[image: image1]The deposition kinetics of barium sulphate scale: model development

		ORIGINAL RESEARCH
published: 30 June 2023
doi: 10.3389/fmats.2023.1198176


[image: image2]
The deposition kinetics of barium sulphate scale: model development
H. Rafiee, K. S. Sorbie* and E. J. Mackay
Institute of GeoEnergy Engineering (IGE), Heriot-Watt University, Edinburgh, United Kingdom
Edited by:
Souhail Youssef, IFP Energies Nouvelles (IFPEN), France
Reviewed by:
James David Kubicki, The University of Texas at El Paso, United States
Eugene Skouras, University of the Peloponnese, Greece
* Correspondence: K. S. Sorbie, k.sorbie@hw.ac.uk
Received: 31 March 2023
Accepted: 01 June 2023
Published: 30 June 2023
Citation: Rafiee H, Sorbie KS and Mackay EJ (2023) The deposition kinetics of barium sulphate scale: model development. Front. Mater. 10:1198176. doi: 10.3389/fmats.2023.1198176

The formation and deposition of mineral scales, such as barium sulphate (BaSO4) and calcium carbonate (CaCO3), is a common problem in many industrial and life science processes. This is caused by chemical incompatibility due either to the mixing of incompatible aqueous solutions or due to changes of the physical conditions, usually temperature and pressure. Many laboratory studies have been conducted using techniques broadly classified into batch and flowing tests to understand the reaction and mechanisms which occur in the initial stages of scale formation and its subsequent deposition on a solid surface. In this study we focused on the dynamic (kinetic) deposition of barium sulphate arising from the mixing of two incompatible brines, one containing barium (Ba2+) ions and other containing sulphate (SO42−) ions, suitably charged balanced by other inert anions and cations. The mechanism of barium sulphate (barite) deposition is often assumed to be a one-step reaction in which the ions in the bulk fluid directly deposit onto a surface. However, there is strong evidence in the literature that barium sulphate may deposit through an intermediary nanocrystalline phase which we refer to as BaSO4(aq) in this paper. This initial nucleation species or nanocrystalline material [BaSO4(aq)] may remain suspended in the aqueous system and hence may be transported through the system before it ultimately is deposited on a surface, possibly covered by a previously deposited barite coating. This does not preclude the direct deposition of barite on the surface which may indeed also occur. In this paper, we have formulated a barite formation/deposition model which includes both of these mechanisms noted above, i.e., i) barite formation in solution of a nanocrystalline precursor which may be transported and deposited at an interface and ii) the direct kinetic deposition of barite from the free ions in solution. When only the former mechanism applies (nanocrystal formation, transport and deposition) we refer to the model Model 1 and, when both mechanism occur together it is called Model 2. Although this is a fully kinetic model, it, must honour the known equilibrium state of the system in order to be fully consistent and this is demonstrated in the paper. The kinetic approach is most important in flowing conditions, since the residence time in a given part of the macroscopic system (e.g., in a pipe or duct) may be shorter that the time required to reach the full equilibrium state of the system. The reaction extent can be affected by advection, introduction of viscous dissipation forces, formation of hydrodynamic boundary layers and the mass transport in the boundary layer close to the depositing surface. In this paper, we call the latter the diffusion penetration length, denoted δ, and the relation of this quantity with the hydraulic layer is discussed. In this work, we have coupled the barium sulphate depositional model with a full computation fluid dynamics calculation (CFD) model in order to study the behaviour of this system and demonstrate the importance of non-equilibrium effects. Studied using different kinetic constants. The Navier-Stokes equations are solved to accurately model the local residence time, species transport, and calculate the hydraulic and mass transfer layers. A number of important concepts for barium sulphate kinetic deposition are established and a wide range of sensitivity calculations are performed and analysed. Geometry alteration due to flow constriction in the pipe or duct caused by the depositing scale is also an important phenomenon to consider and model in a flowing system, and this is rarely done, especially with a full kinetic deposition model. The geometry change affects both hydraulic and mass transport layers in the vicinity of the depositing surface and may often change the deposition regime in terms of the balance of dominant mechanism which apply. The change in geometry requires occasional re-gridding of the CFD calculations, which is time consuming but essential in order to study some critical effects I the system. The effect of geometry change on the local residence time is investigated through by performing a “ramping up” of the flow rate and explicitly deforming the geometry as the deposition occurs. The influence of surface roughness on the reaction rates was also studied using different kinetic constants. Our results show that in the laminar flow regime, the extent of deposition on a surface is limited by the diffusion penetration length (δ) referred to above. This means that there will be more deposits at lower flow rates, where the diffusion penetration length is larger. As the deposition reduces the flow path cross-section area near the inlet vicinity, the velocity increases. Thus, the hydraulic layer becomes smaller, resulting in a smaller diffusion penetration length, which causes the deposition location to move towards the end of the flow path, where the velocity is still smaller. The results of this study have the potential to contribute to the development of more effective strategies for preventing scaling in a wide range of industrial processes.
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INTRODUCTION AND BACKGROUND
Mineral scale formation and prevention
Mineral scale formation is widely known to pose serious problems in subsurface applications including geothermal (Canic et al., 2015), carbon capture and sequestration (Fu et al., 2012), and oil and gas production. The most common scales which occur in oilfields are calcium carbonate (CaCO3) and barium sulphate (BaSO4), but several other scales can also form. In this paper, we focus on the deposition of barium sulphate (BaSO4), but the techniques can also be applied to other scales. Various production problems arise from these scale deposits such as, e.g., pipeline blockage, reduction of rock permeability and porosity (Poonoosamy et al., 2015; Putnis, 2015; Weber et al., 2021b), jamming of safety valves (SSSVs), sticking and loss of wireline tools, ESP (electrical submersible pump) blocking/destruction, production of NORM, etc. There are various approaches to the problem of oilfield scale prevention and management, such as preventative measures applying scale inhibitors or remedial treatments where we try to dissolve the scale (chemical) or remove it physically (mechanical). However, these prevention measures pose some environmental threat in case of excessive use (Hasson et al., 2011) and understanding the kinetics of scale formation can both reduce the cost of using inhibitors and can be of environmental benefit.
A key step in addressing any scaling problem in a given field is to assess the type and magnitude of the problem using chemical scale prediction models. In essence, these are aqueous phase thermodynamic equilibrium models which calculate for a given water composition, temperature (T) and pressure (P), whether any mineral is supersaturated. For example, barium sulphate is supersaturated if in a solution with ionic compositions for barium and sulphate (before equilibrium) of (Ba2+) and (SO42−), then SR > 1, where SR (Saturation ratio) is given by:
[image: image]
Where Ksp is the solubility product. If SR > 1, then the supersaturated solution will (in time) gradually precipitate the mineral until SR = 1 which is by definition, equilibrium. The barium and sulphate ions remaining in solution have a concentration product of Ksp (i.e., SR = 1) and this defines the solubility of that mineral. The description to this point is relatively straightforward textbook chemistry. However, the rate at which equilibrium is reached depends on the kinetics of the scaling reactions and this is less straightforward. To add further to the complexity, this is far less straightforward in subsurface applications for the reasons discussed below.
The kinetics of scale formation
Although equilibrium scale prediction has been studied and applied for many years, there are still various unresolved issues in carrying this out. Clearly, the central assumption of all conventional scale prediction models (in common with all PVT prediction) is that the system is homogeneous (fully mixed) and at full chemical equilibrium; only under such conditions can classical thermodynamics be applied. It has been recognised for some time that the underlying assumption of equilibrium in scale formation may be incorrect (Boak and Sorbie, 2006; Weber et al., 2021a; Yang et al., 2021), or at least incomplete, when the scaling fluid system is flowing (Prasianakis et al., 2017). Studies on the kinetics of mineral scaling have investigated the nucleation time (Gebauer et al., 2014; Dai et al., 2016; Prasianakis et al., 2017; Yi-Tsung Lu et al., 2021), crystal step growth (Zhang et al., 2018), effect of kink sites (Weber et al., 2018), face specific crystal growth (Godinho and Stack, 2015; Bracco et al., 2017), and deposition at the pore level (Godinho et al., 2016; Meldrum and O'Shaughnessy, 2020; Yoon et al., 2019).
Under flow, the residence time in a given region (a section of pipe, a grid block, a well component such as an ICV, etc.) may be short compared with the reaction time to form and deposit the solid scale, especially at lower SR values (but still with SR > 1). In addition, the bulk solution kinetics may just represent one step in the total scale deposition process (Ruiz-Agudo et al., 2015); the initial kinetic formation of nanocrystals will be followed by transport and diffusion to grow micro-crystals or the nanocrystals may deposit at a solid surface such as the pipe wall in a well or on the rock in a porous medium (Chakraborty and Patey, 2013; De La Pierre et al., 2017). Thus the kinetics may be made up of a series of processes which occur at different rates and the totality of the rate process (i.e., the practical rate in kg/day that a given scale is deposited at) must be calculated by integrating all of the sub-processes which are occurring in the system.
To make matters more complex, hydrodynamics and chemical transport in the fluid phase need to be taken into account (Zhen-Wu et al., 2016). Numerous researchers have previously attempted to tackle parts of the above problem by experimentally and theoretically studying the kinetics of barite (and calcite) formation/deposition both in static and dynamic conditions (Wat et al., 1992; Yoon et al., 2012; Bhandari et al., 2016; Godinho et al., 2016). However, the location of scale formation and the mutual interplay of the bulk reaction, deposition and the hydrodynamic behaviour of the system are still essential issues of study. Several different approaches have been taken to the study of barite kinetic deposition. However, it is clear from our understanding that (i) no single approach will be relevant for all conditions, and (ii) certain approaches are relevant to parts of the overall process (e.g., bulk kinetics, seeded kinetics, surface deposition, etc.).
Considering the fluid mechanics, it is well known that scale forms more quickly when the system is stirred rather than static, and scale formation rate may change under turbulent conditions (Yan et al., 2017; Anabaraonye et al., 2021; Løge et al., 2022) (indeed, it can be faster or slower!). Studies have also shown that the rate of barite formation may depend on whether “seed” particles are present (Boak and Sorbie, 2006; Kügler et al., 2016) and so, the presence of nano crystals of barite (or calcite) may “auto catalyse” the scaling reaction itself, thus making the process a complex combination of homogenous nucleation, heterogeneous nucleation, crystal aggregation and surface deposition processes.
The current study, is in essence a continuation of the following works, previously carried out by authors:
(1) Approach 1—Bulk and Sand Pack: here, the kinetics of barite formation in bulk solution and in porous sand packs were measured. The kinetics of course were different in bulk and in porous flow and some (second order) kinetic expressions were found for the bulk kinetics. The slowing (but not stopping) of the kinetic processes by scale inhibitor (SI, a phosphonate) was also measured and kinetic expressions were developed, which appropriately matched the experimental system studies (Wat et al., 1992).
(2) Approach 2—Bulk and Seeded Kinetics: In this work, further investigation of the kinetic expressions for barite deposition was carried out in bulk and how this is changed by “seeding” with barite crystals or silica sand. It was clearly demonstrated that the bulk deposition rates (homogenous nucleation and crystal growth) are speeded up by seeding with sand or preformed barite crystals, with the rate being much faster for barite crystal seeding (Boak and Sorbie, 2006).
(3) Approach 3—Barite Deposition in a Flow Cell: This study took a different experimental approach using a flow cell for barite deposition which could be modelled very well as a Stirred Tank Reactor (STR). Using this approach, the kinetic formation parameters were measured by matching to the set of governing equations derived in the paper. It was shown that the changing balance between kinetic barite deposition time and the fluid residence time in the cell could be accurately predicted by the STR Model (Boak et al., 2007).
(4) Approach 4—Metal Surface Deposition: This was one of a series of studies to combine the kinetics of bulk barite deposition with surface deposition. Different regimes of deposition were recognised, including one where very low (sub MIC*) levels of scale inhibitor (SI) could lead to enhanced barite deposition compared with the uninhibited case! (see also SPE 87444, 2004). * MIC = Minimum Inhibitor Concentration, which is the level of concentration of SI required for a specified reduction in scale formation (Graham et al., 2005).
(5) Approach 5—Barite deposition kinetics in gravel packs (sand packs): This work was specifically designed to derive the kinetics of barite deposition in gravel packs** and the model described was used in practice to design “safe operating” regions where the gravel packs within the well would not scale up. **A gravel pack is a screen filled with coarse gravel (sand) which is designed to filter out any formation sand produced in an oil well (Shields et al., 2010).
(6) Approach 6—Barite surface deposition using Synchrotron X-ray diffraction (XRD): This more fundamental study looked at barite deposition on metal surfaces and showed which crystal structures formed initially and over time. The growth rates of specific planes of the barite crystal could be seen by the diffraction of intense X-rays (produced in a synchrotron). The growth rates were different for the various crystal planes of barite. Also, the action of SI on the crystal planes which were most disrupted by the inhibitor could be identified (Mavredaki et al., 2011).
As noted above, the scope of our studies is ambitious in that it incorporates flow both in macroscopic scale (e.g., pipes, constrictions) and microscopic scale (i.e., porous media). Ultimately, a general theory coupling both the bulk barite kinetics, the surface deposition kinetics, the flow fields and the system geometry should deal with systems at all length scales. In the context of a porous medium, barite deposition will also affect both porosity and permeability and some researchers have proposed models attempting to couple different physics (Molins et al., 2014; Steefel et al., 2014; Godinho et al., 2016; Yoon et al., 2019) to develop insights into mineral precipitation and deposition mechanisms. These studies, along with experimental works at different scales, such as microfluidics, core-floods and packed columns, have been used to investigate the effect of flow on precipitation and deposition, trying to demark the reaction-limited and transport-limited regions of the system (May et al., 2012; Boyd et al., 2014; Yoon et al., 2019). It is also essential to see how secondary porosity (Putnis, 2015) caused by the deposits affects the flow behaviour and subsequent mineral reactions either in bulk fluid or newly deposited surfaces.
The issue of lengthscale and multi-scale physics of barite deposition
As yet, we have made no reference to the lengthscale at which the barite depositional processes are occurring, but this will be important. The schematic illustration in Figure 1 shows that we may be considering deposition of barite at lengthscales of a pipe or in a pore within a porous medium. Clearly, the physical dimensions, flow rates, flow regime (laminar/turbulent), residence times, etc., will be very different, as will be the balance of physical driving forces on scale deposition, such as advection, diffusion, surface reaction (surface area/bulk fluid volumes) etc. It goes without saying that the interaction between all of these parameters determines the amount, the location and the final rate of surface (or bulk) deposition of barite. That is, it is a multi-scale reactive flowing system with coupling between the different scales, processes and physical forces and our ambition in this work is to develop a formulation of the problem and an approach which is applicable to all length scales.
[image: Figure 1]FIGURE 1 | Different geometries and length scales of deposition of barite in a physical system.
In this work, we study the interplay and mutual effects of different physics involved in the precipitation (we define this as a reaction in bulk fluid) and deposition (we define this as a surface reaction) process in a reactive-transport system. A general theory of such processes must works across all length scales and be applicable at (a) the macro-scale: large scale pipes, in the wellbore or the production system; (b) the mesoscale: the intermediate scale, including, for example, in tube blocking experiments or other lab-scale depositional experiments; (c) the micro-scale: the pore-scale where the models could be used for deposition in porous media (Emmanuel et al., 2010; Borgia et al., 2012; Stack, 2014; Stack, 2015).
This study demonstrates how multiple physics are involved in a reactive transport process by performing numerical experiments in a simple tube. This study shows that, in laminar flow, “diffusion penetration length” limits the extent of the surface reaction. Also, a surface Damköhler number is derived and used to investigate whether surface deposition is diffusion-controlled or surface reaction controlled. We investigated the deposition regime under different chemistries and hydrodynamic conditions, including constant flow rates, linearly “ramping-up” flow rate, and deforming geometries with a fixed flow rate. The concepts developed apply at all scales, from pore to pipe. Of course, the values of the governing parameters are very different, and the balance of depositional mechanisms can (and do) change very significantly with lengthscale.
METHODOLOGY
The bulk and surface reactions defining the barium sulphate system
Classical formation of barite in bulk fluid views the process as one of initial nucleation of nanocrystals in the bulk fluid which may aggregate to form micro-crystals which grow further by a crystal growth mechanism. We denote the nanocrystalline form of barite, which can still flow with the fluid, as BaSO4(aq) and this has been observed experimentally (Ruiz-Agudo et al., 2015). The BaSO4(aq) may still transport through the system in the bulk aqueous phase and it may subsequently deposit on susceptible surfaces to form solid barite, denoted BaSO4(s). This describes the deposition mechanism deposition as being through an intermediary species, i.e., BaSO4(aq). On the other hand, barium and sulphate ions may also deposit directly on the surface [or on pre-formed BaSO4(s)], from the free ions Ba2+(aq) and SO42(aq) in solution. These processes are shown in the following reaction scheme, which also shows the notation for the concentrations of the four species which define the chemical model:
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The forward and backward rate constants for the 3 reactions defining the barite formation and deposition are also shown above; these are denoted k1f, k1b, k2f, k2b, k3f and k3b. These processes are illustrated schematically in Figure 2, and it is shown above that the concentrations of the four species are given by c1 to c4 where c1 = Ba2+, c2 = SO42−, c3 = BaSO4(aq) and c4 = BaSO4(s). Note that the latter concentration (in mol/L or mg/L, for example,) of a deposited solid is tracked for mass balance purposes in the kinetic equation (below) but the actual activity of the solid must be taken as a constant. In the equilibrium equations above, Eq. 1 describes the bulk nucleation from Ba2+(aq) and SO42(aq) in solution (with concentrations c1 and c2, respectively) and formation of nano-crystals; i.e., the formation of BaSO4(aq) with concentration c3. Eq. 2 describes the deposition of the nano-crystal from the bulk to the surface as BaSO4(s) at a “concentration” of c4. Eq. 3 shows the direct deposition of the Ba2+(aq) and SO42(aq) ions from the bulk fluid directly onto the surface, forming BaSO4(s). Below, we go on to examine the chemistry and mathematics of this complete kinetic model of barite formation and surface deposition in a flowing system.
[image: Figure 2]FIGURE 2 | Barium sulphate precipitation and deposition mechanism.
In the calculations below, we refer to two (related) kinetic models of deposition as follows:
Model 1 refers to the case including only reactions 1 and 2 above; and
Model 2 refers to the case where all 3 reactions 1, 2, and 3 are included.
Assuming the kinetics reaction rates from the stoichiometry of the reactions in Eqs 1–3, then the kinetic equations for c1-c4 [representing Ba2+, SO42−, BaSO4(aq) and BaSO4(s), respectively] are as follows:
For Model 1 (reactions in Eqs 1, 2 only considered), then:
[image: image]
And for Model 2 (all 3 reactions in Eqs 1–3), then:
[image: image]
The terms in red in Eq. 5 are the kinetic terms arising from the additional direct barite deposition reaction in Eq. 3. This system of Ordinary Differential Equations (ODEs) must be solved to obtain the concentration of each species over time. However, as in all consistent sets of chemical reaction, the steady-state reached by the kinetic system must of course be the equilibrium state of the set of Eqs 1–3. The constraints in this system of both equilibrium and kinetic equations are explained in Supplementary Appendix SA.
The reactive transport system—reaction-diffusion-advection
The coupled reactive transport model
To describe the full physics and chemistry of the barite deposition for a system in laminar flow it is necessary to couple the bulk chemical reaction (Eq. 1), the surface reactions (Eqs 2, 3) with the Stokes flow equation. In the simpler flowing case, these equations must be solved in a fixed geometry, e.g., a pipe, a constriction, a valve, etc. However, in a more realistic system with barite deposition (or the deposition on any solid), this deposition can change the flow geometry dynamically. Thus, in the general case our simulation model must be able to accommodate the “deforming geometry” of the system. In this work, this is achieved by using the multi-physics flow model COMSOL5.6, which can model all aspects of this reacting and dynamically evolving system. Supplementary Figure SA6 of the Supplementary Information shows the relation between the various parts of the coupled physics. The bulk reaction uses the velocity field from the Stokes equation. Once the aqueous phase barite reaches the reaction site, the tube wall reacts and converts to immobile barite as a solid phase. This immobile solid deposited barite causes the geometry to change, and the deforming geometry gridding module in COMSOL solves this change. Since the flow path changes because of changing geometry, the flow field is then solved again in the next time step.
Stokes flow
In simulating the flow field, we used Stokes flow rather than the complete Navier-Stokes equation. Stokes flow neglects the inertial term within the momentum equation and is useful for lower Reynolds number laminar flows. In Eq. 6, u is the velocity field, [image: image] is the density of the fluid, K is the viscous force tensor, and F is a volumetric force tensor and Eq. 7 is the continuity equation assuming the fluid in incompressible.
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The inlet boundary conditions is defined by the mass inflow for a mixture of barium and sulphate ions in solution, and the formulation is as follows in Eq. 8:
[image: image]
where [image: image] is the surface integration operator.
The outlet boundary condition in shown in Eq. 9 where p0 is the defined outlet boundary pressure, which is atmospheric in our calculations, p is the pressure, and K is the viscous force.
[image: image]
Aqueous phase transport
Equation 10 shows the advection-diffusion-reaction partial differential equation (PDE) that governs the bulk aqueous phase transport in which ci is the species i concentration in mol/m3. Eq. 11 gives the expression for Ji, which is the diffusive flux of species i in mol/m2.s, u is the velocity field in m/s. Eq. 12 shows the expression for the boundary condition at the outlet, and n refers to the normal vector in the outlet boundary, Di is the diffusion constant in m2/s, and k is the related reaction rate constant. In the rate Eq. 12, v is the stoichiometric coefficient, which is 1 for reactants and −1 for products, in all the reactions modelled here.
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The diffusion coefficient used in this numerical simulation is D = 1e-8 m2/s.
Surface reaction/barite deposition
The “surface reaction” is the deposition of the transported nano-crystals of barite [denoted as BaSO4(aq)] (Eq. 2) or by direct deposition from reaction of the free ions (Eq. 3). The formulation of the surface reaction is shown below in Eqs 13, 14.
[image: image]
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The coupling between surface reaction and bulk reaction, discussed under the Aqueous phase transport section, is implemented as a normal flux out of the flowing system onto the surface. This flux out of the system would only be diffusive in laminar flow. Eq. 15 shows the boundary condition used for coupling reaction in the bulk phase and reaction on the surface, where ks is the surface reaction constant. Eq. 15 considers diffusion in directions x, the principal flow direction, and y, transverse to the flow direction onto the wall. In the advection dominated systems where flow is in the x-direction, we can often ignore the derivative of concentration in the x-direction although we are accounting for it in all of the numerical modelling results.
[image: image]
Diffusion penetration length, δ
Since the only mechanism for the deposition on the surface in laminar flow is through the normal diffusive flux, it is important to understand the extent of this near surface diffusive zone. It was noted above that under advection domination we can often ignore the derivative of concentration in the x-direction. In the analytical development below, we will assume [image: image] in order explain the behaviour of the system under different depositional regimes, in particular we discuss the concept of the diffusion penetration length, δ.
To define δ, we use the transport terms of Eq. 6 at steady-state conditions where the diffusive fluxes in Eq. 16 are shown in Eq. 17, as follows:
[image: image]
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In Eq. 17, we assume that the advection is dominant in the x-direction, and thus, we can remove the diffusive flux in the x-direction. Hence, from Eq. 16 the diffusion penetration length, δ, can be derived as shown below in Eqs 18, 19:
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This length, δ, (which is a function of distance along the tube, x), is the extent that fluid in bulk can “feed” the surface reaction. To illustrate the significance of this quantity, we will bring forward an example calculation in a long tube of radius 2.5 mm. In this calculation, we assume the Model 1 kinetics where only the reactions in Eqs 1, 2 occur; i.e., Eq. 1 = the formation of the barite nanocrystalline material (BaSO4(aq)) followed by, Eq. 2 = the deposition of the nanocrystals on the surface to form BaSO4(s). As shown above, the second reaction only occurs at the surface as described by Eqs 13, 14, where the surface reaction rate constant is ks. Figure 3A shows the concentration profiles of BaSO4(aq) at two different locations along the length (x) of the pipe cross-section, at x = 5 mm and x = 15 mm as shown in Figure 3E, along with the velocity profile. The “arc length” here is the distance along the pipe diameter, and the walls are at 0 and 5 mm on the x-axis in Figures 3A, B which show the profiles of BaSO4(aq) across the tube for no surface reaction (ks = 0) and with surface reaction (ks ≠ 0), respectively. Note that in Figure 3A (no surface reaction), the concentration near the walls is high because of the high residence time spent there due to the low fluid velocity (shown). Also, in Figure 3A it is found that the BaSO4(aq) concentration is low in the pipe centre because of the lower residence time at the centre of the tube. The case where the surface reaction happens on the walls (ks ≠ 0) is shown in Figure 3B. In this case, the BaSO4(aq) concentration near the walls falls to nearly zero, and we observe clear maxima in the concentration profiles, as seen in this figure, and this predicted behaviour is even more unusual. This predicted unusual BaSO4(aq) profile has not previously been reported. The location of the maximum in a particular concentration profile for the system with a surface reaction (ks ≠ 0) marks the boundary between the zone that the diffusion penetration length controls the surface reaction rate and the area near the middle of the pipe, which is advection dominated. The diffusion penetration length, δ, is the distance between this concentration maximum and the wall where deposition is occurring. Eq. 19 above indicates that this penetration length increases with distance (x) travelled along the pipe, where δ ∼ x1/2, and we have confirmed numerically that this is case. Figures 3C, D show the effect of the diffusion coefficient on diffusion penetration length. We can observe that at the same location in the tube, the behaviours of the concentration curves differ. In higher diffusion, we cannot see the maximum in the smaller flow rate as opposed to what we observe for the smaller diffusion coefficient. In Figure 3D the diffusion penetration length for smaller flow rates is large, so more of the nanocrystalline or “aqueous” barite [BaSO4 (aq)] will be involved in surface reaction. In Figure 3C, the diffusion penetration length is smaller so we can observe that beyond that length, the concentration of BaSO4 (aq) becomes higher. Experimental evidence will be presented below to support these modelling predictions.
[image: Figure 3]FIGURE 3 | (A) Concentration of BaSO4(aq) in bulk WITHOUT surface reaction (ks = 0) in the planes shown in (E) with diffusion coefficient = 1e-8 m2/s, (B) shows the concentration of BaSO4(aq) WITH surface reaction (ks ≠ 0) in the planes shown in (E) with diffusion coefficient = 1e-8 m2/s, (C) BaSO4 (aq) concentration profile at z = 15 mm with diffusion coefficient = 1e-9 m2/s, showing centre of the tube (x = 0) to the wall (x = 2.5 mm) on x–axis (D) BaSO4 (aq) concentration profile at z = 15 mm with diffusion coefficient = 1e-8 m2/s, showing centre of the tube (x = 0) to the wall (x = 2.5 mm) on x–axis, (E) Tube used for numerical experiments, the red planes show x = 5 mm and x = 15 mm. The plots show steady-state condition.
Surface Damköhler number
We have discussed in the previous section that the primary mechanism of the surface reaction and subsequent deposition is the normal diffusive flux, which is effective within the reach of the diffusion penetration length, δ. We now establish the conditions under which the surface reaction or bulk diffusion dominates the surface reaction mechanism.
A surface Damköhler number, [image: image], can be derived based on the boundary condition that couples the reaction in bulk and the surface reactions in Eq. 15. A dimensional analysis on this boundary condition is carried out to derive the surface Damköhler number.
Assuming that the dominant diffusive flux occurs in the normal (y) direction to the flow direction (x), then Eq. 15 may be written as Eq. 20a. Define [image: image] and [image: image] as dimensionless concentration and length as shown in Eqs 20b, c. Then, by substituting these quantities in Eq. 20a, we arrive at Eq. 20d. The dimensionless coefficient on the RHS of Eq. 20d is then defined as the surface Damköhler number, [image: image], as in Eq. 20e.
[image: image]
The surface Damköhler number is the ratio of surface reaction rate to the diffusion rate within the diffusion penetration length, δ, implying that L∼ δ in Eq. 20c. That is, if Das > 1, then the deposition is surface controlled and if Das < 1, then the deposition is diffusion controlled. In very high Damköhler numbers, Das >> 1, the deposition remains almost the same, even for very high ks values, because the diffusion penetration length limits the extent of the reaction.
RESULTS AND DISCUSSION FOR THE CONSTANT RATE SIMULATIONS AND EXPERIMENTS
Input data for simulation
As the simplest approach to model the deposition of barium sulphate, we will consider the depositional process at the walls of the tube at a constant flow rate, firstly with no change in the geometry of the system. We performed these calculations for the various cases in Table 1 for the injection of 50 control volumes (control volume = flowrate*time/tube volume).
TABLE 1 | Flow rate and Bulk Damköhler number in the constant flow rate study.
[image: Table 1]We performed the simulation in a simple tube with a diameter of 5 mm and length of 50 mm.
To solve the ODE system of Eqs 4, 5, we need a set of reaction kinetics constants. We used the values of k1f = 2E-3 m3/(s.mol), k1b = 1E-9 1/s, k2b = 1E-7 1/s as tabulated in Supplementary Table SA2 of the Supplementary Information. We used a random reaction kinetics constant for reaction 2 in Eqs 4, 5 to replicate the inconsistency of the suitable deposition sites along the deposition surface, as presented in Supplementary Figure SA5 of the Supplementary Information. Simulations were performed for the mechanisms in both Model 1, i.e., deposition through an intermediate species of BaSO4(aq), and Model 2, i.e., through direct deposition as well as through an intermediate phase. We chose three different values of k3f = 1E-8, 1E-6, and 1E-4 m4/(s.mol); these values show an intermediate deposition dominated, a balanced deposition rate between the two mechanisms, and a direct deposition dominated regime, respectively.
Following the constant flow rate examples, a calculation is presented for a “ramped” flow rate from a low to a high value. In the changing flow rate case, we ramped the flow rate linearly over time from 1 ml/h to 100 ml/h in 4,000 min in this case, as presented in Figure 4. As a result of this increase in flow rate, the bulk Damköhler number [Dabulk = k1f*CBa,0/volumetric flow (Fogler, 2010)] decreases from 10.32 to 0.10. This slow flow rate implies that the reaction governs the system initially, and as the flow increases, advection replaces the reaction as the governing mechanism.
[image: Figure 4]FIGURE 4 | Flow rate ramp with time.
We can also calculate the equilibrium constant [image: image] in each case [image: image]. (Values of [image: image] in Supplementary Appendix, plus derivation of k3b). We also used a diffusion coefficient of D = 1e-8 m (Fu et al., 2012)/s.
Wall deposition of barite with constant flow
This set of calculations is presented to identify the behaviour of a reactive transport system in the case of constant flow rate (no geometry change due to deposition), for the Model 1 and Model 2 kinetic deposition models. This case is not completely realistic in that flow velocity changes occur if any deposition/blockage forms and this is not (yet) accounted for. However, the constant flow rate/no geometrical deformation cases provide valuable information that assists in the explanation of the ramp-up and deforming geometry cases. Detailed discussion of this topic can be found in supporting information accompanied with this paper.
Since the detailed numerical results reported below are quite complex, we anticipate our findings by explaining the main observations from the Model 1 and Model 2 simulations.
1. At the lower flow rates, the residence time is high thus a high percentage of reactants (i.e., barium and sulphate in this study) convert to aqueous barite, [BaSO4(aq)].
2. In addition, at low flow rates, the diffusion penetration length (δ) is relatively large; for example, at the volumetric flow rate of 1 ml/h, the diffusion penetration length is larger than the tube radius or channel width.
From the points above, we note there is more material being produced in the system through reaction at lower flow rates. However, due to the hydrodynamics of the system (the large diffusion penetration length), the surface consumes much or almost all of that material. That is, most of this deposition happens near the inlet of the tube due to the kinetics/hydrodynamics of the system. At higher flow rates, the deposition location moves gradually towards the outlet end of the tube. The increasing flow rate reduces the residence time and thus there is more material for deposition further along the tube near the end. Also, at higher flow rates, the diffusion penetration length, δ, also decreases which leads to lower absolute mass deposition of barite (per volume throughput) on the surfaces.
Barite deposition pattern using Model 1—constant flow rate
Figure 5 shows the surface barite deposition rate for a range of flow rates for Model 1; i.e., including the kinetic reactions in Eqs 1, 2 only. In this example, for simplicity of interpretation, we take the kf2 value as being constant, rather than being variable as shown in Figure 3A. It is observable from Figure 5 that in the lower flow rates, most of the deposition occurs near the inlet of the tube when we inject 50 control volumes. This deposition pattern near the inlet at lower flow rates is a consequence of the Model 1 reaction mechanism, i.e., first BaSO4(aq) formation and subsequent deposition at the surface. The surface reaction consumes BaSO4(aq) produced in bulk near the inlet, and lower BaSO4(aq) will remain in the system for transportation further down the tube and subsequent deposition. At higher flow rates, the residence time is shorter in the system. Thus, for the deposition to happen, 1) it takes more time for the bulk reaction to produce BaSO4(aq) and 2) the bulk fluid transports BaSO4(aq) further down the tube where higher levels of deposition subsequently occur.
[image: Figure 5]FIGURE 5 | Deposition rate in constant flow rate approach.
Figure 6 shows the volume-averaged concentration of BaSO4(aq) in the bulk phase. In these calculations, the surface reaction is “switched on” after injecting 2 control volumes of the reactants into the cell. The calculation was performed in this manner to establish a simplified initial condition with the system full of input Ba2+, SO42− and BaSO4(aq), with no surface deposition. The results in Figure 5 show that the behaviour of the final average value of BaSO4(aq) in the system is not monotonic. At lower flow rates, because of higher residence time, there will be more production of BaSO4(aq) in bulk. Also, for lower flow rates, the diffusion penetration length is more extensive. Thus surface reaction can consume nearly all BaSO4(aq) in bulk at the slowest flow rate, i.e. 1 ml/h. At the highest flow rate, i.e. 100 ml/h, 1) the residence time is much lower, which results in a smaller production of BaSO4(aq), and 2) the diffusion penetration length is smaller than at lower flow rates; thus, surface reaction consumes a smaller fraction of the BaSO4(aq). However, it is evident that there is a balance between the two effects of residence time and diffusion penetration length, which in this case, leads to the greatest mass of BaSO4(aq) being generated at 8 ml/h, and a lesser amount at the higher flow rate of 50 ml/h.
[image: Figure 6]FIGURE 6 | Volume-averaged BaSO4(aq) concentration versus control volume injected.
Figure 7 shows the barite deposition in mg of BaSO4(s) per 10 mm section along the system for the 8 and 50 ml/h cases after the same total volume throughput (50 control volumes). Clearly, (i) in the lower 8 ml/h flow rate case, the absolute deposition of BaSO4(s) is much higher, it is highest closer to the inlet and it then decreases along the system; and (ii) in the higher 50 ml/h flow rate case, the deposition of BaSO4(s) is much lower overall, it is lower closer to the inlet and it then increases along the system. This has already been explained by the balance of bulk and surface reactions discussed above.
[image: Figure 7]FIGURE 7 | Mass of solid barite deposited on the wall as a function of distance from inlet.
Barite deposition pattern using Model 2—constant flow rate
Recall that the Model 2 formulation includes both the formation of mobile nanocrystals of barite (BaSO4(aq)) as an intermediate form which deposits as solid barite at a surface and in addition the direct deposition of Ba2+ and SO42- ions onto the surface (as BaSO4(s)). This latter direct deposition includes all three kinetic Eqs 1–3, where Eq. 3 has a kinetic depositional rate constant, k3f. In this example, both kf2 and kf3 are taken as being slightly variable as shown on Supplementary Figure SA5 of Supplementary Information, to additionally show the effects of surface property (deposition rate) heterogeneity on these constants. Figure 8 shows the surface reaction rate (deposition rate) for three kinetics values of k3f (all slightly variable as indicated in Supplementary Figure SA5B of Supplementary Information) for this direct deposition mechanism, and these values lead to three different deposition regimes within Model 2. The smallest value, k3f = 1e-8 m4/(s*mol), has a smaller deposition amount similar to Model 1 (see Figure 8A). As the value increases, there is a balanced deposition regime between the two deposition mechanisms through intermediate phase and direct ion deposition, which is the case for k3f = 1e-4 m4/(s*mol) (see Figure 8B). We have also included a dominant direct deposition regime, k3f = 1e-4 m4/(s*mol) (see Figure 8C). It is observable from Figure 8C that the direct deposition mechanism mostly occurs at the inlet end of the tube. The ion direct deposition mechanism has a higher rate for a higher flow rate, which is because of higher reactant throughput into the cell. The k3f parameter depends on the surface behaviour, i.e., it would probably be a higher value for rougher surfaces. The numerical experiment with the direct deposition model provides information on how a real system might evolve under the conditions in which the ion deposition on the surface is favourable. Obviously, we would expect that surfaces that greatly enhance the direct deposition, will also lead to a blockage near the inlet of the flowing tube. This would also affect the reaction in the bulk, since the reactants that lead to mobile barite [BaSO4 (aq)] are being consumed on the surface. The implication of this for the downstream would be lower deposition through the mobile barite.
[image: Figure 8]FIGURE 8 | Surface reaction rate (deposition rate) for three different kinetics constants of (A) k3f = 1e-8 m4/(s.mol); (B) k3f = 1e-6 m4/(s.mol) and (C) k3f = 1e-4 m4/(s.mol) for the constant flow rate and Model 2 kinetics.
Model 2 enhances the flexibility and accuracy of barite deposition prediction, since it accounts for both possible mechanisms of direct surface deposition from the bulk (Eq. 3) as well as via the intermediate nanocrystal deposition (Eq. 2). If the surface is not rough, Model 1 might be sufficient to calculate the deposition rate (as shown in Figure 8A) and the calculation degrees of freedom would be reduced to account for a new reaction, i.e., direct ion deposition.
As the deposition takes place in the system, the geometry of the system should change as the tube becomes blocked. Thus the constant flow rate approach may address the initial reaction and the deposition in the system. However, it does not consider the hydrodynamic changes in the system caused by the tube becoming constricted. Obviously, these constrictions affect both the residence time in a given section of the tube and also the diffusion penetration length. This will be addressed later in this paper, where deformed geometry is used to model all aspects of these changes.
Comparing the constant flow rate experiments with simulation
The barite deposition in channel experiments
Before making a direct comparison with the channel experiments in which barium and sulphate ions are mixed at the inlet of a channel, we describe the experimental set up. Figure 9 shows the configuration of the flow channel (working section, length L = 120 mm; width, W = 3 mm) and the design of the inlet mixing assembly, which is required to obtain good (but not complete) mixing near the inlet. The two reactants are being injected from two separated inlets at a constant flow rate, thus the viscous layers’ behaviour is an impedance to the perfect mixing in the vicinity of the inlet; this can be observed experimentally in Figure 9B.
[image: Figure 9]FIGURE 9 | (A) Experimental setup for simple flow channel with four inlets to achieve more mixing in the channel, (B) dye experiment to show mixing.
We replicated the same behaviour of mixing by simulating the laminar flow, using the Navier-Stokes equations, which can be seen in Figure 10A. This will enable us to have a closer look at the concentration profiles within the cross-section of the experimental setup. The cross-section is particularly important as diffusive flux is the dominant means of mass transport to the walls in the laminar flow regime. We can observe from Figure 10Aiv that full mixing is not completely taking place. The same behaviour can be observed in the experiment with reactants in Figure 10B where we can track the plume of high concentration barite inside the two dotted areas.
[image: Figure 10]FIGURE 10 | (A) BaSO4 (aq) concentration profile at different time steps at flow rate of 8 ml/h. (B) The cloudiness showed by the dotted lines represents BaSO(aq). (C) The schematic of thesimulation showing inlet positions for Barium and Sulphate.
To further understand the concentration distribution in the cell cross-section, we extracted the concentrations from the simulation which is represented in Figure 11. Figure 11A shows the cross-sections that are used to plot the concentrations. The actual concentration profiles are shown in Figure 11B. These concentration profiles are important to further understand the effect of diffusion penetration length and the extent that the bulk material can feed the surface reaction. It can be seen that near the inlet of the tube, there are two peaks in the concentration which are analogue to what is observable in Figure 10B. That is, enclosed “hazy” dotted areas in Figure 10B are identified as regions of the species BSsO4(aq)—the intermediary form of barite - which is actually transported through the system.
[image: Figure 11]FIGURE 11 | (A) Location of the cross sections in the simulation geometry. (B) Cross sectional concentration profile.
Diffusion penetration length from formula
The diffusion penetration length is given by Eq. 19 above; i.e., [image: image]. By using this equation, we can calculate the diffusion penetration length for flow rates of 8 and 50 ml/h, as shown in Figure 12. We can approximately calculate the diffusion penetration length from experiment shown in Figure 13. In Figure 10B, as noted above, we interpret the cloudiness near the wall–which appear like “vapour trails”—to represent the diffusion penetration length. This feature (the “vapour trails”) have appeared in almost all of our flow experiments in channels for barite deposition. The measurements in Figure 10B indicate that the diffusion penetration length is approximately, δ∼0.64 mm which is in good agreement with the calculated value from Eq. 19 which is δ∼0.7 mm. A video of this experiment is available in supporting information which shows the dynamic development of the “vapour trails” and also the subsequent deposition of barite (see deposition_video.mp4 in the Supplementary Appendix SB).
[image: Figure 12]FIGURE 12 | Diffusion penetration length, δ vs. distance along the tube (x) calculated using Eq. 19 for 8 ml/h (orange line) and 50 ml/h (blue line).
[image: Figure 13]FIGURE 13 | Deposition in simple channel experiment (L = 30 mm of 120 mm total length, W = 2 mm).
Figure 13 shows a frame of the experiment in which two different regions are defined. The region defined by yellow dotted line represents a plume of high concentration BaSO4 (aq) we can observe from the figure that this region does not penetrate the red region despite its high concentration. As shown and discussed in Figure 11B, due to the type of flow and the diffusion transport mechanism, the bulk concentration cannot feed the surface after a particular length that is diffusion penetration length: this diffusion penetration length is defined by the red dotted line in Figure 13.
Figure 14 shows the cumulative consumed barium from experiment and model. We used ICP analysis to measure the barium concentration in the effluent of the experimental cell. The diagram shows that the barium sulphate reaction rate kinetics constant in this case lies between 1.4e-4—0.002 m3/mol/s, showing that the modelling procedure is in reasonable semi-quantitative agreement with the experimental observation.
[image: Figure 14]FIGURE 14 | Cumulative consumed barium derived from experiment and modelling vs. control volume injected. The Saturation Index of the brine used is 3.4.
The mixing pattern is also observable from the numerical simulations. In the experimental setup, the barium is flowing from the top inlet (indicated as red in Figure 9B), and the sulphate is flowing from the bottom (indicated as blue in Figure 9B).
Figure 15 shows the cumulative deposited barite on the top and bottom surfaces. It can be observed that the total deposited barite is higher on the top surface which is closer to the barium plume. Since the barium is the limiting reactant here, the deposition is higher where its concentration is higher.
[image: Figure 15]FIGURE 15 | Cumulative deposited barite on the top and bottom of the flow channel.
In summary, the main conclusions from the steady-flow unsteady-state simulations and experiments are as follows:
1. In the coupled simulation of the flow and mass transport, there are two boundary layers which are of importance to consider:
a. The hydrodynamic boundary layer which is a narrow region near the wall where flow is theoretically zero.
b. The diffusion penetration length as identified in Eq. 19 that defines the effective mass transfer length in the laminar flow.
2. The deposition process will change the mixing behaviour near the wall and in the bulk by changing the geometry and local residence times. It is therefore important to take into account the deformations which we will address below.
3. At low flowrates, the deposition will take place near the inlet vicinity and as the flow rate increases the deposition location moves to the end of the tube.
DEPOSITION ON THE WALL WITH CHANGING FLOW AND EXPLICIT INCLUSION OF THE DEPOSITIONAL GEOMETRY
In this section, we now build on the previous work described above in two major ways, as follows:
(i) We allow the deposition of barite at the channel surface to cause a constriction which we model using a deformable grid. As a consequence of the channel constriction (being variable along the system) this changes the local flow rates at different points in the channel, and
(ii) We model a “ramped flow” as described in Figure 4 where the total flow rate also changes from a low value to a high value over time.
Although this system is quite complex and several interaction processes are occurring at the same time, some definite observations and predictions are made from the observed results. In addition, this is much more like a real field system (e.g., in a wellbore or pipe) where barite deposition may typically be taking place.
As mentioned earlier, the barium and sulphate ions and mobile barite [BaSO4(aq)] deposit on the surface within reach of diffusion penetration length, δ, as described by Eq. 19. δ depends on the velocity and the longitudinal length in the system; for example, our derivation shows that δ grows as [image: image] along the tube. As the deposition process takes place, the hydrodynamic state of the system changes its behaviour since the barite deposit will shrink the system volume and thus flowing area. This will, in turn, affect the reaction ions (Ba2+ and SO42) residence time and also the available surface for deposition. This change in residence time and available reactant surface feeds back into the reaction, thus changing the deposition behaviour. So it is vital to investigate this “feedback” behaviour arising from the complex coupled effects of a changing flow rate on the deposition behaviour.
As a result of the increase in the flow rate over the ramped period, the diffusion penetration length decreases, as described by Eq. 19, and this change is shown in Figure 16A for different flow rates. Figure 16B shows BaSO4(aq) concentration in the bulk phase in the channel cross-section at z = 10 mm. As mentioned previously, we include the surface deposition reaction after the bulk reaction is at a steady state. Thus, before the surface reaction occurs, the system is filled with BaSO4(aq) as seen at t = 100 min in Figure 16B. Once the surface reaction occurs and the diffusion penetration layer establishes and then the surface reaction starts to consume BaSO4(aq) within the reach of the (now changing) diffusion penetration length.
[image: Figure 16]FIGURE 16 | (A) Diffusion penetration length vs. the deposition length at different time steps (B) Concentration of BaSO4(aq) at z = 10 mm cross-section of the tube.
Deposition pattern for the changing flow rate case for Model 1
Figure 17 shows the surface reaction (deposition) rate along the surface. The green curve, at 533.33 min, is showing the deposition along the surface for the high bulk Da number, which is equivalent to a slow flow rate. It is observable that most of the deposition at this state is happening at the tube inlet. As we decrease the bulk Da number (by increasing the flow rate), the deposition rate decreases at the inlet end of the cell and increases at the outlet of the cell. This change in deposition location is because the deposition mechanism is through the deposition of the intermediate barium sulphate phase, i.e., BaSO4(aq). As the flow rate increases, 1) the residence time decreases, so less reaction time is available for the BaSO4(aq), and 2) the fluid transports the “intermediate” BaSO4(aq) further down the tube and more deposition the occurs in that location.
[image: Figure 17]FIGURE 17 | Surface deposition rate vs. the deposition length.
Figure 18 shows the volume-averaged concentration of BaSO4(aq) over the bulk and surface averaged deposition rates and deposited mass over the depositing surface. Once the surface reaction starts (indicated in Figure 18), the amount of BaSO4(aq) drops sharply. This sharp drop, as indicated in Figure 16A, occurs since the diffusion penetration length at the low flow rate is larger than the tube diameter, and surface reaction consumes virtually all of the BaSO4(aq). Hence, the BaSO4(aq) concentration then settles at a constant value until the flow rate ramp starts. Once the flow rate ramp starts, the BaSO4(aq) concentration in bulk starts to increase until a bulk Damköhler number of around 1. This increase in the BaSO4(aq) concentration is then observed for the following reasons:
1) There is more reactant throughput into the tube while the bulk governing mechanism is still reaction dominated.
2) The diffusion penetration length is becoming smaller (because of the higher flow rate), limiting the consumption of BaSO4(aq) by the surface reaction. From a bulk Damköhler number of 1 onwards (green circle in Figure 18), BaSO4(aq) concentration starts to drop. This reduction in the BaSO4(aq) concentration is because the reaction mechanism in bulk is becoming advection dominated, so despite the smaller diffusion penetration layer, BaSO4(aq) drops due to lower residence time. This drop continues until it settles at a constant flow rate. The deposition rate also becomes slower (the yellow circle in Figure 18) as the system moves into a highly advection dominated regime.
[image: Figure 18]FIGURE 18 | Average quantities of BaSO4(aq) in bulk, Deposition rate on the surface, Deposit mass, and Bulk Damköhler number in Model 1.
Deposition pattern for the changing flow rate case for Model 2
Figure 19A shows the surface deposition rate using Model 2 in a regime where deposition through the intermediate phase is dominant. This difference in deposition regime is observable by comparing Figures 5, 8A, and the same discussion for Model 1 applies here. Figure 19B, however, is within a balanced deposition regime, as explained earlier. In a deposition regime through an intermediate phase of BaSO4(aq), see Figures 17, 19A, the deposition rate reduces at the inlet of the tube as the flow rate increases. However, in a balanced deposition regime of through intermediate and direct deposition, the deposition rate at the tube’s inlet remains almost the same during the flow ramp up because the barium and sulphate ions are constantly replenishing into the tube they directly deposit on the surface. In a highly direct deposition dominated environment, as in Figure 19C, most of the deposition occurs at the beginning of the cell.
[image: Figure 19]FIGURE 19 | Surface reaction rate (deposition rate) for three different kinetics constants of (A) k3f = 1e-8 m4/(s.mol) (B) k3f = 1e-6 m4/(s.mol) (C) k3f = 1e-4 m4/(s.mol).
Figure 20 gives a volume-average and surface-average of the bulk and surface reaction versus time. This figure shows the averaged values for three different k3f (surface reaction constant) in the three regimes discussed earlier. The discussion for Figure 18 also applies here for the concentration of BaSO4(aq), bulk Damköhler number, and the mass deposited. Deposition rates for three different deposition regimes, shown as dashed lines in Figure 20, show the balance between the deposition through an intermediate and direct deposition. The blue dashed curve in Figure 20 shows the intermediate dominated deposition regime, and the deposition curve has a maximum that shows the advection is governing the deposition at this stage. In the two other curves, dashed green and dashed red, the deposition rate increases until the flow ramp up stops. This deposition behaviour is because the primary deposition mechanism is through direct ions deposition on the surface, as shown in Figures 19B, C.
[image: Figure 20]FIGURE 20 | Average quantities of BaSO4(aq) in bulk, Deposition rate on the surface, Deposit mass, and Bulk Damköhler number in Model 2.
Deposition pattern for the changing flow rate/changing geometry case for Model 1
Thus far in this paper, we have tried to isolate the various individual aspects of the dynamics in the barite depositional system, and then attempt to interpret their interplay. In the previous cases, the bulk reaction, the surface reaction, and the flow rate ramp-up start in sequence to investigate the effect of each individual aspect of the physics in the system. In this case, all of the various parts of the physics now occur simultaneously from the start of the simulation. We then try to interpret the results and findings based on the previous discussions.
In this case, we also change the tube geometry based on the mass of solid deposits on the surface. In this work, we consider the change in the geometry as a reduction in the channel width, and no flow can pass through the deposit itself (it is impermeable). As the geometry changes, the flow field changes and this impacts on the transport equation.
Figure 21 shows BaSO4(aq) averaged values in bulk, the mass deposited, the deposition rate, and the bulk Damköhler number versus time. It is observable that the BaSO4(aq) concentration decreases as the surface reaction consumes it. From a point onwards (red vertical dashed line 1 in Figure 21), the BaSO4(aq) concentration increases. This increase is because of reducing the system volume and maintaining the inlet flow, BaSO4(aq) concentration increases. In this case, the residence time also decreases; however, the reaction mechanism stays in the reaction dominated regime. After the maximum in the BaSO4(aq), red dashed line 2 in Figure 21, the BaSO4(aq) decreases because the system enters an advection dominated regime leading to lower residence time and lower production of the BaSO4(aq). The deposition rate also decreases constantly through both reaction dominant and advection dominant regimes. This reduction in the deposition rate is because, in the reaction regime, the BaSO4(aq) is consumed very fast by surface reaction, reducing the surface deposition rate. In the advective regime, the residence time decreases and slows the surface deposition.
[image: Figure 21]FIGURE 21 | Average quantities of BaSO4(aq) in bulk, Deposition rate on the surface, Deposit mass, and Bulk Damköhler number in Model 1 in a deforming geometry.
Figure 22 shows the bulk Damköhler number versus the available area inside the tube. As the deposition is occurring, the available area for the surface reaction (deposition) decreases. This reduction in the surface area and the shorter residence time for the production of the BaSO4(aq) will reduce the surface reaction rate in the system.
[image: Figure 22]FIGURE 22 | Bulk Damköhler number and the tube inside surface area versus time, dashed-dot lines are showing two different slopes in bulk Damköhler number.
Figure 23 shows the actual deformed geometry along the system with time. It is observable that the deposition takes place at the initial part of the tube. As this deposition near the inlet happens, the local residence time reduces, and the BaSO4(aq) plume moves further down the tube. The BaSO4(aq) concentration is a driving force for the deposition, so the more it moves down the line, the more deposition occurs closer to the outlet of the tube. At later times, the available surface area for deposition at the tube inlet also contributes to the reduction in deposition rate close to the tube inlet.
[image: Figure 23]FIGURE 23 | Tube deformed geometry at 0, 1666.6, 3333.2, 4999.8, 6666.4, 8333, 9999.6, 11666.2, 13332.8, and 14999.4 min respectively from left to right. The surface colour shows the concentration of BaSO4(aq).
Figure 24 shows the system dynamics in terms of local residence time and local velocity change with deforming geometry. It is observable from Figure 24A that the residence time in the section near the inlet drops with a sharper slope in comparison with the section near the outlet. The residence time in the section near the inlet (blue curve in Figure 24) has two slopes. As discussed above, at lower flow rates, the deposition mainly occurs near the inlet of the cell. That deposition changes the geometry leading to a lower residence time that reduces the deposition rate. This reduction in deposition rate, in turn, reduces the deformation rate of the system and thus a smaller change in local residence time. The local residence time near the outlet section (green curve in Figure 24) also has a sharper slope when the local residence time near the beginning has dropped significantly. This change in slope is because the BaSO4(aq) plume has moved further down the tube with a subsequent deposition.
[image: Figure 24]FIGURE 24 | (A) Local Residence Time at two different sections of the tube (B) A section of the tube from Z = 10 mm to Z = 20 mm Left: before the deposition occurs, Right: After deposition changed geometry at t = 15,000 min. The surface colour shows velocity. (C) A section of the tube from Z = 30 mm to Z = 40 mm Left: before the deposition occurs, Right: After deposition changed geometry at t = 15,000 min. The surface colour shows velocity.
SUMMARY AND CONCLUSION
In this work, a detailed study is presented of the dynamic behaviour of barite (BaSO4) deposition by using a Computational Fluid Dynamics approach coupled with a kinetic model of barium sulphate formation and surface deposition. The full Navier-Stokes equations are solved in a flow channel coupled with a transport equation to accurately capture the effect of residence time. Our results give us a much improved understanding of the interplay between different aspects of both the chemical kinetic and fluid flow physics of the process. Accurately predicting the deposition of scale in a laminar flow system requires understanding the important characteristic length known as the diffusion penetration length (δ); this quantity represents the mass transfer region where solutes are transported from the bulk fluid to the solid surface. To calculate this length, resolving the flow field using high-resolution Navier-Stokes equations is central to our understanding of the depositional process. It is important to distinguish the diffusion penetration length from the hydraulic boundary layer, which should not be confused despite their interrelatedness. Furthermore, in simulating turbulent flow, such as with the Reynolds Averaged Navier Stokes equations, it becomes crucial to address the near-wall effect through a range of equations, as turbulence affects the effective diffusivity of the system. An accurate understanding of the hydrodynamic layer is vital in calculating the local residence time and diffusion time and can, therefore, help predict the location of the deposited scale. Since the velocity is zero near the wall, understanding of the hydrodynamic layer would provide insight in calculating the local residence time and diffusion time. Thus, it can help to predict the location of the deposited scale.
Our understanding was built up by taking a range of approaches to the modelling of this reactive-transport system by calculating the effect on the barite deposition behaviour by exploring the following scenarios:
1. Constant flow cases.
2. A ramp-up flow scan calculations.
3. Simulating cases allowing for the deforming geometry due to barite deposition.
We have shown the effect of parameters that change the Damköhler number (Da) on the reaction in the fluid bulk and on the surface. This provides a good understanding of how a flowing system can change the balance of deposition mechanisms from reaction dominated to advection dominated or vice-versa.
We have demonstrated that a system may go from a reaction dominated deposition regime into an advection dominated regime as the deposition is taking place. Thus, the deformation of the geometry and changes in the local residence time should be taken into account in calculations performed in industrial cases.
Two different but related models of the deposition mechanisms are presented here, denoted as Model 1 and Model 2. The variability in the surface deposition rate demonstrated that the surface effect is important in choosing either of these models. In rougher surfaces, where deposition constant would be higher, Model 2 is closer to reality, whereas in smoother surfaces, Model 1 may captures the deposition mechanism quite adequately.
The simulation framework is qualitatively supported and illustrated by results from a set of barite deposition flow laboratory experiments work which show the evolution of the deposition regime from a reaction dominated mechanism into an advection dominated one.
As a result of this mechanistic study, we show that at lower flowrates, the deposition takes place near the inlet vicinity of the tube, and as the flow increases, the deposition location moves towards the outlet vicinity of the tube. However, within the same case, if there is a rough surface within the pipe or duct, the deposition may happen closer to the inlet of the system as the reaction mechanism tends to be more by direct ion deposition as opposed to deposition through an intermediate phase (the nanocrystalline BaSO4 (aq)).
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