate-) 2w ) (0500 |-

t

—5'(v—vi){%+V~(V§i)—vi[%JrV-(Vwi)—V-(Dwi)j}— (38)

—5"(v—vi){Dwi (Vv )2}vkdv = JS(t,v,x)vkdv

With the notation

{%+V-(V(v,x)wi)—v-(DVwi):

=g}‘)%W.(V(v,x)g)—v.(z)vg): (39)

= 5:'(2) Dw, (V"i )2 = fi(B)

By substituting Eq. (39) into Eq. (38), Eq. (40) can be
obtained.

J ZV‘,(?(V—VI-)Q(]) ‘%5'(%%)(@-(2) -§f(]))‘i(?"(V—vi)fim}vkdv:
i=l i=] i=l

(40)
= JS(v,x)vkdv

According to the J function property [30], Eq. (40) can
be transformed into Eq. (41).

N N N
(1-k) Dok ke s (1-k) Y2 = [s vy (a1)
i=l i=l i=l

For the solution of S, the Product-Difference

i

algorithm (PDA)[32] can be used.
Write Eq. (41) as a matrix, see Eq. (42).

Ao =d (42)

where, a, 4, d, see Eq. (43), Eq. (44) and Eq. (45)
respectively [30].

(1)
[0 00 o7 |4

a_|:§1 §N 51 §N :l — é(z) (43)

A=[4,4,] (44)

d=ty+] 853 | (45)

Ay and 4, in Eq. (44) and 43 in Eq. (45) can be
calculated by Egs. (46) to Eq. (48) respectively.

A :[1...10...0 VRV

(46)
L 2(1- NP -~-2(1—N)V13N’1J
A, :[0...0 112020y & e
_ 47
: 2(N—1)V12N‘2---2(N—1)V,3N‘2} )
A;=[00--002---2 6/ -6V i .
(48)

PN DN -DINT 2N -D2N - 1)V]3N*3]

The matrix a, i.e. & and &®» can be obtained by Eq.
(49). &9 can be directly obtained through the starting point
and end point particle size data.

a=A"4d (49)
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After & and &@ are obtained, they can be brought
into Eq. (38), and then solved by the Runge Kutta function
(0de*) in Matlab to obtain each moment during the particle
motion process [30].

The moment method can only track the overall
information on the solid particles along the path, such as
the coalescence amount and the average particle size, but
cannot reflect the specific distribution of particle size. To
this end, Pope [33] proposed a moment-based particle
distribution model, see Eq. (50).

n(v,x,1) :exp[gAivij (50)

i=0

Perform a moment transformation on Eq. (50) to
obtain Eq. (51).

N-1

my, :J.vkexp(ZAivi]dv k=01,..,N-1 (51)
i=0

After my is obtained by the moment method, it is
substituted into Eq. (51), 4 is obtained using Newton-
Raphson method, and then substituted into Eq. (50) to
figure out the size distribution.

4 RESULTS AND DISCUSSION
4.1 Model Verification

(a) Calculating example. The water injection process
is adopted in a certain block of Shengli Oilfield, and the
schematic diagram of the water-injection pipeline is shown
in Fig. 1. The figure shows the ground transportation
course of the injected water from the center united station
(CUS), through water-injection station (WIS) and the
water distributing station (WDS), and finally to the
injection well (IW).

WI3 TW

WI1'WIS

SW22'IW
Figure 1 Injected water pipeline in a certain block oilfield of Shengli Oilfield

Table 2 Structural parameters and operating parameters of the water-injection

pipeline
Pipeline Section Ly/m Dy /m Q/m’d
CUS to W11*WIS 5100 0.15 1800
WI11*WIS to W12*WDS 900 0.10 460
WI12*WDS to W13 ITW 300 0.05 50
CUS to SW21"WDS 1250 0.10 550
SW21*WDS to SW22IW 370 0.05 60
CUS to SE31"WDS 1600 0.10 600
SE31"WDS to SE32ITW 350 0.05 55
CUS to E41"WDS 1760 0.10 610
E41"WDS to E42TW 460 0.05 50

The pipe length (Ly), pipe diameter (Dp) and
throughout (Q) of the water-injection pipeline involved in
Fig. 1 are shown in Tab. 2.

The temperatures of CUS outlet, E41*WDS inlet,
E42*IW wellhead and the soil at the depth of the pipeline
were detected, and the detection results were 43 °C, 36 °C,
21 °C, and 11 °C, respectively, as shown in Fig. 2.

A
CUS Outlet £ |
Figure 2 Temperature detection along the path

In addition, the total salinity of the injected water at the
united station outlet was 0.6 ppt. According to the El-
Dessouky brine density model and the temperature
detection result, the injected water density of the united
station outlet and the wellhead was 991.1 kg/m?* and 1000.9
kg/m?® respectively. The density of injected water of the
wellhead change rate was 0.9% relative to the united
station outlet. If the density effect is neglected, the injected
water flow in the block oilfield can be regarded as an
incompressible and stable flow.

(b) Particle Size Distribution Model. When the Pope
model is used, it is a must to meet the premise that the
particle size distribution (PSD) conforms to the normal
distribution. Gaussian function, Lorentz function and
Weber function are commonly used PSD fitting functions,
and the fitting results of the detection positions are shown
in Fig. 3.

[cUs fiz'wps SW21"WDS
® & ) R i1
o 0 o 3 o 3 i
- = ) & = J
0 i 0 ==l 0 o ’
1 10 0.1 1 0.1 1 10
PSD, um PSD, um
10 - 10 -
SE31"WDS [E41"WDS
= i 2
& 37 % &3
- i | -
Oz L ol—
0.1 1 10 0.1 1 10
PSD, um PSD, um
10 - 10 7
Ew227 1w RE327IW a
=® l & it
o 5 f o5 i
> / > h
N "
0+ — - 0 T 2l :
0.1 1 10 0.1 1 A 1 10
PSD, um PSD, um PSD, um
PSD of Solid Particle Gauss Peak Fit
Lorentz Peak Fit Weber Peak Fit

Figure 3 PSD fitting results at different checkpoints

The calculation results of the fitting degree are shown
in Tab. 3.

As can be seen from Tab. 3, the Gaussian model has
the highest fitting degree, with the average fitting degree of
97.15%, and the average fitting degree of the Lorentz
model and the Weber model is 93.52% and 96.78%,
respectively. Therefore, the particle size distribution
conforms to the Gaussian distribution model and satisfies
the using conditions of the Pope model.
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Table 3 Fitting degree of size distribution of suspended solid particles / %

Detection position
Function wi2* # SE31* E41# w13* Sw22* SE32* E42" Mean
CUs WDS SW2I'WDS WDS WDS W W W W
Gauss 96.92 97.67 97.81 96.46 96.26 96.96 97.63 96.91 97.79 97.15
Lorentz 91.32 94.24 92.55 93.10 92.72 94.80 94.62 94.66 93.72 93.52
Weber 96.89 96.83 97.35 97.24 96.17 96.18 96.95 96.14 97.27 96.78

(¢) Model Validation. In the liquid-solid two-phase
flow model of the water-injection pipeline, the coefficients
Ci, C; and n in equation (19) and equation (24) could be
calculated by linear regression with experimental results.
Based on the median diameter detection results of "CUS-
W12*WDS-W13*IW" and "CUS-E41*WDS-E42*IW", the
minimum difference between the calculated median
diameter and detected median diameter was regarded as the
optimal target, the flow distance of injected water for 2
minutes was the iterative step size, and Ci, C>, and n were
calculated using the particle population method, with the
results of 0.43, 0.57, and 1.42, respectively. Relative to the
detection value, the median diameter of WI12*WDS,
W13 IW, E41*WDS and E42IW was 4.77%, 5.48%,
3.41%, and 5.85%, respectively, and thus, the volume ratio
(VR) and the cumulative volume ratio (CVR) of the particle
size distribution (PSD) in remaining water distributing
stations and the wellheads were calculated, with the results
shown in Fig. 4.

SW21"WDS

SW22"TW

i 0 0
10 0.1

1
PSD, um

1
PSD, pm
| Test result of PSD
i Computed result of PSD

Figure 4 PSD in water distributing stations and wellheads

Test result of CVR
- Computed result of CVR

The calculation results of median diameters of
SW21¥*WDS, SW22*IW, SE31*WDS, SE32*IW are shown
in Tab. 4.

Table 4 Median diameters of water distributing stations and injection wells

Detection position | SW21"WDS | SW22°IW | SE31"WDS | SE32"TW
Detection value 2.111 2.185 2.123 2.193
Calculated value 2.018 2.097 2.035 2.110

Relative error / % 4.405 4.027 4.145 3.785

As can be seen from Fig. 4 and Tab. 4, compared with
the detection values, the liquid-solid two-phase flow model
of the water-injection pipeline can accurately calculate PSD
of the injected water. Where, the fitting degree*¥ of PSD of
SW21*WDS, SW224IW, SE31*WDS and SE32*IW were
94.6%, 92.2%, 92.4%, and 93.4%, respectively, and the
average fitting degree error was 6.9%. The relative error of
the median diameter was 4.4%, 4.0%, 4.1%, and 3.7%
respectively, with an average relative error of 4.1%.
Therefore, the model of solid particle growth and change in
the water-injection pipeline built in this paper can be used
to predict the growth and change to solid particles in oilfield
injected water.

4.2 Effect of the CUS Outlet Flow Rate on PSD of the
Wellheads

By taking the water-injected pipeline between the
united station and the injection wells as the research object,
according to the growth and change model for solid
particles in the long-distance water-injected pipeline, the
injected water operating conditions (Tab. 2) and the PSD
detection result at the united station outlet (Fig. 3), the
impact of the flow rate of CUS outlet on the PSD of the
wellheads was analyzed, and the calculation results are
shown in Fig. 5.

As can be seen from Fig. 5, increased flow rate can
suppress the coalescence growth of solid particles in the
injected water. The increase in the injected water flow rate
can reduce the effective collision probability between the
particles, thereby decreasing the growth rate of the particles.
This phenomenon is consistent with the experimental
phenomenon found by Ho [35]. Ho considered that the
collision efficiency (np) between particles is associated with
the relative velocity of the particles (|[vp1 — vp2|), the particle
density (pp), the particle size (small particle d,, large particle
Dy), and the viscosity of the fluid (1), and based on this,
proposed the corresponding particle collision efficiency
model

3.7
¥

n, :(5",+—(l)65j , where ¥, = p, ‘vpl —vpz‘dg /18uD,.
Therefore, when other conditions are constant, merely
increasing the fluid velocity may enlarge the relative
velocity between the particles, and reduce the effective
collision between the particles, thereby slowing the growth
rate of the particles.
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Figure 5 Influence of CUS outlet flow rate on PSD of wellheads

The control index of the median diameter of solid
particles in the injected water is less than 2.0 um in the
certain block of Shengli Oilfield. According to the
temperature and the median diameter of injected water at
the outlet of CUS, and the structural parameters of the
pipeline (Tab. 2), this model was used to calculate the
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critical outlet flow rate of CUS. When the other conditions
remain unchanged, for the injection wells W13 IW,
SW22IW, SE32IW and E42*IW, the critical outbound
flow rate of CUS is 2.83 m/s, 1.92 m/s, 2.02 m/s and 2.27
m/s respectively. Therefore, when the critical outbound
flow rate is 2.83 m/s, the median diameter of the solid
particles at the wellheads can satisfy the injection
requirement.

4.3 Effect of the CUS Outlet Temperature on PSD of the
Wellheads

According to the growth and change model for solid
particles in long-distance water-injection pipelines, the
operating conditions of Tab. 2 and the CUS outlet PSD in
Fig. 3, the PSD of the wellheads at different CUS outlet
temperatures is calculated. The results are shown in Fig. 6.

As can be seen from Fig. 6, the elevated temperature is
conducive to suppressing an increase in the solid particle
size. The increase in temperature poses an impact on
particle growth and change mainly in two aspects. First,
according to Ho [35], although the temperature rise can
increase the probability of collision between particles, the
effective collision probability between particles decreases
instead due to the increased kinetic energy of particles.
Second, according to Arrhenius theory [36], the temperature
rise can reduce the nucleation rate of solid particles, that is,
reduce the particle number. Therefore, under the combined
effect of the above reasons, the median diameter of the solid
particles gradually decreases with the rise of temperature.
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Figure 6 Influence of CUS outlet temperature on PSD of wellheads

Based on the flow rate and the median diameter of
injected water at the outlet of CUS, and the pipe parameters,
the model was used to calculate the critical outlet
temperature of CUS. Through calculation, for the injection
wells W13 IW, SW22*IW, SE32#IW, E42#IW, the critical
outlet temperature of CUS is 339.2 K, 337.1 K, 3374 K,
338.2 K, respectively, that is, the median diameter of the
wellhead can be made to satisfy the injection requirement
when the CUS outlet temperature reaches 339.2 K.

4.4 Effect of the CUS Outlet PSD on PSD of the Wellheads

Due to the different water quality of the produced water
per day, the PSD of CUS outlet will also fluctuate.
According to the growth and change model for solid
particles in the long-distance water-injection pipeline and
the injected water operating conditions, the impact of

different PSD of CUS outlet on the PSD of the wellheads is
calculated, with the results shown in Fig. 7.

In Fig. 7, the particle diameter of the wellheads takes
on a rising trend as the particle diameter of the CUS outlet
increases. Relative to the impact of the flow rate and
temperature of the CUS outlet, the impact of the PSD of
CUS outlet on the PSD of the wellheads is more intuitive.
When the other conditions remain unchanged, the increase
in the median diameter of the solid particles of the outlet,
that is, the growth in the number and size of the solid
particles in the injected water, increases the collision
probability between the particles, resulting in the increase
in the median diameter of the solid particles at the
wellheads.

According to the flow rate and the temperature of
injected water at the outlet of CUS, and the pipe parameters,
the model was used to calculate the critical median diameter
of CUS outlet. After calculation, for the injection wells
W13 IW, SW224IW, SE32IW and E42*IW, when the
critical median diameter is 1.504 pm, 1.659 um, 1.599 um
and 1.592 um respectively, that is, when the CUS outlet
median diameter is 1.534 pm, the median diameter of the
wellheads can meet the injection requirement.
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Figure 7 Impact of the PSD of CUS outlet on the PSD of wellheads

In summary, increasing the flow rate, temperature, and
median diameter of the united station outlet can reduce the
solid particle diameter at the wellheads. When the critical
flow rate of the CUS outlet is 2.83 m/s, or the temperature
is 339.2 K, or the median particle size is 1.504 pm, the
median diameter at the wellheads can meet the injection
requirement.

5 CONCLUSION

To study the growth and change to solid particles in
long-distance water-injection pipeline, based on one-
dimensional fluid control equation and particle population
balance equation, a model for the growth and change to
solid particles in long-distance water-injection pipeline was
established in this paper. This model treats the particles as
the continuous media accompanied with water flow and the
growth, coalescence, fragmentation and deposition of
particles are considered. Comparison of the field test results
indicated that the average error of the fitting degree of PSD
calculated by the model is 6.9%, and the average relative
error of median diameter is 4.1%. Based on water-injection
operation in a certain block of Shengli Oilfield, the model
was used to predict the critical flow rate, temperature and
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particle diameter of the united station outlet, respectively
2.83 m/s, 339.2 K and 1.504 pm, so that the median
diameter of the solid particles at the wellhead of the
injection well meets the injection requirement. The
establishment of this model cannot only be used for the
study on the growth and change to solid particles in water-
injection pipelines flowing along water, but also provide a
technical reference for the study on the growth and change
to low-concentration solid particles in long-distance
liquid/gas pipelines.

However, the model was constructed from the
perspective of the long-distance water-injection pipeline,
ignoring the impact of special pipe section, such as the
vertical/inclined pipe section going into and out of the
stations and the header section of the water distributing
station. Further in-depth study will be needed if the impact
of these pipe sections on the growth and change to solid
particles or the deposition of solid particles there is taken
into account.
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