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ORIGINAL ARTICLE 

 
RESUMO 

 
This study presents, for the first time in the literature, a numerical investigation of the dispersion 
of a scale inhibitor, which uses monoethylene glycol (MEG) as a solvent, injected into oil-
production pipelines operating under oil–water core-annular flow conditions. The proposed 
methodology combines 1D simulations with 3D simulations. The prediction of flow conditions 
such as pressure, temperature, holdup, and flow pattern profiles throughout the production line 
was performed using the transient 1D multiphase flow simulator ALFAsim. The results of the 1D 
simulation were used as boundary conditions for 3D simulations performed in ANSYS Fluent to 
characterize the local multiphase flow near the Chemical Injection Valve (CIV). Four injection 
scenarios were evaluated based on nominal manufacturer rates and real field-measured rates. The 
simulations reveal that the injected inhibitor remains confined to the water layer throughout the 
domain. Near the injection region, its concentration exhibits noticeable spatial variability. 
Although local fluctuations in the actual flow-rate profiles modify the inhibitor mass-fraction 
patterns, these variations do not produce meaningful changes in the overall concentration levels 
along the pipeline. The findings support the design of more effective injection strategies. 
 
Keywords: Core annular flow; flow assurance; multiphase flow; numerical simulation; scale 
inhibitor.  
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1 INTRODUCTION 

Oil and gas production systems frequently operate under multiphase flow conditions in which oil, 
water, gas, and occasionally solid particles can coexist and interact within the same pipeline. These 
flows exhibit strong phase coupling, the presence of moving interfaces, and significant spatial 
variations in physical properties, making their prediction a central challenge in flow assurance 
engineering [1–4]. In offshore environments, particularly in deepwater and ultra-deepwater fields 
such as those found in Brazil, the complexity of production systems increases substantially due to 
long tiebacks, harsh thermodynamic conditions, and the high cost of operational interventions [5–
7]. 
Among the various flow assurance issues encountered in subsea production systems, such as 
paraffin deposition, hydrate formation, asphaltene precipitation, corrosion, and sand production, 
inorganic scale deposition stands out as one of the leading causes of well and pipeline blockage 
[8–10]. Scale formation typically results from changes in pressure, temperature, salinity, or pH as 
the produced fluid flows through the production system. When the solubility of inorganic salts 
(e.g., CaCO3, BaSO4, SrSO4) is exceeded, supersaturation, nucleation, agglomeration, and 
subsequent crystal growth take place, leading to the progressive deposition of mineral layers on 
internal surfaces [11]. Over time, these deposits reduce the effective flow area, increase pressure 
losses, impair operational reliability, and may ultimately interrupt production. 
Chemical injection of scale inhibitors is one of the most widely adopted mitigation strategies due 
to its efficiency, relatively low cost, and applicability to a wide range of operational conditions 
[12, 13]. Many commercial inhibitors are hydrophilic and are injected into the aqueous phase 
through Chemical Injection Valves (CIVs). Monoethylene glycol (MEG), commonly employed as 
a hydrate inhibitor and corrosion-mitigation agent, is often used as a solvent for these products 
[14–16]. However, the effectiveness of these treatments depends strongly on how the injected 
chemical disperses within the multiphase flow. Incorrect injection rates or unfavorable transport 
conditions may reduce inhibitor availability in critical regions, enabling the recurrence of scale 
deposition [9, 17].  
Understanding the distribution and transport of scale inhibitors within multiphase and 
multicomponent flows is therefore essential for designing robust chemical injection strategies. 
Both experimental studies [18–21] and numerical approaches [22–24] have been employed to 
investigate behavior under different flow conditions. Recent advances in Computational Fluid 
Dynamics (CFD) have enabled detailed 3D simulations of multiphase flows using approaches such 
as the Volume of Fluid (VOF) method [25–27]. These high-fidelity models provide valuable 
insights into the phase distribution, interfacial behavior, and species transport that cannot be 
captured by 1D mechanistic models or empirical correlations. In oil pipelines operating under 
annular oil-water flow regimes [28], common in deepwater risers, the aqueous phase travels near 
the pipe wall, and therefore governs the transport of hydrophilic inhibitors. For this reason, 
analyzing the coupling between multiphase hydrodynamics and species dispersion is critical for 
understanding inhibitor concentration profiles along the line [29, 30]. 
Combined 1D–3D workflows further enhance predictive capability in chemical-injection studies. 
1D transient multiphase flow simulators, such as ALFAsim [31], LedaFlow [32] and OLGA [33], 
efficiently capture the global hydrodynamic and thermodynamic conditions along long offshore 
pipelines, including pressure profiles, temperature gradients, and flow-pattern evolution. These 
large-scale predictions provide the boundary and operating conditions required to initialize high-
fidelity 3D CFD models. In turn, 3D simulations resolve the local mixing processes, interfacial 
dynamics, and species-transport mechanisms in the immediate vicinity of the injection point. This 
integrated approach has been increasingly adopted in recent flow-assurance investigations. Rosa 
et al. [34], for example, evaluated chemical-injection strategies for wax-control in unconventional 
wells, emphasizing the importance of accurately capturing local dispersion and phase interactions 
to ensure adequate inhibitor availability throughout the system.  
Integrated 1D–3D methodologies have been applied to problems such as slug hydrodynamics, wax 
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transport, and chemical-injection optimization under offshore conditions [35–38]. Although these 
studies demonstrate the value of coupling system-scale and near-field simulations, most existing 
investigations remain centered on thermal–hydraulic behavior or on wax-mitigation chemistry. In 
oil-water flows operating in annular or core-annular regimes, the transport of hydrophilic scale 
inhibitors depends strongly on the local distribution of the aqueous phase. Yet, detailed analyses 
addressing scaling mitigation through chemical injection in such flow patterns are scarce [11, 39, 
40]. This gap motivates the development of coupled 1D–3D numerical frameworks capable of 
quantifying local dispersion mechanisms and improving the design of chemical-injection strategies 
for scale control in offshore production pipelines. 
In this context, the present work investigates the dispersion of a scale inhibitor (MEG-based 
solution) injected into an oil-production pipeline operating under oil–water annular two-phase 
flow. The study integrates 1D simulations (ALFAsim) to establish global operating conditions and 
high-resolution 3D CFD simulations (ANSYS Fluent [41]) to characterize local multiphase and 
multicomponent flow behavior near the injection point. Four injection scenarios are analyzed, each 
defined by nominal injection rates specified by the valve manufacturer and their corresponding 
real measured values. The objective is to evaluate how flow regimes, phase distribution, and 
injection rates affect the transport and mixing of the inhibitor. 
The results provide insights into the spatial distribution of inhibitor concentration, highlighting the 
confinement of the chemical within the aqueous phase and its progressive homogenization along 
the pipe length. These findings contribute to improving chemical-injection practices and 
supporting the design of more effective flow-assurance strategies in offshore oil production 
systems. 
 

2 METHODOLOGY 

This work employs an integrated 1D–3D numerical framework to evaluate the dispersion of a scale 
inhibitor injected into an oil–water core-annular flow representative of deepwater production 
conditions. The methodology combines a one-dimensional simulator, used to compute system- 
scale operational profiles along the entire pipeline, and a high-fidelity 3D CFD simulator, used to 
resolve near-field mixing, species transport, and inhibitor distribution in the vicinity of the 
Chemical Injection Valve (CIV). All simulations were carried out using ALFAsim [31] and AN- 
SYS Fluent [41]. The combined use of the two software programs is outlined in Fig. 1. 
 

 
Figure 1: Methodology outline for simulation. 

 
In the cases examined in this study, the inhibitor formulation contains less than 10% (by mass) of 
the active component, while the remaining fraction is predominantly monoethylene glycol (MEG), 
which acts as the solvent. Since the numerical simulations focus on the hydrodynamic behavior 
and transport of the injected fluid along the pipeline (rather than chemical reactions), the physical 
and thermodynamic properties of pure MEG were assumed to represent those of the injected 
inhibitor solution. This assumption provides a simplified yet adequate approach for modeling 
purposes. 
 

2.1 1D MODEL (ALFASIM) 



Periódicos Brasil. Pesquisa Científica 

Volume 5, Issue 3 (2026), Page 2845-2864. 

NUMERICAL EVALUATION OF SCALE-INHIBITOR DISTRIBUTION IN ANNULAR TWO-PHASE 

FLOW FOR AN OFFSHORE PRODUCTION PIPELINE 

Melo et. al. 

 

 

The 1D simulations were carried out using the commercial multiphase-flow simulator ALFAsim 
(version 2024.3.1) [31]. In this step, the production line is modeled with a multi-field formulation 
(Multi-Field Model), in which each physical phase may be represented by a continuous and a 
dispersed field [42, 43]. For each field 𝑘, the mass conservation equation can be written as 
 ∂(𝛼𝑘𝜌𝑘)∂𝑡 + ∂(𝛼𝑘𝜌𝑘𝑢𝑘)∂𝑥 = ∑ Γ𝑘,𝑠𝑁sources𝑠=1   (1) 

where 𝛼𝑘 is the volume fraction, 𝜌𝑘 the density, 𝑢𝑘  the axial velocity of field 𝑘, and Γ𝑘,𝑠 denotes 
the mass source term. 
The corresponding momentum balance for field 𝑘 is expressed as 
 ∂(𝛼𝑘𝜌𝑘𝑢𝑘)∂𝑡 + ∂(𝐶𝑘𝛼𝑘𝜌𝑘𝑢𝑘2)∂𝑥 = −𝛼𝑘 ∂𝑝𝑘∂𝑥 + 𝛼𝑘𝜌𝑘𝑔sin 𝜃 + (𝑝𝑘𝑖 − 𝑝𝑘) ∂𝛼𝑘∂𝑥  + 𝜏𝑤𝑘𝑆𝑤𝑘𝐴 + 𝜏𝑖𝑆𝑖𝐴 ± 𝐹𝑘𝑣𝑚 + 𝐹𝑘𝑑𝑟𝑎𝑔 + ∑ Γ𝑘,𝑠𝑁sources𝑠=1  𝑢̄𝑘,𝑠  

(2) 

where 𝜃 is the inclination angle, 𝐴 is the cross-sectional area, 𝑝𝑘 is the field pressure, 𝑝𝑘𝑖 is the 
interfacial pressure, 𝜏𝑤𝑘 and 𝜏𝑖 are wall and interfacial shear stresses, 𝑆𝑤𝑘 and 𝑆𝑖 are wetted 
perimeters, 𝐶𝑘 is the velocity-distribution parameter, and 𝐹𝑘𝑣𝑚 and  𝐹𝑘𝑑𝑟𝑎𝑔 represent additional 
volumetric and drag forces. 
For the energy balance, a global mixture equation is adopted: 
 ∂∂𝑡 (∑ 𝛼𝑘𝑘 𝜌𝑘 [ℎ𝑘+ 𝑢𝑘22 ]) + ∂∂𝑥 (∑ 𝛼𝑘𝑘 𝜌𝑘𝑢𝑘 [ℎ𝑘+ 𝑢𝑘22 ]) = ∂𝑝∂𝑡 + ∑ 𝛼𝑘𝑘 𝜌𝑘𝑢𝑘𝑔sin 𝜃 + 𝑄̇source + 𝑄̇wall  

(3) 

 

2.2 3D MODEL (ANSYS FLUENT) 

The 3D simulations were conducted in transient regime using ANSYS Fluent 2024 R1 [41], 
considering a turbulent, incompressible, non-isothermal, and multicomponent two-phase flow 
representative of offshore oil production. 
The Eulerian Volume of Fluid (VOF) method [25] was employed to capture the interface between 
immiscible liquids. The phase volume fraction 𝛼𝑘 satisfies: 
 1𝜌 [ ∂∂𝑡 (𝛼𝑘𝜌𝑘) + ∇ ⋅ (𝛼𝑘𝜌𝑘𝑣⃗𝑘)] = 𝑆𝛼𝑘 + ∑ (𝑛𝑞=1 𝑚̇𝑞𝑘 − 𝑚̇𝑘𝑞)      (4) 

where 𝜌 is the mixture density and 𝑣⃗𝑘  is the phase velocity. 
The mixture momentum equation is 

 
∂∂𝑡 (𝜌𝑣⃗) + ∇ ⋅ (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + ∇ ⋅ [𝜇(∇𝑣⃗ + ∇𝑣⃗𝑇) − 23 (∇ ⋅ 𝑣⃗)𝐼]   +𝜌𝑔⃗ + 𝐹⃗  

  (5) 

where 𝐹⃗ includes surface-tension effects. 
Energy conservation is written as ∂∂𝑡 (𝜌𝐸) + ∇ ⋅ [𝑣⃗(𝜌𝐸 + 𝑝)] = ∇ ⋅ (𝑘eff∇𝑇 − ∑ ∑ ℎ𝑗,𝑘𝑗𝑘 𝐽𝑗,𝑘 + 𝜏̄eff𝑣⃗) + 𝑆ℎ  (6) 

Surface tension was modeled by the CSF approach [44]: 
 𝐹vol = ∑ 𝜎𝑞𝑘𝑞<𝑘 𝛼𝑞𝜌𝑞𝜅𝑘∇𝛼𝑘+𝛼𝑘𝜌𝑘𝜅𝑞∇𝛼𝑞0.5(𝜌𝑞+𝜌𝑘)   (7) 

The VOF formulation was solved implicitly. Interface reconstruction was performed using a 
second-order compressive scheme to preserve interface sharpness and reduce numerical diffusion 
along the phase boundary. 
Species transport was modeled using the non-reacting multicomponent formulation [41]: 
 ∂∂𝑡 (𝜌𝑘𝛼𝑘𝑌𝑖𝑘) + ∇ ⋅ (𝜌𝑘𝛼𝑘𝑣⃗𝑘𝑌𝑖𝑘) = −∇ ⋅ (𝛼𝑘𝐽𝑖𝑘) + 𝛼𝑘𝑅𝑖𝑘 + 𝛼𝑘𝑆𝑖𝑘 +∑ 𝑚̇𝑞𝑖𝑘𝑗𝑛𝑞=1 + 𝑅  

(8) 

with diffusive flux 
 𝐽𝑖,𝑘 = − (𝜌𝐷𝑖𝑘,𝑚+ 𝜇𝑡𝑆𝑐𝑡) ∇𝑌𝑖𝑘 − 𝐷𝑇,𝑖𝑘 ∇𝑇𝑇   (9) 



Periódicos Brasil. Pesquisa Científica 

Volume 5, Issue 3 (2026), Page 2845-2864. 

NUMERICAL EVALUATION OF SCALE-INHIBITOR DISTRIBUTION IN ANNULAR TWO-PHASE 

FLOW FOR AN OFFSHORE PRODUCTION PIPELINE 

Melo et. al. 

 

 

Turbulence closure was provided by the standard 𝑘-𝜀 RANS model [45] with enhanced wall 
treatment [46,47]. 
 

2.3 NUMERICAL STRATEGIES 

The 1D simulation was performed in steady state using ALFAsim’s default numerical settings. 
The 3D simulations used a pressure-based solver with SIMPLEC [48] for pressure–velocity 
coupling. Gradients were computed using the Least Squares Cell-Based method. Pressure 
interpolation used PRESTO! [41]. Momentum, turbulence variables, energy, and species transport 
employed Second-Order Upwind discretization. The volume fraction equation used a compressive 
scheme. The transient formulation was implicit. 
Convergence per time step was monitored by absolute residuals, requiring 10−3 for mass, 
momentum, turbulence variables, volume fraction, and species; and 10−6 for energy, or a 
maximum of 10 iterations per time step [41]. 
The time step Δ𝑡 followed the stability criteria proposed by [49], combining advective and 
diffusive limits. A grid-convergence study using the Grid Convergence Index (GCI) was 
conducted following [50,51]. 
For initialization, turbulence quantities were estimated as [52,53] 
 𝑘 = 32 (𝑈𝐼)2  (10) 

 𝜀 = 𝐶𝜇3/4 𝑘3/2𝐿   (11) 

with 𝐶𝜇 = 0.09. 
A control-volume region corresponding to the expected oil core was used to generate a pathline-
based initialization to ensure a fully developed annular pattern at the beginning of the transient 
simulation. 
 

2.4 DESCRIPTION OF THE CASES 

The analyzed production line includes a well and riser, as shown in Fig. 2. The CIV is located at a 
height of 277.7 m from the start of the well. The well is vertical with a length of 3,539 m, while 
the riser has a vertical projection of 2,015 m and a horizontal projection of 5,000 m, resulting in a 
total line length of 9,956.8 m. The internal pipe diameter is 4.7 in. The inhibitor inlet diameter is 1.01 × 10−2 m, corresponding to the CIV orifice installed in the Chemical Injection Mandrel 
(CIM). 

 
Figure 2: Flow line. 

 
The production system is divided into two main sections: (i) the well, extending from the 
perforated region through the CIM and the Gas-Lift Mandrel (GLM) up to the Subsea Christmas 
Tree (SCT); and (ii) the riser, spanning from the SCT to the Floating Production Storage and 
Offloading unit (FPSO), as illustrated in Fig. 2. 
The entire production line is represented in the 1D model. A uniform pipe roughness of 4.57 ×10−5 m is considered. The operating scenario corresponds to an oil flow rate of 1,146.6 m3/d, a 
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water flow rate of 770.33 sm3/d, and a gas–oil ratio at the bubble point of 243. Under standard 
conditions, the oil and water densities are set to 891.67 kg/m³ and 1,001 kg/m³ respectively. The 
1D simulation is performed in steady state to provide boundary/initial conditions for the 3D 
analysis. 
The 3D CFD domain corresponds to a representative 45.3 m section downstream of the CIV, where 
the aqueous phase occupies the wall region and the oil phase flows in the core (Fig. 3). 
 

 
Figure 3: Schematic profile (not to scale) of the pipeline section analyzed. 

 
To ensure consistency between global and local models, inlet pressure, flow rate, phase fractions, 
flow patterns, and fluid properties were obtained from the ALFAsim solution. The inhibitor enters 
through the CIV orifice, with prescribed species mass fraction at the injection inlet. 
Twelve simulations were performed, corresponding to four opening percentages of two GIC 
models, identified in this study as V1 and V2. For each opening, three injection conditions were 
evaluated: (i) the nominal dosage rate specified by the manufacturer and (ii) two actual operating 
rates obtained from field measurements for each of the GICs considered. 
The nominal and real injection flow rates were grouped into four cases (Figs. 4–7): 
• Case 1 – Nominal flow rate 01 (2 L/h): 6.18 × 10−4 kg/s, and real flow rates: 
 

 
Figure 4: Case 1 – Real flow rates. 

 
• Case 2 – Nominal flow rate 02 (5 L/h): 1.54 × 10−3 kg/s, and real flow rates: 
 

 
Figure 5: Case 2 – Real flow rates. 
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• Case 3 – Nominal flow rate 03 (10 L/h): 3.09 × 10−3 kg/s, and real flow rates: 
 

 
Figure 6: Case 3 – Real flow rates. 

 
• Case 4 – Nominal flow rate 04 (24 L/h): 7.42 × 10−3 kg/s, and real flow rates: 
 

 
Figure 7: Case 4 – Real flow rates. 

In all cases, the inhibitor was injected for 50 s of physical time, which was sufficient for the 
hydrodynamic and species fields to reach quasi-steady behavior at the monitored cross-sections. 
Therefore, the valve flow-rate plots were limited to 50 s. 
Table 1 presents the thermophysical properties used in the 3D simulations. 
  

Table 1: Thermophysical properties of the inhibitor, crude oil, formation water, and steel. 

Property Inhibitor Oil Water Steel 

Density [𝑘𝑔/𝑚3] 1111.4 872.253 992.858 8030 
Specific heat [𝐽/(𝑘𝑔 · 𝐾)] 2415 1932.53 4173.81 502.48 

Thermal conductivity [ 𝑊/(𝑚 · 𝐾)] 0.252 0.14055 0.631025 16.27 
Viscosity [𝑘𝑔/(𝑚 · 𝑠)] 0.0157 0.00915495 0.00064096 – 
Molecular weight [𝑔/𝑚𝑜𝑙] 62.0482 189.86 18.0152 – 
Standard-state enthalpy [𝐽/𝑘𝑔𝑚𝑜𝑙] 0 75778.2 –245186 – 
Reference temperature [𝐾] 298.15 353.15 353.15 – 

 
Gravitational acceleration was set to g = 9.81 m/s² in the 𝑦-direction. Operating pressure settings 
followed the fully submerged pipeline condition: the manometric outlet pressure (39.14 MPa) was 
defined as the operating pressure, and boundary pressures were specified relative to this value. 
Turbulence quantities at the oil and water inlets used the empirical turbulence intensity correlation 
[41]: 
 𝐼 = 0.16 Re−1/8  (12) 

Water and oil Reynolds numbers were estimated as Re𝑤 ≈ 162,833 and Re𝑜 ≈ 22,274 [54]. A 
turbulence intensity of 2% was prescribed for the inhibitor inlet; 5% was used at the outlet. 
 

3 RESULTS AND DISCUSSION 
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3.1 1D SIMULATION RESULTS 

This section presents the results obtained from the 1D simulations, which were performed to 
characterize the global hydrodynamic behavior of the production system and to provide 
boundary conditions for the 3D analyses. The Figure 8 are presented shows the pressure and 
temperature profiles, as well as flow patterns, obtained in the well. 
 

 
Figure 8: 1D simulation results in the well. 

 
The Figure 9 are presented shows the pressure and temperature profiles, as well as flow 
patterns, obtained in the riser. 

 
Figure 9: 1D simulation results in the riser. 

 
These results were used to obtain the boundary conditions presented in Sec. 3. 
As shown in Fig. 8, the flow pattern is annular throughout the well. In the riser (Fig. 9), due 
to the presence of horizontal and inclined sections, the flow pattern alternates between annular 
and stratified. 
 

3.2 GRID-CONVERGENCE STUDY 
A grid-convergence study was carried out using the Grid Convergence Index (GCI) 
methodology. Using the nominal flow rate 01 (2 L/h), the maximum, minimum, and mean 
values of the inhibitor mass fraction, expressed in parts per million (ppm), obtained for three 
meshes are shown in Fig. 10. The coarse mesh (Mesh 03) contains 3,094,668 cells, the 
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medium mesh (Mesh 02) contains 6,884,782 cells, and the fine mesh (Mesh 01) contains 
15,891,100 cells. 

 

 
Figure 10: Inhibitor mass fraction results for the three meshes used in the convergence study. 

 
Figure 10 indicates that the maximum and mean inhibitor mass fraction values predicted 
using Mesh 02 are very close to those obtained with Mesh 01. For some cross-sections, 
identical values were obtained, suggesting mesh-independent behavior for the variable of 
interest.  
Table 2 summarizes the main parameters and results of the GCI analysis [50]. 
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Table 2: Grid Convergence Index (GCI) parameters and results. 

Parameter Value Description 𝑁1 15,891,100 Number of cells (fine mesh) 𝑁2 6,884,782 Number of cells (medium mesh) 𝑁3 3,094,668 Number of cells (coarse mesh) 𝑟12 1.3216 Refinement ratio (medium → fine) 𝑟23 1.3054 Refinement ratio (coarse → medium) 𝑡sim,1 132h 05min Simulation time (fine mesh) 𝑡sim,2 62h 29min Simulation time (medium mesh) 𝑡sim,3 26h 49min Simulation time (coarse mesh) 𝜙1 3.0 × 10−4 Numerical solution (fine mesh) 𝜙2 1.0 × 10−4 Numerical solution (medium mesh) 𝜙3 3.0 × 10−4 Numerical solution (coarse mesh) 𝑝 3.9286 Apparent order of accuracy 𝜙ext 3.0 × 10−4 Richardson extrapolated solution 𝑒𝑎12 4.2504 Approx. relative error (medium → fine) 𝑒𝑎23 (%) 4.2504 Approx. relative error (coarse → medium) 𝑒ext
12 (%) 6.2526 Extrapolated rel. error (medium → fine) 𝑒ext
23(%) 6.2526 Extrapolated rel. error (coarse → medium) 𝐺𝐶𝐼12 (%) 2.6696 GCI (fine mesh) 𝐺𝐶𝐼23(%) 8.3370 GCI (medium mesh) 

AR 0.9575 Asymptotic range indicator (𝐴𝑅 ≈ 1) 
 

The results indicate that Mesh 02 satisfies the grid-convergence requirements. GCI12 = 
2.67% indicates a small difference between the two most refined meshes, while GCI23 = 
8.34% shows a larger discrepancy between coarse and medium meshes. AR is close to unity, 
supporting asymptotic convergence. Mesh 02 was selected for subsequent simulations due 
to its accuracy and reduced computational cost. 

 

3.3 CASE ANALYSIS 

The 3D simulations were grouped into four analysis cases, each corresponding to a 
nominal injection rate specified by the valve manufacturer and two associated real field-measured 
injection rates, totaling twelve simulations under fully developed core-annular flow. The 
discussion focuses on the flow field and inhibitor dispersion behavior at t = 50 s, when 
the monitored variables exhibited stable qualitative and quantitative responses. 
The Figure 11 presents a detailed visualization of the inhibitor mass fraction color maps 
in different cross-sections of the pipe in Case 1. In the figure, complete standardization of the 
color scales would significantly impair the visualization of regions with low MEG 
concentration. Therefore, individual scales were adopted in order to preserve the physical 
interpretation of the concentration gradients. 
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Figure 11: Distribution of the MEG mass fraction for Case 1 under the Nominal, Real 01, and Real 02 

flow rate conditions at different axial positions along the pipeline. 

 
Figure 12 shows the longitudinal evolution of the maximum, minimum, and average values 
of the inhibitor mass fraction in Case 1. 

 

 
Figure 12: Inhibitor mass fraction results for Case 1. 

 
The inhibitor remains confined to the aqueous annular layer, with higher concentrations near 
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the CIV and a locally heterogeneous distribution in the near-injection region. This 
behavior is associated with strong advective transport in the continuous water film and 
shear interaction with the oil core. Along the pipeline elevation, the concentration field 
becomes progressively more uniform, indicating the combined action of turbulent 
dispersion and stabilization of the annular regime. 
For the remaining cases (Cases 2–4), the analysis is presented in terms of maximum, 
minimum, and mean inhibitor mass fraction along the pipeline height. Figure 13 shows the 
longitudinal evolution of the maximum, minimum, and average values of the inhibitor mass 
fraction in Case 2. 
 

 
Figure 13: Inhibitor mass fraction results for Case 2. 

 
Figure 14 shows the longitudinal evolution of the maximum, minimum, and average values 
of the inhibitor mass fraction in Case 3. 

 

 
Figure 14: Inhibitor mass fraction results for Case 3. 

 
Figure 15 shows the longitudinal evolution of the maximum, minimum, and average values 
of the inhibitor mass fraction in Case 4. 
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Figure 15: Inhibitor mass fraction results for Case 4. 

 
In these cases, the numerical simulations carried out made it possible to observe that global 
trends are consistent with Case 1. The inhibitor is transported within the aqueous annulus, 
peaks near the CIV, and tends toward homogenization from approximately 30 m above the 
injection point as the flow stabilizes. 
Comparisons between nominal and real injection rates within each case show only small 
deviations of the same order of magnitude, without changes in the qualitative dispersion 
pattern. Moderate fluctuations in injected flow rate do not significantly affect inhibitor 
distribution along the aqueous annulus, indicating robustness under realistic operational 
variability. 
The stabilized mean inhibitor concentration (ppm) at each monitored cross-section increases 
proportionally with injection rate, indicating a direct relationship between these variables. In 
Case 1 (210 ppm nominal), stabilized mean values were 217 ppm (V1) and 208 ppm (V2). 
In Case 2 (280 ppm nominal), means were 295 ppm (V1) and 288 ppm (V2). In Case 3 
(408 ppm nominal), means were 410 ppm (V1) and 421 ppm (V2). In Case 4 (854 ppm 
nominal), stabilized means reached 864 ppm (V1) and 881 ppm (V2). Overall, both valves 
yielded comparable dispersion outcomes; V2 tended to slightly higher mean ppm at the 
highest injection rates, while V1 showed closer agreement with nominal values at 
intermediate cases. 

 

4 CONCLUSION 

This study proposes an integrated numerical strategy combining one-dimensional (1D) 
and three-dimensional (3D) simulations to investigate the injection and transport of a 
scale inhibitor in an offshore oil-production pipeline operating under core-annular flow 
conditions. The 1D simulations performed in ALFAsim provided global pressure and 
temperature profiles, as well as the prevailing flow pattern along the production line, 
allowing an efficient characterization of the large-scale operating conditions. These 
results were used to define consistent boundary conditions for the 3D CFD simulations 
carried out in ANSYS Fluent, enabling a detailed evaluation of the local hydrodynamics 
and the spatial distribution of the injected inhibitor in the region of greatest operational 
interest. 
The 3D results showed that the inhibitor remains confined to the aqueous annular layer 
for all injection rates evaluated, indicating that the continuous water phase acts as an 
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effective carrier. Advective transport was dominant, while molecular diffusion played a 
minor role and turbulent dispersion contributed to the radial and axial spreading of the 
inhibitor within the annular film. In the upstream portion of the domain, the concentration 
field exhibited local heterogeneity due to strong advection; however, from approximately 
30 m above the injection point, the concentration became progressively more uniform as 
the core-annular flow stabilized and turbulent mixing became more effective. 
The comparison between nominal and measured injection conditions revealed very similar 
inhibitor mass-fraction distributions, with only small deviations of the same order of 
magnitude. This indicates low sensitivity of dispersion to moderate injection-rate fluctuations, 
supporting robustness of the chemical-injection system under typical operational variability. 
From an applied perspective, the results provide guidance for flow-assurance planning and 
injection strategies, indicating that minor operational oscillations do not significantly 
compromise inhibitor delivery along the pipeline. 
Future developments will extend the framework by (i) simulating longer pipeline segments, 
(ii) evaluating additional flow patterns and operating conditions, (iii) applying machine-
learning techniques to build predictive surrogate models from CFD datasets, (iv) 
incorporating inorganic scale formation models at the wall to assess inhibitor performance 
under reactive conditions, and (v) analyzing additional flow-assurance scenarios. 
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