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a b s t r a c t
The scaling of the wet-gas pipes is getting worse along with the increasing volume of produced 
water, and can increase energy consumption, and even cause blockage accidents. Hence, the accu-
rate prediction of the scaling rate is crucial for the effective and safe operation of pipelines. In this 
paper, a computation fluid dynamic (CFD) method based on the combination of chemical reaction 
model, discrete phase model (DPM), erosion model (EM) and fluid-structure interaction model 
can estimate the scale formation and deposition process and rate in straight pipelines and elbows. 
The two key parameters, the exponential factor and the temperature index used to calculate the 
scale formation rate, are fitted from scale experimental data collected from a field wet-gas transmis-
sion pipe. Based on the sedimentary probability obtained by DPM and EM, the scaling rate calcu-
lation model (SRCM) established. The experiment items study for wet-gas pipelines demonstrates 
CFD-SRCM; the relative deviation between the actual scale rate and the calculated value is in the 
range of 2.7% to 18.9%. And then, two industrial cases forecast the scaling rates. CFD-SRCM is a 
highly promising new method for predictive monitoring of scaling.
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1. Introduction

In the development of gas reservoirs, connate fluids 
often intrude into the reservoir and finally flow to the sur-
face together with the natural gas [1], forming the “pro-
duced water” [2]. Produced water usually contains high 
concentrations of many kinds of cations, including the cal-
cium (Ca2+), magnesium (Mg2+), barium (Ba2+), strontium 
(Sr2+), and anions including hydrogen carbonate (HCO3

–), 
sulfate (SO4

2–) et al. [3,4]. These ions are natural to form scale 
in pipelines, resulting in the reduction of internal diameters 
of pipes and elbows [5,6]. So, it is essential to understand 
the scaling mechanism and rate for the reduction of energy 
consumption and economic cost and the improvement 
of the pipeline life.

Based on the experimental data, many theoretical and 
numerical simulation methods have been proposed to 
research the scaling problems in the wet-gas pipelines. 
Since the 1950s, much academic research on scaling during 
the exploitation process of the gas field has studied. Kern 
and Seaton [7,8] firstly proposed a typical mathematical 
model of scaling, which divided into scaling deposition 
and scaling denudation. Hasson et al. [9,10] established an 
ion diffusion model to depict the precipitation process of 
calcium carbonate (CaCO3) crystals, which considers the 
effects of ion concentration, temperature, pressure, and 
other factors on the scaling rate. It showed that Ca2+ and 
HCO3

– firstly moves to the inner pipe wall, and then forms 
CaCO3 on the wall surface through a chemical reaction, 
and finally crystallized and scaled on the wall surface. 
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Amiri et al. [11] presented the predicting of CaCO3 pre-
cipitation in formation water, injection water, and mixing 
of injection water with formation water at different pres-
sures and used OLI ScaleChem software to determine the 
amount of CaCO3 scale. Kamari et al. [12] presented the 
least square support vector machine optimized with a 
simulated annealing optimization strategy, statistical and 
graphical error analyses to estimate the potential depo-
sition from an equilibrated CaCO3 aqueous phase. Two-
hundred series of literature-reported data of correction 
factor (K) [13] as a function of temperature and total ionic 
strength were used to test the Kamari model. The model 
developed provides estimations which are in good agree-
ment with literature data.

The scaling rate rules of produced water have reported 
[14–16]. Vetter et al. [17] predict the co-precipitation of 
CaCO3, barium sulfate (BaSO4), strontium sulfate (SrSO4) 
and calcium sulfate (CaSO4) at various locations, tempera-
tures, and pressures in waterflood operations. Kan and 
Tomson [18] verify the accuracy of the Pitzer ion-interaction 
model-based scale-prediction algorithms. However, in most 
cases, the scaling rate rules of produced water are from the 
perspective of thermodynamics, without considering the 
hydrodynamic factors.

In particular, using the combination of the theory model, 
rate rules, and computation fluid dynamic (CFD) method 
represents a tendency to calculate the scaling conditions 
in various equipment, including the heater exchanger. 
This method solves the governor equations of fluids and 
particles in a coupled approach, which provides an effec-
tive way to analyze the effects of many factors on the scaling 
rate qualitatively. Brahim et al. [19] used FLUENT software 
to conduct CFD simulation, to calculate scale thickness and 
scale density, and to monitor the thermal flux distribution of 
solid surface in real-time, to predict scale thermal resistance 
and scale temperature distribution. Johnsen et al. [20] stud-
ied the wall deposition and boundary layer diffusion of 
multicomponent mixtures under turbulent. Xiao et al. [21] 
developed a three-dimensional CFD model, which used in 
the induction stage of dirt in microscale channels. Kuruneru 
et al. [22] presented a coupled finite volume model – discrete 
element method, which studies oscillating multiphase fou-
lant-laden air (solid–gas) flow and particulate scaling in a 
porous heat exchanger channel which is consist of an array 
of circular cylinders. Souza et al. [23] presented a model 
that is composed of mass, energy, and mechanical energy 
balances, also contemplating the influence of the scaling 
rate in the heat exchangers. The simulation can determine 
the flow rates and temperatures along with the network for 
each time instant during the investigated period. The above 
results are the scaling of the heat exchanger pipe section; the 
amount and thickness of scale deduced from the thermal 
resistance and heat transfer coefficient. However, the tem-
perature of wet-gas pipelines changes little, and the scaling 
amount and scaling rate cannot determine by temperature 
field analysis.

Given the above, it is difficult to predict the scaling rate 
in wet-gas pipes accurately because of the chemical reac-
tion of scaling ions and hydrodynamic factors. In this paper, 
CFD-SRCM (SRCM – scaling rate calculation model) can 
predict the scaling rate of calcium carbonate and reveal the 

rules of scaling under the three-dimensional flow condition 
in wet-gas pipelines, including the straight pipe and the hori-
zontal elbows with different bending radius. The experiment 
items study for wet-gas pipelines demonstrates CFD-SRCM.

2. Experiment and mechanism

2.1. Water sampling and mass of scaling

The three groups of produced water samples are col-
lected from a gas field in southwest China, which suffers 
from serious scaling problems [24], shown in Fig. 1. The 
multi-function ion chromatography is used for qualitative 
and quantitative analysis of produced water samples and 
follows the method SY/T 5523-2016 “Method for analysis 
of oilfield water” (equivalent to API RP 45) [25,26].

The indoor scaling experiments use the collected water 
samples to research the mass of scaling in different tem-
peratures based on the actual temperature range of the 
pipeline [27,28]. The collected water samples placed in 
the same environment as the collection point to observe 
phenomena. After some time, the produced water from 
the gas field filtered through a filter membrane. The scale 
formation amounts in the water samples calculated by the 
filtration volume of the water sample and the mass increase 
of the filter paper [29]. The results can provide a basis 
for setting parameters of the chemical model afterward.

2.2. Scale composition analysis

One scale sample is collected from the inner pipe wall 
in station A pipeline, shown in Fig. 1a. The scanning elec-
tron microscopy is applied to analyze the microstructure 
of scale [30,31]. The composition of the scale sample inter-
preted by the high-temperature weightless method and 
the energy-dispersive X-ray spectrometer (EDS) [26].

2.3. Scale deposition mechanism

The scale deposition mechanism of CaCO3 scale forma-
tion is investigated. Flow parameters changing of anions 
and cations combined into scale particles in the pipeline 
[32]. The quantitative relation of HCO3

–, CO3
2– anions, CO2, 

and Ca2+ cations determines the movement direction of the 
reaction, and the number of these anions and cations are 
affected by the external environment.

Ca + CO CaCO2+
3
2

3
− → ↓  (1)

Ca + 2HCO CaCO + CO + H Oaq
2+

3 aq 3 2 aq 2( ) ( )
−

( ) ( ) ( ) s l  (2)

The particles in the water are affected by various forces, 
which are gravity, buoyancy, inertial force, resistance, virtual 
mass force, Magnus lift force, Basset force, and Saffman lift 
force, and the flow trajectory will change correspondingly. 
By analyzing the force condition, the motion trajectory of 
the scale particles in the pipeline can obtain [33]. The scal-
ing tendency of CaCO3 in the produced water increases 
with the increase of scale ion concentration, temperature, 
pH value, and dissolved salt concentration, also with the 
decrease of CO2 partial pressure [22]. And it is affected by 
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hydro dynamics factors such as flow state, flow environ-
ment, velocity, and its distribution [34]. Among them, four 
elements of more significant influence are scale ion concen-
tration, temperature, salinity, and hydrodynamics [35].

The scale deposition mechanism of the CaCO3 scale 
in the wet-gas pipe identified. Primarily, CaCO3 particles 
formed by chemical reaction of scaling anions and cations 
in water. Furthermore, the crystals formed on the rough 
inner walls of the pipes and equipment and gradually sep-
arate. Eventually, the CaCO3 scale is formed along with the 
scouring effect of the fluid [36,37], shown in Fig. 2.

Similar to CaCO3, the chemical reaction of CaSO4 and 
BaSO4 shown in Eqs. (3) and (4).

Ca + SO CaSO2+
44

2− → ↓  (3)

Ba + SO BaSO2+
44

2− → ↓  (4)

3. Model framework

The hybrid model proposed in this paper combines CFD 
and SRCM, namely CFD-SRCM. The discrete phase model 
(DPM) model is established based on scaling mechanism 
theory and Kern–Seaton model theory, and considered the 
force of the scale particles and the combination of erosion and 
deposition, using chemical reaction model (CRM), DPM, ero-
sion model (EM) and fluid-structure interaction model (FSIM) 
[38]. Based on the sedimentary probability obtained by DPM 
and EM, SRCM established. The framework of CFD-SRCM 
presented in Fig. 3. The rule of migration and settlement of 
scale particles in the pipeline studied from the per spective 
of hydrodynamics, and the scaling rate is analyzed.

3.1. CFD model

In the CFD model, it assumed that all for field pro-
duced water in the pipeline and gas-free, ignore the two-
phase flow’s influence on the scaling rate, due to the scaling 

ions exist in the produced water. The Eulerian–Lagrangian 
approach is employed to capture the flow properties of water 
flow and particle tracking of CaCO3 particles [39]. Due to 
the short local component, the produced waters treated as 
incompressible fluids, and the whole flow field calculated by 
the Eulerian approach. The liquid in the pipeline must satisfy 
the following three rules: the mass, momentum, and energy 
balances [20,23,40]. The three control equations of continuous 
phase fluid expressed as:
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where ρL is the density of the liquid, SM is the source term 
of the mass equation, SMO is the source term of the momen-
tum equation, ui and uj are the average velocity components 
of the liquid, uip and ujp are the pulsation velocity compo-
nents of the liquid, and SE is the source term of the energy 
equation.

The turbulence at the elbows includes the flow of rap-
ids and the deposit of the scales on the wall. Therefore, the 
re-normalization group (RNG) k-ε model chosen as the 
turbulence model. The transport equations associated with 
turbulent kinetic energy and energy dissipation rate in 
turbulent expressed as [39,41]:
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Fig. 1. Scaling phenomenons of station A (a) pipeline and (b) valve in the gas field.
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where Gk is the turbulent kinetic energy caused by the 
mean velocity gradient. γk and γε are Prandtl number. 
C1ε and C2ε are the empirical constants taken as 1.44 and 1.92.

The governing equations for the particle phase use the 
unsteady Reynolds-Averaged Navier–Stokes (URANS) 
equations to calculate the flow field and use the Lagrangian 
approach to describe the scale particles [39]. In the Cartesian 
coordinate system, the force balance equation of the scale 
particles is the inertia of the scale particles is equal to the       
forces acting on the scale particles:

du
dt d

u u
C g

Fp D

p p
p

p

p

L=
3
4 2

µ
ρ
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ρ
Re

−( ) ( )
+

-
+  (10)

where CD is the drag coefficient, Re is the Reynolds num-
ber, ρp is the density of scale particles, dp is the diameter of 
scale particles. The power of the scale particles in the field (F) 
mainly includes visual mass force (Fvm), Magnus force (FM), 
Basset force (FB), and Saffman lift force (FS).

The velocity is adapted to calculate the trajectory of the 
scale particles through Eq. (11). And the diffusion of the 
scale particles derives through the instantaneous velocity 
generated by velocity pulsation. Using the trapezoid differ-
ence method to solve Eqs. (10) and (11) at the same time, and 
then the velocity and position of the scale particles can be 
obtained.

dx
dt

up=  (11)

The scaling rate is composed of deposition rate (vd) 
and removal rate (vr) under the scouring effect of the fluid. 
The removal rate is relative to the thickness of the scale 
and shear force of the fluid on the level.
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where N is the number of scale particles, Mp is the mass 
flow of particles, Aface is a projected area of scale parti-
cles on the wall, α is the impact angle of particles on the 
wall surface, f(α) is a function of impact angle, and b(up) 
is a function of the velocity taken as 1.73 [42].

Therefore, the actual scaling rate expressed as:

Cl-Na+

Ca2+ HCO3
-

CaCO3 particles

Chemical reaction

Forces

Crystallization and deposition

Scale layer

Scale layer

Detached particles

Generate

Fig. 2. Schematic diagram of the scaling process of the CaCO3 scale.

Fig. 3. The framework of CFD-SRCM.
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dm
dt

v vd r= −  (15)

Meanwhile, the motion trajectory of solid scale parti-
cles in the pipeline is obtained, which provides a theoreti-
cal basis for analyzing the migration and settlement rule of 
scale particles in various local components.

For scaling of the wet-gas pipelines, scaling ions, and 
water slowly into the reaction zone, in the reaction zone 
occurs rapidly reversible chemical reaction and influential 
hydrodynamic factors in controlling the response. The scal-
ing process involves the mixing, transport, and reaction of 
scale ions. The forward reaction rate constant (Cf) calculates 
by Arrhenius formula:

C AT ef
E RT= −β  (16)

where E is the reaction activation energy, 46,600 J mol–1 
and R is the gas constant, 8.314 J mol–1 K–1.

In Eq. (16), there are two critical parameters, includ-
ing the exponential factor (A) and the temperature index 
(β). They are directly related to the generating amount of 
CaCO3 scale particles, particle migration, and deposition 
behavior in the pipeline. Certain chemical reactions have 
a specific reaction rate constant (C).

For the reaction, the concentration and pressure of the 
reactants will not change the C value, but the temperature 
will affect the C value. The C of scale particles is closely 
related to pressure, temperature, and scale ion concen-
tration. Therefore, the scale of the chemical reaction rate 
constant is changing in the pipe, but the index factor fixes. 
The rate of the chemical reaction (r) (Eq. (2)) can calculate 
using Eq. (17) [15].

r Cc c= −Ca HCO2+
3

2  (17)

The generating amount of CaCO3 scale can calculate 
using the r.

m r t M= ⋅ ∆ ⋅ CaCO3
 (18)

where Δt is the scaling time. MCaCO3
 is the molecular mass of 

CaCO3.

3.2. Numerical approach

The above CFD model is solved by the generic com-
mercial code ANSYS 16.0, which includes the FLUENT 
module used to calculate flow field. The FSI simulation 
is conducted on the FLUENT, which is a fluid-structure 
interaction computing platform based on a staggered FSI 
approach. URANS, DPM, EM, and CRM are contained in 
FLUENT. Comprehensive comparison choose the Eddy-
dissipation concept module in the finite rate model, which 
considers the detailed chemical reaction mechanism in 
the turbulent flow and is more suitable for the reversible 
chemical reaction.

The chemical reactions occur continuously between 
the scaling anions and cations. The scale particles in the 

pipeline continuously are depositing and exchanging heat, 
mass, and momentum with the liquid phase. Therefore, the 
calculation of the liquid phase and the scale particles should 
be coupled. By alternately solving the control equation of 
the discrete phase and continuous phase, the purpose of 
both convergences achieved, which is the calculation solu-
tion of the both is not changed, and the two-way coupling 
calculation completed [36,37].

Due to the produced water in the process of the flow, it 
contains scaling ions react, generate scale particles gradu-
ally, but its total mass did not change. It’s just that the total 
mass of the water is decreasing, the total mass of the solid 
particles is increasing, and the change is consistent.

The coupling between the discrete phase and the contin-
uous phase mainly refers to the coupling of momentum in 
the pipeline. When the scale particles flow in the produced 
water, through the calculation of the momentum change of 
the scale particles, the momentum value between the scale 
particles and the produced water obtains. This value will 
use in the calculation of the following liquid phase equation, 
and the bidirectional coupling calculation realizes.

When the scale particles are in the process of produced 
water, the energy will transfer between the scale particles, 
the scale particles, and the produced water. By calculat-
ing the energy change of the scale particles, the energy of 
the water transfer to the scale particles obtains. It assumes 
that the internal heat resistance of the scale particles is zero; 
namely, their temperature is consistent everywhere.

The pressure-velocity coupling method selected as 
coupled, so the spatial discretization of pressure, momen-
tum, and each component adapt the second-order upwind 
mode. The turbulence kinetic energy and the turbulence 
dissipation rate is selected as the first-order upwind 
mode to ensure the convergence of turbulence.

3.3. Scaling rate calculation model

In the case of CaCO3 particles moving in local com-
ponents, the deposition probability (φdep) is an important 
parameter to investigate the scaling rate and amount of 
scale. SRCM is established based on the probability and 
mass of CaCO3 particles deposition calculated by the CFD 
model. The following equations express the computational 
process of SRCM.

φdep
trap

trap escape

= %
N

N N+
×100  (19)

where Ntrap is the number of CaCO3 particles captured 
by the wall of the pipeline. Nescape is the number of CaCO3 
particles escaping from the exit.

Initially, the actual deposition of CaCO3 mass 
fraction expressed as:

m mf p= ×φdep  (20)

where mp is the resulting CaCO3 mass fraction. And after-
ward, the daily scale amount of CaCO3 can obtain by cal-
culate the actual deposition of the CaCO3 mass fraction 
through Eq. (21).



19C. Li et al. / Desalination and Water Treatment 197 (2020) 14–29

m mf Lds = × × ×ρ 3600 106  (21)

Because of the existing technology and measures to 
protect the pipeline, only the thickness of the scale can mea-
sure, and it is impossible to clean out the pipe scale and 
weigh it. Finally, the thickness of the corresponding pipe 
scale layer can obtain through Eq. (22).

l
m t

d p

=
× × ×

× ×
×

−
ds run

in

24 10
10

3

π ρ
 (22)

where l is the thickness of the scale layer, trun is the running 
day for the pipeline, din is the diameter of the pipe inlet 
surface.

3.4. Boundary conditions

The inlet and exit boundary conditions are velocity inlet 
conditions and outflow boundary conditions, respectively. 
The inlet velocity value is based on the actual operating 
range. Turbulence intensity and hydraulic diameter describe 
the turbulence of the boundary layer flow and its full devel-
opment. The pipe wall boundary condition is the no-slip 
condition.

The initial condition of the DPM model is a surface 
jet source. The surface is the inlet interface. The particle 
type is CaCO3 particle, and its density is 2,800 kg m–3. To 
ensure that the number of particles entering the pipeline is 
the same in the unit time, the mass flow of CaCO3 particles 
in each local component under different conditions set to 
1 × 10–20kg s–1. The volume concentration of CaCO3 particles 
in pipe and elbows calculated through Eq. (23), and all of 
them are less than 10%, which meets the requirements of 
the DPM model.

η
πρ

= ×
4

100
m
d u
pv

p in
2

in

%  (23)

where η is CaCO3 particle volume concentration, mpv is CaCO3 
particle mass flow velocity, uin is the inlet fluid velocity.

Since the model simulates the deposition of CaCO3 
particles on the pipe wall, the wall surface of the DPM 
model configures as trap conditions.

3.5. Simulation parameters and computational mesh

The pipeline in the station A determines as DN100, 
with the inner diameter of 95 mm and the outer diam-
eter of 114 mm. The length of the straight pipe section 
is 2,500 mm. The physical model of the straight pipe 
is constructed based on model parameters, shown in 
Fig. 4a. The center of the inlet is the origin of coordinates. 
The positive direction of the X-axis is the direction of the 
flow. The other end of the pipe is the outlet, and its gravity 
direction is the negative direction of the Y-axis. For the sin-
gle boundary of the straight pipe, the flow field can directly 
divide into the structural grid. The grid has the advantages 
of orderly arrangement, good quality, rapid generation, 

and simple structure. Boundary layer meshing uses the 
wall function method to ensure that y+ is between 30 and 
60. A total of 253,680 nodes generated in the flow field by 
comprehensively analyzing the accuracy of calculation 
results (Fig. 5) and the efficiency of computer simulation, 
shown in Fig. 4b.

The bending radii of the actual elbows are 210 and 
315 mm. To make the results more accurate, so the bend-
ing radii of the horizontal elbows are 105, 210, 315, 420, 
and 525 mm. Meanwhile, a 350 mm straight pipe is added 
at the inlet and outlet of the elbow to ensure the accu-
racy of the flow field analysis results. When the number 
of nodes of the elbow with a bending radius of 105 mm 
is 113,760, the number of nodes will continue to increase, 
and the mass score of CaCO3 will not change significantly. 
Therefore, 113,760 nodes generate for flow field division by 
independence, shown in Fig. 6. Similar to the elbow with 
the bending radius of 105 mm, grid divisions of the other 
elbows carried out. Besides, grid independence is verified 
and analyzed. Finally, the number of nodes in the other 
elbows is obtained. The number of nodes in the elbow with 
a bending radius of 210, 315, 420, and 525 mm is 119,412; 
129,860; 151,632; and 164,283, respectively.

The produced water sample’s quality serves as the ini-
tial species and concentration of anions and cations in the 
model. Due to the small length of the simulated pipeline, the 
temperature changes little, ignoring the change of the chem-
ical reaction rate constant. Based on the analysis of scaling 
factors, selecting temperature, scaling ionic concentra-
tion, particle size, and flow velocity as the research factors 
[36]. According to the actual operation data and research 
results, and in the simulation process of the straight pipe 
section, a comparison project of scale ion concentration 
added, and the specific schemes for the simulation of straight 
pipe and horizontal elbow are shown in Tables 1 and 2.

4. Results and discussion

4.1. Experiment results

The produced water samples’ quality is presented in 
Table 3. The pH values of the water samples are between 
6.63 and 6.72, which is slightly acidic. Their mineralization 
degrees are higher. The water samples contain a high con-
centration of Ca2+, Mg2+, Ba2+, Sr2+ cations, and HCO3

– anions. 
Under specific temperature and pressure conditions, the 
chemical equilibrium equation of insoluble substances is 
Eq. (24). The activity of anions and cations can calculate the 
ionic product constant through Eq. (25). When the ion prod-
uct constant is higher than the solution product constant, 
the scale form continuously. The results of the samples ion 
product constant and solution product constant are shown 
in Table 4. These water samples are likely to scale.

A B s mA nBm n
n m( ) ++ −

 aq aq  (24)

K c c
A
m

B
n

n msp = ×+ −  (25)

where c
An+

 is cationic molarity, c
A
m
n+ is the activity of cation, 

mB
c − is anionic molarity, c

B
n
m− is the activity of anion, and Ksp is 

the solution product constant.
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The mass of scaling at different temperatures are shown 
in Table 5, which revealed that the amount of scale increases 
with the increase of temperature. Due to the various com-
ponents of produced water, the relationship between the 
amount of scale and temperature is varied. According to the 

mass of scaling at different temperatures, Eqs. (16)–18 can be 
used to obtain the A and β of the forward reaction rate [43], 
as shown in Table 6.

The microstructure of the station A scale surface is 
exhibited in Fig. 7a. The scale sample has a granular struc-
ture. From the results of the X-ray diffraction pattern, the 
high-temperature weightless method and EDS (Tables 7 
and 8) show that the main composition is CaCO3, which 
takes almost 86% in terms of the weight. The scale sam-
ple also contains about 6% corrosion scale. Based on the 
above analysis, the crystal type of scale samples is calcite, 
which is challenging to clear out due to the structure is 
relatively dense.

4.2. Numerical results

4.2.1. Straight pipe

Before examining the effect of factors, case 5 is selected 
as a standard case of straight pipe to make comparisons 
with other cases. The temperature distribution nephogram 
is exhibited in Fig. 8a. The temperature of the pipe wall is 
the lowest; the pipe axis is highest. The temperature gra-
dient is more significant. Further analysis of the pipeline 
temperature data obtained by FLUENT software shows 

inlet

outlet

(a)                                              (b)

Fig. 4. Straight pipe schematics of (a) physical model and (b) mesh.
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that the temperature slightly decreases along the direction 
of the flow which is due to the heat transfer between the 
pipe wall and the external environment during the flow 
of the pipe, resulting in the loss of heat and the gradual 
decrease of temperature.

As shown in Fig. 8b, there is a significant difference 
in the flow between near the wall and away from the 
sidewall. The center of the pipeline has a maximum flow 
velocity. Particles move horizontally along the wall in the 
boundary layer due to the constraint of the wall. The vis-
cous shear stress plays a leading role, and the velocity of 
fluid will decrease. At the same time, the closer to the wall, 

the velocity gradient is higher, indicating that the fluid 
velocity changes more violently in the adjacent wall area. 
According to the continuity equation, when the fluid speed 
at the wall boundary layer decreases, the corresponding 
other fluid velocities will be increased correspondingly. 
As a result of the fluid viscosity, the accelerated fluid will 
also drive the fluid in the boundary layer, causing the 
pressure gradient to appear in the wall.

The CaCO3 distribution nephogram in the pipeline is 
shown in Fig. 9a. At the entrance of the pipe, CaCO3 par-
ticles do not exist, but CaCO3 particles e gradually gener-
ate in the process of the flow. With the flow of fluid, the 
mass fraction of CaCO3 generated at 1.0 m reached a peak 
of 5.732 × 10–8, with a deposition probability of 1.07%, and 
the actual deposition of CaCO3 is 6.105 × 10–10. The mass 
score of CaCO3 generated by the former 1.0 m is 2.162 × 10–8, 

Table 2
Horizontal elbow section simulation scheme

Case Temperature  
(K)

Bending 
radius (mm)

Inlet velocity 
(m s–1)

18 303.15 210 2.5
19 313.15 210 2.5
20 323.15 210 2.5
21 333.15 210 2.5
22 343.15 210 2.5
23 343.15 105 2.5
24 343.15 315 2.5
25 343.15 420 2.5
26 343.15 525 2.5
27 343.15 1 1.5
28 343.15 1 2.0
29 343.15 1 3.0
30 343.15 1 3.5

Table 1
Straight pipe simulation scheme

Case Temperature  
(K)

Scale concentration  
(multiple)

Particle  
diameter (μm)

Inlet velocity 
(m s–1)

1 303.15 1 1 2.5
2 313.15 1 1 2.5
3 323.15 1 1 2.5
4 333.15 1 1 2.5
5 343.15 1 1 2.5
6 343.15 2 1 2.5
7 343.15 5 1 2.5
8 343.15 8 1 2.5
9 343.15 10 1 2.5
10 343.15 1 2 2.5
11 343.15 1 5 2.5
12 343.15 1 8 2.5
13 343.15 1 10 2.5
14 343.15 1 1 1.5
15 343.15 1 1 2.0
16 343.15 1 1 3.0
17 343.15 1 1 3.5

Table 3
Quality of produced water samples

Sample 1 2 3

pH 6.72 6.69 6.63
K+/Na+ (mg L–1) 27,800 29,100 24,600
Ca2+ (mg L–1) 1,760 1,660 2,040
Mg2+ (mg L–1) 186 215 260
Ba2+/Sr2+ (mg L–1) 2,070 1,520 1,680
Cl– (mg L–1) 47,700 48,900 49,100
SO4

2– (mg L–1) 0.00 5.23 39.0
HCO3

– (mg L–1) 527 517 361
Total salinity (mg L–1) 80,100 81,900 82,000
Water type CaCl2 CaCl2 CaCl2
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shown in Fig. 9b. CaCO3 particles flow in the straight pipe 
by inertial force, drag force, gravity, buoyancy, Basset force, 
Magnus lift force, Saffman lift force, and the adsorption 
effect of the wall, CaCO3 particle aggregation. But the larger 
the scouring action of fluid in a pipe, and will take away the 
CaCO3 particles, leading to the content of CaCO3 at the cen-
ter of the pipe is far more than the wall in content.

4.2.2. Horizontal elbows

Before examining the effect of factors, case 22 is 
selected as a standard case of horizontal elbows to make 
comparisons with other cases. Fig. 10a indicates the veloc-
ity distribution nephogram. The velocity in the straight 
pipe section of the elbow reduces uniformly. However, 
the inner wall surface of the inlet of the elbow forms a 
high-speed area. The velocity of the lateral wall slightly 
decreases. When the fluid enters the elbow, due to the effect 
of centrifugal force, most of the fluid will be transferred to 
the outside of the elbow, resulting in lower lateral veloc-
ity and radial velocity gradient. A low-speed area forms 
near the inner wall of the exit when the fluid flows out of the  
elbow.

CaCO3 particles are not present at the entrance of the 
straight pipe section, but a part of CaCO3 particles gen-
erates along with the fluid flow, shown in Fig. 10b. Some 
CaCO3 particles also deposit on the wall due to the adsorp-
tion effect of the wall. In the vicinity of the inner wall near 
the exit of the elbow (low-speed area), CaCO3 high concen-
tration area appears. Finally, the mass fraction of CaCO3 is 
2.957 × 10–8. The scaling mass in the elbow of the same length 
is more than the straight pipe section. The chemical reac-
tion rate and disposition probability will increase with the 
change of the track of scale-forming cation and scale-forming 
anion. The deposition probability reached 8.76%. The actual 
mass fraction of CaCO3 deposition is 2.590 × 10–9, which is 
more than the straight pipe.

4.3. Model validation and adaptability analysis

The experiment items measured the actual thickness 
of the scale layer and demonstrated the reliability of the 
CFD-SRCM [44]. A removable 40 cm long straight pipe 
and a horizontal elbow in which radius is 210 mm with 
the specification of DN100 was installed. The pipe seg-
ment operated for 218 d from October 31, 2015, to June 5, 

Table 4
Results of the samples ion product constant and solution product constant

Sample 1 2 3

Ionization product of CaCO3 3.863 × 10–5 3.577 × 10–4 3.068 × 10–4

Ksp of CaCO3 2.8 × 10–9 2.8 × 10–9 2.8 × 10–9

Ionization product of CaSO4 0 2.26 × 10–6 2.07 × 10–5

Ksp of CaSO4 9.1 × 10–6 9.1 × 10–6 9.1 × 10–6

Ionization product of BaSO4 0 6.04 × 10–7 4.98 × 10–6

Ksp of BaSO4 1.1 × 10–10 1.1 × 10–10 1.1 × 10–10

Table 5
Mass of scaling at different temperatures (196 h)

Temperature (K) 303.15 313.15 323.15 333.15 343.15 353.15

Sample 1 (mg L–1) 2.312 4.303 5.264 6.041 6.750 7.442
Sample 2 (mg L–1) 0.007 2.481 3.842 4.279 5.708 6.393
Sample 3 (mg L–1) 0.009 2.509 3.960 4.723 5.797 7.812

Table 6
Reaction rate constant

Sample 1 2 3

Ca2+ (mg L–1) 1,760 1,660 2,040
HCO3

– (mg L–1) 527 517 361
Temperature (K) 343.15 333.15 343.15 333.15 343.15 333.15
Amount of scale (mg L–1) 6.750 6.041 5.708 4.279 5.797 4.723
1010 r (mol L–1 s–1) 0.9566 0.8562 0.8090 0.6060 0.8216 0.6694
104 C (L2 mol–2 s–1) 3.209 2.872 2.714 2.034 4.600 3.747
A 1.319 × 1040 7.194 × 1024 1.673 × 1032

Β –12.826 –6.835 –9.650
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2016. The metal pipe sections disassembled to observe the 
scaling phenomenon of the inner wall. There are apparent 
scaling phenomena in the inner wall of the pipeline, such 
as the lining of a uniform layer of silvery-white scale. The 
scale thickness of the straight pipe section is 1.5 to 1.8 mm. 

In particular, the scale thickness of the horizontal elbow 
can achieve 6.5 to 6.7 mm, shown in Fig. 11b. Calculated 
by Eqs. (19)–(22), the scale thickness of the straight pipe is 
1.46 mm, and the scale thickness of the horizontal elbow 
is 6.20 mm when the bending radius is 210 mm, shown 
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Fig. 7. Station A scale (a) surface microstructure and (b) X-ray diffraction pattern.
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Fig. 8. Distribution nephogram of (a) temperature (unit: K) and (b) velocity (unit: m s–1).
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in Table 9. It leads to a decrease in the flow area to a cer-
tain extent. The comparison shows that the numerical 
simulation results are consistent with the actual situation. 
However, the numerical simulation only considers sin-
gle-phase flow, and the flow velocity is unstable in actual 
pipeline operation, so there is a particular deviation in the 
calculation results. The relative difference between the real 
scale rate and the calculated value is in the range of 2.7% 
to 18.9%. Therefore, CFD-SRCM can accurately predict the 
scaling rate of CaCO3 in wet-gas pipes.

The simulation of the external pipe of station A and 
station B can further analyze the adaptability of CFD-
SRCM. The specifications of these two pipelines are DN150. 
The actual internal diameter is 146 mm, and the outer 
diameter is 168 mm. The lengths of the external pipe of 
the station A and station B are 6.11 and 7.88 km. The actual 
operating parameters and CFD-SRCM can calculate the 

scale rates of CaCO3. The actual mass fraction of CaCO3 
deposition in the station A is 4.8327 × 10–8, which sta-
tion B is 4.3027 × 10–8. Both deposition probabilities are 
1.008%. Therefore, the exact deposition amount of CaCO3 
in the station A is 4.871 × 10–10, and which in the station 
B is 4.337 × 10–10. The scaling amount of the external pipe 
can be obtained by Eqs. (21) and (22), shown in Table 10.

Two industrial cases forecast the scaling rates. The 
station A pipeline is conducted on October 20, 2015, dis-
tance pigging operation last 160 d. The thickness of the 
scale layer is from 0.8 to 0.9 mm, and the model predicts 
that the scale thickness is 0.56 mm. The station B pipeline 
is conducted on August 24, 2015, distance pigging oper-
ation last 226 d. The ply of the scale layer is from 1.0 to 
1.2 mm, and the model predicts that the scale thickness is 
0.70 mm. The anticipated results are in good agreement 
with the actual situation. Therefore, CFD-SRCM is highly 
adaptable to other pipelines.

4.4. Effect of factors

4.4.1. Straight pipe

Under the temperature condition of the station A, the 
actual CaCO3 deposition increases with the increase of 
temperature and growth quickly [22,35]. On the one hand, 
the solubility of CaCO3 decreases with the rise in tempera-
ture, causing a large amount of CaCO3 suspended parti-
cles in the fluid. On the other hand, the chemical reaction 
(Eq. (2)) is the exothermic reaction. The chemical reac-
tion equilibrium will move in the direction of the generate 
CaCO3 with the increase of temperature, further promoting 

(a)                                                (b)

Fig. 10. Distribution nephogram of (a) velocity (unit: m s–1) and (b) CaCO3 mass fraction when the bending radius is 210 mm.

Table 7
Result of the high-temperature weightless method

Temperature (K) Weight reduction (%) Reduced substance

378.15 6.89 Free water
823.15 15.72 Organic matter, crystal water, bound water
1,223.15 29.34 Decomposition of inorganic matter such as carbonate and oxide

Table 8
Result of EDS

Element wt. (%) at. (%)

O 52.04 63.81
S 0.91 0.56
Ca 34.35 16.85
C 10.92 17.85
Fe 0.66 0.23
Mg 0.31 0.25
Cl 0.81 0.45
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the deposition of CaCO3 particles. Therefore, the temperature 
has a significant influence on the scaling rate.

Fig. 12b presents the concentration of scale ions is 
changed to n times; the actual deposition of CaCO3 is about 
n times. Further, the curve is fitted by ORIGIN software to 
obtain the equation of the curve:

ωws si= −6 14066 0 06245. .c  (26)

where ωws is the CaCO3 mass score of deposition, csi is the 
concentration of scale ions.

The concentration of scale ions is roughly linear function 
relation with the generated CaCO3 mass fraction, but the 

Table 9
Scaling of each local component

Local components Temperature (K) Inlet velocity (m s–1) Scale amount (mg h–1) Scale thickness (mm)

Straight pipe 343.15 2.5 2.259 1.46
Horizontal elbow (210 mm) 343.15 2.5 9.585 6.20

Table 10
Scaling amount of the external pipe

Station Temperature (K) Inlet velocity (m s–1) Scale amount (mg h–1) Scale thickness (mm) Daily scale amount (kg)

A 303.15 1.5 0.9014 1.74 × 10–3 0.0881
B 303.15 1.5 0.8025 1.55 × 10–3 0.1012

(a)                                             (b)

(c)                                              (d)

Fig. 11. Scaling phenomena of (a) the horizontal elbow, (b) the straight pipe, and the external pipeline of (c) the station A, and (d) the 
station B.
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slope is more than 6.105. As the concentration of scale ions 
increases, the chemical reaction will move to the right to pro-
mote the formation of scale.

Fig. 12c displays the particle diameter in the DPM model 
is independent of the CaCO3 mass fraction of the precipita-
tion because of the CaCO3 particles in the model generated 
by a chemical reaction rather than injected by the DPM model 
through the entrance.

The deposition of CaCO3 decreases with the increase of 
inlet velocity and the downward trend reduces, shown in 
Fig. 12d. The larger the inlet velocity, the higher the carrying 
capacity of the fluid in the pipeline to CaCO3 particles, and 
the more likely to wash the deposited CaCO3 particles.

4.4.2. Horizontal elbows

The relationship between the deposition quantity in the 
horizontal elbow and the straight pipeline can analyzes from 
the perspective of hydrodynamics by CFD-SRCM. The influ-
ence rule is similar to the straight pipe. But the scaling rate 
of CaCO3 in the horizontal elbow is higher than the straight 
pipe due to the collide probability of scale ions increases 
when the fluid moves to the elbow. The chemical reaction is 
natural to occur, and CaCO3 particles generate.

Fig. 13 displays the velocity gradient, and the range of 
low-speed area decreases with the growth of the bending 
radius. With the increase of bending radius, the mass frac-
tion and the deposition probability of CaCO3 in the pipeline 
gradually increases due to CaCO3 particles have a smaller 
velocity gradient when they are moving in the bigger bend-
ing of the elbow, as shown in Fig. 14. The erosion effect of the 
fluid on the lateral deposition of CaCO3 particles decreased, 
which increased the deposition probability of CaCO3 
particles on the wall. The migration time of CaCO3 particles 
in the elbow increases and the actual deposition amount 
will increase correspondingly.

5. Conclusion

The scaling rate rules of produced water are mainly 
from the perspective of thermodynamics, without consid-
ering the hydrodynamic factors. Therefore, CFD-SRCM 
considering both thermodynamic and hydrodynamic is 
established to predict the scaling rate of the wet-gas pipes 
based on experimental research, theoretical analysis, and 
numerical simulation. Main understandings are as follows:

• Experiments show that the water samples contained 
higher concentrations of scale ions; these included Ca2+, 

300 310 320 330 340 350
0

1

2

3

4

5

6

7

Th
e 

m
as

s f
ra

ct
io

n 
of

 C
aC

O
3 d

ep
os

ite
d/

10
-1

0

Temperature/K

 The mass fraction of CaCO3 deposited

0.0

0.5

1.0

1.5
 Deposition probability

D
eposition probability/%

0 2 4 6 8 10
0

10

20

30

40

50

60

70
 The mass fraction of CaCO3 deposited
 Fitting curve

Th
e 

m
as

s f
ra

ct
io

n 
of

 C
aC

O
3 d

ep
os

ite
d/

10
-1

0

D
eposition probability/%

Concentration / Multiplier

0.0

0.5

1.0

1.5

2.0

Deposition probability

(a)                                                  (b)

0 2 4 6 8 10
4

5

6

7

8

Th
e 

m
as

s f
ra

ct
io

n 
of

 C
aC

O
3 d

ep
os

ite
d/

10
-1

0

Particle diameter/�m

 The mass fraction of CaCO3 deposited

0.50

0.75

1.00

1.25

1.50
 Deposition probability

D
eposition probability/%

1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

5

10

15

20

Th
e 

m
as

s f
ra

ct
io

n 
of

 C
aC

O
3 d

ep
os

ite
d/

10
-1

0

Velocity/(m/s)

 The mass fraction of CaCO3 deposited

0.0

0.5

1.0

1.5

2.0
 Deposition probability

D
eposition probability/%

(c)                                                  (d)

Fig. 12. Influence rule curve of (a) temperature, (b) scale ion concentration, (c) particle size, and (d) inlet velocity on deposition 
quantity and deposition probability of CaCO3.
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(a)                                           (b)

(c)                                           (d)

Fig. 13. Distribution nephogram of velocity (m s–1) and CaCO3 mass fraction when the bending radii are 315 mm (a and b) and 525 mm 
(c and d).
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Mg2+, Ba2+, Sr2+ cations, and HCO3
–, SO4

2– anions. The main 
composition of the scale is CaCO3, containing a small 
amount of corrosion. The two key parameters, A and β, 
fit from the mass of scaling at different temperatures.

• Scale deposition mechanism of the CaCO3 scale in the 
wet-gas pipe is the formation of CaCO3 particles through 
the chemical reaction, crystallization, precipitation, and 
deposition.

• CFD-SRCM can simulate the scale formation and depo-
sition process, and quickly and accurately predict the 
scaling rate in straight pipes and horizontal elbows. The 
experiment items study for wet-gas pipelines demon-
strates CFD-SRCM. The relative deviation between the 
actual scale rate and the calculated value is in the range 
of 2.7% to 18.9%. Two industrial cases attest that CFD-
SRCM owns highly adaptable to other pipelines.

• Scaling rate of CaCO3 increases with the growth of tem-
perature, scale ion concentration, and bending radius 
while the inlet velocity is the opposite. And it is indepen-
dent of the setting CaCO3 particle diameter. The effects of 
the straight pipe and the horizontal elbows parameters 
further demonstrates CFD-SRCM.

The model represents a highly promising new way 
method for predictive monitoring of scaling. CFD-SRCM can 
quickly and accurately predict the scaling rate of CaCO3 in 
wet-gas pipes. This allows early detection of acute deposition 
periods and early diagnosis of the likely causes and supports 
remedial decision making.

Symbols

A — Exponential factor
Aface — Projected area of scale particles on the wall

2Ca
c + — Ca2+ ion concentration, mol L–1

c
HCO3

−  — HCO3
– ion concentration, mol L–1

C — Reaction rate constant, L2 mol–2 s–1

CD — Drag coefficient
Cf — Forward reaction rate constant
Cp — Specific heat capacity, J kg–1 K–1

csi — Concentration of scale ions
din — Diameter of pipe inlet surface, m
dp — Diameter of particle
E — Activation energy, 46,600 J mol–1

g — Gravitational acceleration, m s–2

Gk —  Turbulent kinetic energy caused by the mean 
velocity gradient

k — Conduction coefficient
l — Thickness of the scale layer, mm
m — Mass
mds — daily scale amount of CaCO3, mg h–1

mf — Actual deposition of CaCO3 mass fraction
mp — Resulting CaCO3 mass fraction
mpv — CaCO3 particle mass flow velocity, kg s–1

MCaCO3
 — Molecular mass of CaCO3, 100 g mol–1

Mp — Particle mass
N — Number of particles
p — Pressure
r — Reaction rate, mol L–1 s–1

R — Gas constant, 8.314 J mol–1 K–1

Re — Reynolds number

SM — Source term of the mass equation
SMO — Source term of momentum equation
SE — Source term of the energy equation
t — Time, d
T — Temperature, K
u — Velocity, m s–1

vd — Deposition rate
vr — Denudation rate
x — Length

Greek

α — Impact angle of particles on the wall surface
β — Temperature index
γ — Prandtl number
ρL — Density of fluid, 1.028 g cm–3

ρp — Scale particles density, 2.71 g cm–3

η — CaCO3 particle volume concentration
ε — Energy dissipation rate
∆t — Time interval, s
μ — Hydrodynamic viscosity, Pa s
φdep — Probability of particles deposition
ωws — CaCO3 mass score of deposition

Subscripts

eff — Effective
E — Energy
i — Average component in i direction
ip — Pulsation component in i direction
in — Inlet
j — Average component in j direction
jp — Pulsation component in j direction
k — Equation k
M — Mass
MO — Momentum
p — Particle
run — Pipeline running
trap —  Captured (deposited) by the wall of the 

pipeline
escape — Escaped from the exit
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