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1.1 Executive Publishable Summary

The main objective of ARISSTON project was to develop and validate an integrated numerical tool that should assist essentially in the design and optimization of squeeze treatments for the prevention of scaling. The formation of mineral scales from produced water/brines in oil/gas wells and pipelines constitutes an old but persistent problem for the oil industry. Lost production, formation damage and operational expenses caused by scale deposits cost hundreds of million US$ every year. The tool predicts the timing of scale deposition, the consequent formation damage distribution and the effects associated with the placement and flow of inhibitors in the near well formation. The validation of the tool and methodology involved both laboratory and field scale activities. Their application will greatly contribute towards the reduction of lost production and operational costs since the tool provides the chance for optimal design of the squeeze treatment (selection of inhibitor, inhibitor concentration, size of the pill, etc.) and for in-time placement of inhibitors at the zones where scaling is expected. Such optimization is important in both vertical and horizontal wells, although its impact is more pronounced in the second case, where significant quantities of inhibitors are wasted with the traditional methods of squeeze treatment due to the large length of the well and the unsymmetrical scale distribution.

The ARISSTON project has been based on the following innovative features:

The development of an integrated simulation tool that consists of the following autonomous modules:

· the single well model, which simulates the three phase flow in the formation around the wellbore, 

· the geochemical model, 

· the permeability and porosity distribution model,

· the inhibitor flow model.

The numerical tool has the ability to predict the scaling induction time, the distribution of the scale precipitation in the porous medium and the consequent pore blocking as opposed to the simple scaling tendency that all the existing models predict. The numerical tool has also the capability to predict the effect of inhibitors’ chemical actions with respect to scaling prevention.

Moreover, the introduction of tracer technology into experimental scaling investigations has been implemented successfully for the first time in this project. A series of calcite and barium sulphate scaling experiments in core plugs, gravel packs and sand screens using tracers has been carried out in order to monitor the dynamics of the inhibitors inside the cores. In this context, radio-labeled water and ionic components have been used to study CaCO3, BaSO4 precipitation and CO2 generation. The tracers provided the following unique information: 

· The induction time of the scale deposition

· Visualization of the distribution of the scale deposition in the porous medium.

Finally, a three-phase fluid and heat flow model (single-well model) has been developed to simulate the flow in near-well formation and the well itself. The model especially considers the effects of high well length, heterogeneity and anisotropy, which influence greatly the distributions of the formation damage and the inhibitor along and around a horizontal wellbore.

Data from specific wells in North Sea fields (Miller and Ivanohe) were provided by the participating oil companies and were used for field scale predictions and validation of the ARISSTON methodology and tool.

1.2 Publishable synthesis report

Handling the formation of mineral scales from produced water/brines in oil/gas wells and pipelines is one of the primary concerns for the oil industry. Calcium carbonate is the most common scale during oil recovery. The sparingly soluble CaCO3 may form when a solution is supersaturated (i.e. the product of the concentrations of the precipitating ions (Ca2+, CO32-) exceeds the solubility product, Ksp). Supersaturated calcium carbonate can be meta-stable in a solution for some time before precipitating, so that a period of time usually elapses between the achievement of supersaturation and the appearance of formed crystals. This time lag, is known as the ‘induction period’, tind. 

Up to date, there has been no available method for the prediction of the time of onset for scale deposition and pore blocking in the near-well zone. During ARISSTON project, a new technique was developed using a gamma emitter tracer, which allows measuring on-line the induction time of mineral scale deposits (e.g. CaCO3, BaSO4) under continuous flowing conditions. Only the use of a radiotracer technique can detect the presence and concentration of a specific element or compound at a certain position and time. This kind of information is not readily obtained by conventional methods used in standard scaling experiments. Based on this innovation, ARISSTON project aimed to develop and validate an integrated numerical tool that can be used to optimize the formation treatment (inhibitor placement), carried out to prevent calcite and barium sulphate precipitation around the production wells. Indeed, the ARISSTON tool combines all the necessary features, i.e. the black-oil module (main simulator), sorption as well as tracer data and geochemical model (chemical reaction), offering a fair estimation of the calcite precipitate mass within/throughout the near well zone which is of interest during the squeeze treatment. Presently there is no other similar tool available and this is why it comprises an important development and efficient tool for the well operators.

The main individual results that were achieved at the end of the project can be summarized as follows:

Introduction of tracer technology in scaling experiments. Aiming to qualify the tracer technology as a reliable source of information in scaling experiments, a series of laboratory experiments were performed with and without tracers, in order to deduce the induction time of scaling, the calcite scale growth and the profile of calcite deposition along the deposition medium. The corresponding results showed that the introduction of the tracer technology for the first time in scaling experiments has been successful. The experimental investigation of scaling has attracted an increased interest from the part of the industrial participants as it proved capable of providing unique information on scaling onset and evolution. 

Small scale modelling and simulations (pore and core). Porous media have been characterized and reconstructed by means of the reconstruction method. A code has been produced by combining several existing codes in order to simulate deposition of a single solute in multiphase flows at the pore scale. Relationships of the porosity and permeability evolution as function of precipitating scale have been generated that were further used in the integrated numerical tool. 
Testing and evaluation of new, environmentally friendly inhibitors. Measurement of the adsorption isotherms and precipitation/dissolution coefficients for several, both standard and new inhibitors. In addition, the efficiency of the inhibitors in preventing scaling was evaluated with regard to both calcite and barium sulphate scales. 

Development and validation of the integrated numerical tool. The single well black oil injection/production model has been completed and tested successfully using field data provided by the industrial partners. The module simulating the inhibitor flow has also been completed and tested against both laboratory and field data. The geochemical model simulating calcite scaling has been completed, tested against laboratory data and coupled to the main black oil simulator. All the above components were integrated to generate the ARISSTON tool, which has been tested successfully against the field data provided by the industrial partners BP (Miller field) and Amerada Hess (Ivanhoe field).

To summarize, the project achieved the whole range of its original objectives and produced results, which are not only scientifically advanced but also carry high commercial value. Of special interest in that direction are the following ARISSTON features:

The successful introduction of the tracer technology into scaling studies and evaluation and optimisation of inhibitor performance. It has been demonstrated how the tracer technology can be used to study the effect of several parameters (temperature, saturation ratios, velocity, etc) on scaling and how the technology can be used to evaluate inhibitors and determine the Minimum Inhibitor Concentration. Further work is needed in order to streamline the experimental procedures, enhance the corresponding operative capabilities (High Pressure- High Temperature) and make the methodology cost effective so that to become commercially competitive and viable.

The development of the integrated tool with unique features, which brings together the geochemical and the inhibitor flow model into a single well simulator. Although each of these modules is valuable on its own merit, it is their integration that adds extra value to the overall product.

Strategic and socio-economic aspects

The methodology and integrated numerical tool that was developed and validated in the project aim at advancing the understanding and promoting the prevention of formation damage during production due to scaling. The tool will assist the petroleum industry in designing efficient squeeze treatment methods of scaling prevention. Consequently and due to the R&D character of the work performed, quantification of energy savings or losses, or quantifiable measures of environmental impact are difficult to estimate in a reliable manner at this stage. 

However, the developed methodology and tool can be used to optimise in a cost-effective way certain aspects of the production and environmental policies of oil operator companies. More specifically the expected benefits at industrial level include the following: 

· Scaling and the associated formation damage decrease in general the commercial success rate of production wells. The ARISSTON tool with the ability of predicting the time of scale deposition can contribute significantly in managing the scale control. In addition, the knowledge of the actual position of the forthcoming scale deposition can lead to the design of techniques that place the inhibitors only at the specific positions, reducing the amount of the inhibitor required to be squeezed. It is estimated that with the introduction of the new concept of squeeze treatment, the chemical load can be reduced by 1/3, reducing both the costs of the operation and the environmental impact. Overall, by implementing the ARISSTON tool and methodology, the partners expect presently attained recovery rates to increase in the long term by more than 5%. 

· The testing and evaluation of new environmental friendly inhibitors, which minimise the environmental damage caused in the past by the traditional chemicals. 

· The new preventive treatment, as introduced by this project, will reduce today’s frequent chemical interventions, giving rise to more continuous oil production (avoiding deferred oil production).

Summary of results

The actual work performed in the 36 months of ARISSTON project was in general agreement with the contractual work plan.  The required work was divided into six major technical workpackages (WPs) in a way such that each WP fulfils a specific technical objective. The main activities and the associated results achieved are summarized as follows on a per WP basis.

WP1: Preliminary scaling experiments. Calibration of the parameters 

WP3: Experimental investigation of scaling in core samples using tracers

Leader: IFE
The main objectives for Work Packages 1 and 3, were to validate the use of tracer technology, using gamma emitters, in scaling experimental studies as well as to investigate the calcite scaling process in sand-packs under various conditions. In this respect, several tests were carried out to calibrate the methodology for an accurate measurement and interpretation of the tracer gamma emission. The radiotracers 47Ca2+ and 131Ba2+ were used to study CaCO3 and BaSO4 precipitation respectively, in sand pack blocking tests. These tracers provide the following unique information: 

- The induction time of scale deposition,
- Visualization of the distribution of the deposits. 

It should be noted that initially only the study of calcite scaling was foreseen, however in the course of the project it was decided to expand the pertinent work beyond and above the original plan towards the investigation of the barite scaling mechanisms as well. This was proposed by the participating oil companies, who recognised that these tests can provide valuable original data as significant scaling problems are encountered in several fields (e.g. Miller field) also due to the high concentration of barium.

Initially, systematic static and dynamic experiments were carried out in a container and a tube, with and without the presence of tracers (WP1). These preliminary tests were of high importance as they contributed to the understanding of the conditions (pressure drop, temperature drop) that cause the calcite deposition. 

In WP3 the tracer technology was systematically introduced into scaling experiments. This was the first time that tracers were used in such experiments and several tests were carried out to calibrate the methodology for an accurate measurement and interpretation of the tracer gamma ray emission. A series of dynamic scaling experiments using tracers were carried out in sand-packs, aiming to investigate the effect of pressure, temperature, pH etc on the induction time and the distribution of calcite precipitation and to obtain the precipitation rate constant as a function of these parameters. The results of these experiments comprise an autonomous deliverable of the project, since they contribute greatly to a deeper understanding of the mechanisms of calcite deposition. In addition, they were used in WP6 for the development and validation of the numerical tool.

The experimental work for the study of the scaling mechanism using radiotracers was not straightforward and therefore the experimental rig had to be properly modified several times (to avoid precipitation before the test tube, ensure sufficient and effective mixing etc.). The schematic diagram of the final experimental apparatus (set-up 3) is shown in Figure 1. The formation of scale is monitored by measuring the pressure drop (Δp) along the sand-pack, the change in pH after mixing the two solutions and the activity of 47Ca in the deposit. Typical results for specific tests are shown in the following figures. In particular, figure 2 represents the deposit growth of calcite versus time at position ‘0’ of the sand-pack, as well as the pressure drop against time along the sandpack for Run 9. Figure 3 shows the distribution of deposit calcite at the end of the experiment, while figure 4 depicts the 0-15 cm profile of 47Ca2+ versus time for Run 9.
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	Figure 1 – Schematic representation of Set-up 3
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	Figure 2 – 47Ca2+ deposit growth at position 0 cm and Δp buildup along the sand pack versus time (Run 9).
	Figure 3 – Distribution of 47Ca2+. The red line represents the initial 47Ca2+ background before start precipitating (Run 9).
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	Figure 4 – 0-15 cm profile of 47Ca2+. The green line indicates the initial 47Ca2+ concentration before start precipitating (Run 9).


All experiments with tracers showed that the tracer monitoring gives a shorter induction time than monitoring of the pressure drop. In some cases no change in pressure drop was registered after almost 1 day, even though calcite starts precipitating after some minutes or a couple of hours. Although the induction times measured with tracers and pH are identical for high supersaturations, they diverge significantly as the supersaturation becomes lower.

A series of experiments were performed in order to study CaCO3 scale formation under various conditions, such as temperature, saturation ratio, fluid velocity, packing material, Mg:Ca molar ratio. The results showed that all these parameters have a considerable effect on the induction time and the distribution of calcite precipitation.

In summary, the major results achieved in WP1 and WP33 during the project, are:

· The introduction of the tracer technology for the first time in scaling experiments in porous media has been successful.

· The tracer monitoring gives a shorter induction time than the monitoring of the Pressure Drop as it was expected. Similar induction times were obtained from both the γ-detector and the pH-electrode at high SR values. However, as SR is decreasing, the induction times measured from the γ-detector becomes shorter and shorter compare to those measured by the pH-electrode.
· After calibrating the methodology, the work was devoted to study the influence of different parameters on calcite scaling process. The results show a definite dependence of calcite’s induction time on parameters such as T, SR, flow rate, presence of Mg ions and packing material. 

· The induction time of scale precipitation was modelled as a simple function of saturation index, SI, and temperature, T.
· Validation of the radiotracer technique in dynamic calcite and barite scaling experiments in core flooding tests.

WP2: Small scale (pore and core) modelling and simulations: Deposition in multiphase flow through porous media
Leader: IPGP

The major objective of WP2 was to derive the constitutive relations, which are used in large scale modeling from first principles by studying the evolution of porous samples on the pore scale because of the deposition of an active tracer. 

This complex phenomenon necessitates the simultaneous use of several tools. First, the pore space is determined by means of the method of reconstructed media (Adler et al., 1990; Adler, 1992; Adler and Thovert, 1998). Second, the instantaneous phase distribution and the velocity fields are computed by an Immiscible Lattice Boltzmann model (Ginzbourg and Adler, 1995). Third, the solute dispersion is obtained by the Random Walk technique (Békri and Adler, 2002); its deposition at the walls is supposed to follow a first order reaction (Békri et al., 1995).

Deposition in three-dimensional reconstructed porous media

An example of evolution is shown in Figure 5, where the medium is shown together with the deposit. The porous medium is reconstructed with an initial porosity equal to 0.4; its size is 323 with a correlation length equal to 15. Then, the deposit is shown at regular time intervals. We get the impression on this sample that the deposit occurs by successive bursts in different places. Figure 5c is particularly interesting since it gives the repartition of the two phases in the pore space at clogging. The remaining porosity is quite large and equal to 0.1, approximately. Some systematic evaluation has been done on the detailed geometrical parameters as functions of time for the porosity and the deposits which are represented in Figure 6. S is the wetted surface of the sample; surprisingly in a sense, S starts increasing and it is only at about 20 % of the evolution that it decreases. The porosity  has already diminished by about 30% for the same time. Finally, a length scale can be defined as


L =  V/S

where V is the volume of the sample. This characteristic length scale is seen to decrease regularly with time in Figure 6b.
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Figure 5 - Evolution of a reconstructed porous medium of initial porosity 0.4. The saturation is equal to 0.5. (a): solid space. (b) pore space. Then, the deposit is shown at regular time intervals until clogging. In (c), the left liquids are shown; oil (red), water (blue). 
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Figure 6 - (a): Evolution of the porosity (decreasing curves) and of the deposit (increasing curves) as functions of time for three samples of initial porosities equal to 0.237, 0.334 and 0.441. (b): Evolution of the wetted surface S ((), of the ratios o (() and L/L(t=0) (() for the example of Fig 5.

Permeabilities

The evolution of the absolute permeabilities with time, but also the evolution of these quantities with porosity have been calculated. It turned out that it was more convenient to use this latter relation to evaluate the evolution of the permeabilities in a porous medium. 

The relative permeabilities were systematically calculated by means of an immiscible lattice Boltzmann code. The results are illustrated in Figures 7 and 8. 
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	Figure 7 - The total (a) and the relative permeabilities (b) in the initial packing of polydisperse spheres V9_129_256. The red and blue lines are for oil and water, respectively.
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	Figure 8 - The total (a,b) and the relative permeabilities (c,d) of the polydisperse spheres V9 as functions of time under a constant pressure gradient.


WP4: Testing and evaluation of new, environmentally friendly inhibitors

Leaders: M-I Production Chemicals
In order to enhance the understanding of the inhibitors’ action mechanism and support the final integrated simulation tool through the generation of valuable data, a close collaboration between NCSRD, M-I Production Chemicals and IFE was established to organise and perform systematic experimental work towards the measurement of the corresponding adsorption isotherms (both on core and crushed sandstone samples) as function of the experimental conditions, as well as the evaluation of the performance of the inhibitors in preventing scaling with the use of tracers under reservoir (high pressure and temperature) conditions. 
During the three years of the project, several inhibitor types (conventional and new) provided by M-I Production Chemicals, were considered. Finally, two polymeric scale inhibitors were selected, based on their environmentally friendly profile, for thorough experimentation both in terms of adsorption and performance in preventing scaling under reservoir conditions. 

In addition to systematic static experiments (squeeze tests), the new inhibitors were tested also under dynamic flow conditions (similar to the ones prevailing in the field), offering in this way an integrated, improved approach for the determination of the most important inhibitors’ property, Minimum Inhibitor Concentration (MIC), i.e. the threshold concentration necessary to avoid scale. Apart from the determination of MIC, the experimental rig that was built-up by IFE also allowed the comparison of the inhibitor’s behaviour in flow and static conditions. 

More specifically, the performance of new inhibitors to prevent calcite & barite (using 131Ba as a tracer) scale was checked experimentally in connection with the performance of a standard phosphonate type scale inhibitor. For that, a series of runs were executed in sandpacks where the two scaling solutions were mixed and pumped through it in the absence and presence of scale inhibitors. The corresponding results show a definite dependence of calcite & barite induction time, tind, with the inhibitor concentration (see Figure 9). 
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	Figure 9 – Evaluation of inhibitor performance to prevent calcite scale using 47Ca as tracer; here 25 < MIC < 40 ppm (SR= 50, T=100oC).

	
	


The radiotracer technique was demonstrated to be a novel, very promising methodology for the development and validation of a new laboratory blocking test that can be used for the determination of the Minimum Inhibitor Concentration, MIC, necessary to avoid scale.

Apart from the above inhibitor tests on sand-packs and cores, NCSRD worked intensively on experiments for the evaluation of the sorption of the various inhibitor solution samples on crushed sandstone. In this respect, a special experimental set-up was built and the pertinent experimental protocols were established. This work resulted in the first sorption data for a set of inhibitors that had been studied by M-I Production Chemicals in terms only of thermal degradation. At the same time a special device that allows the measurement of the sorption isotherm on a core sample (instead of crushed rock used presently) has been designed, constructed, and tested following the request of M-I Production Chemicals. 

WP5: Field application of the selected inhibitor
WP6: Development and validation of the numerical model

Leader: IFE 

It was the aim of WP6 to build the integrated numerical tool as well as to validate it against laboratory and field data provided by all the previous workpackages, WP1-WP5. The ARISSTON tool consists of four separate modules so that each component can be validated or upgraded more easily: 

· The basic single well model, which simulates the three phase flow in the formation around the wellbore 

· The geochemical model

· The inhibitor flow model

· The permeability and porosity distribution model

The integrated tool has been applied for two field cases, the Ivanhoe field (data from Amerada Hess) and the Miller field (data from BP). The applicability of the integrated tool on the field scale has been demonstrated in each case. 

1. The basic single well model (black oil)

The black oil model is mainly intended for simulation of the near-well zone in a cylindrical grid, but it also contains features for handling other types of grids, making the model a flexible platform addressing a variety of applications. The model handles 3-phase flow in 1, 2 or 3 dimensions and is capable of calculating the temperatures dynamically throughout the near well zone. All equations, including those of the geochemical module and the inhibitor module, are integrated fully implicitly to achieve robustness and stability of the integrated tool.

Input data to the model are permeabilites and porosities of the porous medium, fluid properties of the flowing phases and, if needed, thermal properties of the rock and fluids. In addition boundary conditions at the well and at the outer near-well boundary are given as input. Typical time-dependent boundary conditions are injection/production flow rates, pressure and temperature at the specific well or boundary of the simulated region.

A module for solving the transport equations for chemical scale components and inhibitor has been fully coupled to the simulator, as part of the integrated tool. To achieve numerical stability and robustness, the flow and thermal equations are solved fully coupled and are integrated by a fully implicit method. A semi-implicit method is also implemented. The black oil model, which has been in C++, allowing dynamic memory allocation and structured programming, and the coupled inhibitor concentration model have been tested and verified by comparing with analytical solutions in special cases.

2.  Geochemical model

The water phase chemistry and the scale precipitation is modeled as a set of coupled equilibrium and non-equilibrium reactions. The sufficient problem definition is made up of a thermodynamic model for the equilibrium reactions and one reaction rate expression for each kinetically controlled reaction. The mass balance for the system of coupled reactions is defined in terms of stoichiometric coefficients of the reactions. An algorithm for transforming the reaction/precipitation problem into a canonical form has been developed during the project. The formalism was designed with aqueous phase modeling in mind, but it applies equally well to rock fluid interactions like adsorption and coupled reaction/adsorption.

The algorithm has been implemented in a 1D simulator for studying laboratory experiments and in the near-well reservoir simulator. In the reservoir simulator, all the chemical effects are formulated as abstract methods such that new models for thermodynamic properties and reaction rate equations can be implemented in the simulator without any modification of the kernel numerical routines. Salt precipitation on both laboratory scale and field scale has been computed. In the computations, the concentrations of the chemical species vary considerably, typically with more than ten decades. Despite this, no particular numerical problem was encountered, neither in solving the system of linear equations nor in converging the nonlinear equations in the discretization scheme. 

The 1D simulator was used to investigate a series of reaction rate equations for the precipitation of calcium carbonate. The computed scale deposit was compared to the one measured in flooding experiments. It was found that a one-parameter first order rate equation gives an acceptable match. The parameter in the rate equation must be estimated for each individual packing material/core sample, but the computations indicate that the parameter is valid over a wide temperature range. The effect of inhibitor seems also to be fairly well modeled by the first order rate equation. The experiments can be simulated by tuning the rate parameter for each experimental condition. 

3.  The inhibitor flow model

The inhibitor component is following the water phase in a passive manner, meaning that the concentration of the inhibitor product at each time step may be solved separately from the rest of the flow. Both physical effects are crucial for the behaviour of the inhibitor component in a squeeze process. The diffusion leads to spreading of the concentration profile during the shut-in period of the well, after the inhibitor has been injected and over-flushed. The adsorption properties affect the time period for which the back-produced concentration stays above the MIC value. Both an equilibrium and non-equilibrium model are included accounting the adsorption. For non-equilibrium adsorption a mass transfer coefficient between the liquid inhibitor concentration and the concentration on the rock is given as input.
Simulation of inhibitor experiments

In WP4 experimental work related to inhibitors has been carried out. One of the targets has been measurement of adsorption/desorption isotherm data that are crucial for simulating back-production of inhibitors in the field. In this section results from simulating dynamic inhibitor flow experiments using the integrated tool, are presented. The dynamic flow experiments are performed on a slim-tube packed with sand.

The sand-pack is squeezed with 10% solution of the inhibitor product, and the system is shut-in for 20 hours to to allow for equilibrated adsorption of the inhibitor. After the shut-in period the inhibitor is back-produced by flooding the sandpack with water injected at a constant flow rate. 

Three dynamic experiments have been simulated, using variable flow rates. During back-production, the produced concentration of inhibitor was measured with time and compared with simulations. In this summary of the project only the results from one of the simulations is presented, namely phosphonate injected at 0.2 ml/min. In Figure 10 the produced concentrations of the inhibitor are plotted versus injected water volume. The simulated curve is plotted together with the measured data. 

[image: image19.emf]
Figure 10 - Produced inhibitor concentration (injected flow rate is 0.2 ml/min).

4.   Permeability and porosity distribution model

The method for estimating evolution of porosity and permeability due to scale precipitation, is based on the recommendations given by IPGP. The pertinent method is based on pore level simulations of scale deposition. More specifically, IPGP worked on the integration of the local scale quantities (studied in the framework of WP2) in a large scale model and to upscale the deposition processes on the large scale. It should be noted that to the best of our knowledge, there are few contributions to deposition studies on the field scale. Most of the understanding of the reactive transport has been obtained for the pore scale. There is no general tool to describe such a transport in heterogeneous media on the field scale where macroscopic properties of porous media vary with space.

A crucial input parameter for simulating scale deposition is the kinetic constant (mass transfer coefficient) 
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 is the mean interstitial velocity.  For a convective and diffusive system the Péclet number is defined as
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where L is a typical length scale and D is the diffusion coefficient for the specific chemical component.

The PeDa number is defined as the product of the Péclet number and the Damköhler number. This number is a crucial parameter in the proposed method for porosity estimation. Denoting the porosity due to scale precipitation as 
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 and the initial porosity as 
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, a porosity correlation is developed as a function of PeDa, L, D and a dimensionless time.

On the other hand, the permeability reduction due to scaling has also been related to porosity for different ranges of the PeDa number (the relative permeability is assumed to be unaffected by scaling):

5.  Simulation of a specific well in Ivanhoe field

Concerning the field scale modelling, an attempt was made to match the results of the 3-phases black oil model with specific field data coming from two wells of the Ivanhoe and Miller fields. The validation tests included the simulation of the injection and the back-production of the inhibitor component, the calculation of the ions concentration in the various layers of the well, the determination of the pH and the temperature profiles as well as the comparison between simulated and measured data. In all cases a pretty good agreement was observed verifying that the whole methodology, but also the individual tools, can work with significant accuracy.

More specifically, based on the information described in the previous paragraphs, a case for simulating the near well zone with the integrated tool was built. The radius of the near well zone has been chosen to be 100 m, a parameter which does not play an important role with respect to the simulation results. The near well zone was simulated for a three-month period. In the well the total liquid rate (water + oil) is given as boundary condition. The water rate and the oil rate are calculated by the simulator. At the outer near well boundary the reservoir pressure and saturations are given as functions of time.

At first, the obtained oil and water rates at standard conditions are compared with the corresponding field measurements. The simulation results are seen to be in good agreement with the field data.

Simulation of the squeeze test
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Figure 11 – Back-produced inhibitor concentration, simulated and measured

In Figure 11, the simulated and measured back-produced inhibitor concentrations are plotted as a function of time. The results show that the field data are reasonably well reproduced by the simulation. 

Prediction of scale by simulation

Figure 12 shows the predicted scale precipitation for the chosen well in the Ivanhoe field, using generic values for the ion concentrations coming from the reservoir. The scale precipitation in mol/l has been simulated in time and space using the integrated tool. The figure shows the scale situation after 80 days.
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Figure 12 - CaCO3 precipitation 80 days after start of simulation.

6. Simulation of a specific well in Miller field

The radius of the near well zone has been chosen to be 100 m. During the 3 months simulation period the saturations were assumed to be constant, the oil saturation being 0.488, gas saturation 0. The total water and oil production rates are given.

Simulation of the squeeze test
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Figure 13 – Back-produced inhibitor concentration

In Figure 13 the simulated and measured back-produced inhibitor concentrations are plotted as a function of time. The field data are reasonably well reproduced by the simulation. 

In conclusion, the ARISSTON tool combines all the necessary features, i.e. the black-oil module (main simulator), sorption as well as tracer data and geochemical model (chemical reaction), offering a fair idea of the calcite precipitate mass within/throughout the near well zone which is of interest during the squeeze treatment. Presently there is no other similar tool available and this is why it comprises a very important development and efficient tool for the well operators.
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