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Associative Microgels, New Self Adaptive Systems to Control Fluid Loss in Well Cementing

Fluid loss control additives are critical constituents in a cement slurry formulation to ensure even cement placement and ultimately satisfactory zonal isolation. Many technological options have been developed over the past decades to design fluid loss control additives for cementing. The most popular technologies as of today are either based on water soluble polymers or colloidal particles like latexes. As an alternative approach, in this paper we introduce a new technology based on associative or "sticky" microgels. These microgels are able to associate with one another at elevated concentration but, more surprisingly, are also able to associate under shear in the dilute regime during a filtration process. As a consequence these additives demonstrate outstanding performance as fluid loss control agents.

This study focuses first on standard API filtration tests using sticky microgels, and on how their behavior in application differs from traditional systems, in particular water-based soluble polymers such as cellulosic derivatives or synthetic polymers. Our investigations then focus on the working mechanism of the microgel system by analyzing adsorption on the cement surface, rheology, and filter cake structure using Mercury Intrusion Porosimetry (MIP). Finally the behavior of sticky microgels in model filtration tests is explored with either filtration against porous ceramic discs or using microfluidic chips allowing a direct visualization of microgels during filtration.

This study demonstrates that associative microgels are not controlling fluid loss through a simple size match between particles and pores within the filter cake but rather through shear-induced aggregation. Microfluidic observations reveal that aggregation occurs irreversibly as microgels are forced through the pores as the filtration process occurs. The shear-induced associated gels are particularly effective at reducing dramatically the filter cake permeability and allowing gas migration control. Interestingly the shear-induced aggregation of associative µgels seems to confer self-adaptive properties of the fluid loss additives with respect to the pore network to be clogged. Indeed, formation of shear aggregated gels larger than the individual microgels can be used to limit fluid loss even if the pore sizes are much larger than the individual microgels.

Introduction

Many polymeric additives are combined in cement slurry designs to control the properties of the cement slurry and ensure an even placement against the rock formation [START_REF] Nelson | Well cementing. OFITE. Ceramic filter disks[END_REF][START_REF] Bilic | Study On Admixtures For Calcium Aluminate Phosphate Cement Useful To Seal CCS Wells[END_REF][START_REF] Cadix | Cementing additives[END_REF]. Fluid loss and rheology control additives are critical from this perspective to maintain the homogeneity of the slurry, prevent settling and retain water within the slurry as it is being pumped under high differential pressure against a porous rock formation.

For this function cellulosic derivatives are widely used, as long as the bottom hole temperature remains mild. Among the possible derivatives, HydroxyEthyl Cellulose (HEC) has been adopted massively by the industry since the early 1950's [START_REF] Kaveler | Retarded set cement and slurries thereof[END_REF]. HEC is an easily hydratable and reasonably affordable additive which is widespread in many water-based formulations, mostly for its rheology control properties. In addition, the construction industry identified water retention control as an additional benefit for cellulosic ethers. In this industry, water retention additives prevent the occurrence of concrete dewatering prior to the full setting of the concrete. By analogy HEC found applications in the O&G industry as a suspension additive, preventing cement settling, and as a fluid loss control additive [START_REF] Sandford | 7 -Industrial Utilization of Polysaccharides[END_REF].

For the latter the mechanism of action has been thoroughly investigated by Bulichen and Plank [START_REF] Buelichen | Formation of colloidal polymer associates from hydroxyethyl cellulose (HEC) and their role to achieve fluid loss control in oil well cement[END_REF]. Its understanding is based on the assumption that, above a critical concentration, the HEC polymeric chains in solution in the cement interstitial fluid entangle and associate to form aggregates that are able to clog filter cake porosity, thus reducing its permeability and filtration rate. Below this critical association concentration, some filtration control can be still be observed. However, it is mostly driven by the increase of viscosity of the interstitial fluid, and as a consequence the filtration control remains modest.

From this mechanism of action, good fluid loss control can only be achieved above the overlapping concentration where aggregates or "associates" can form [START_REF] Buelichen | Formation of colloidal polymer associates from hydroxyethyl cellulose (HEC) and their role to achieve fluid loss control in oil well cement[END_REF]Plank 2011, Bülichen andPlank 2012). Thus in such conditions high slurry viscosities are intrinsically observed, and as a consequence placement and overpressure issues can arise.

Another approach to control fluid loss via aggregated water-swollen polymer networks is to use microgels. Microgels are by definition solvent-swollen chemically crosslinked polymers, present as discrete objects in suspension in a continuous medium (here water). Across the Oil and Gas industry, these soft three dimensional objects can have multiple uses for water shutoff, relative permeability modification, rheology or fluid loss control [START_REF] Moulin | Fluid loss control agents and compositions for cementing oil wells comprising said fluid loss control agent[END_REF][START_REF] Ezell | Methods of using fluid loss additives comprising micro gels[END_REF][START_REF] Zweigle | Cross-linked, water-swellable polymer microgels[END_REF], Zaitoun et al. 2007, Rousseau et al. 2007). Fluid loss is controlled by microgels through pore plugging during filtration and formation of a physical barrier. These are mostly used where the size of microgels can be controlled upfront and adjusted to the target porosity to be plugged in applications like drilling or water shutoff.

The study presented in this paper investigates hydrophilic microgels comprising associative moieties. The consecutive attractive interactions aim to enhance its ability to form aggregates and develop better fluid loss control properties. Examples of associative polymers are amphiphilic consisting of hydrophilic backbone bearing few hydrophobic units. These are well known to develop associative behavior when reaching a critical overlap concentration (C*) [START_REF] Gennes | Scaling concepts in polymer physics[END_REF][START_REF] Israelachvili | Intermolecular and surface forces: Academic press[END_REF]. The development of polymer-polymer physical associations from the "sticky" hydrophobic unit interactions dramatically enhances fluid viscosity up to the formation of gels and found many applications in industrial and personal care industries. The objective of the current study is to investigate such associative microgels (noted associative µgel) systems for application as fluid loss control additives, and to compare their behavior with HEC. Potentially a similar working mechanism is expected for both systems for fluid loss control with a formation of polymeric aggregates able to plug filter cake porous network and reduce its permeability.

First, standard API simplified cement slurries comprising either HEC or associative µgel as fluid loss control additives are evaluated for filtration control and their working mechanisms investigated. Additional data on the rheological behavior of both systems are presented as well as mercury intrusion porosimetry of cement filter cakes. Both systems are then evaluated in model filtration conditions as neat polymer solution against ceramic filters. Finally the working mechanism of the associative µgels is elucidated using direct observations of flow through in model porous medium in a microfluidic device.

Experimental

Instruments and procedures

Cement slurry preparation

Cement slurries were prepared in accordance with the API 10B recommended practices for testing well cements (API 2010(API , 2013)). All cement slurries were prepared using standard bottom drive blade type mixers. Except if stated otherwise, HEC was dry blended with cement prior to addition to the mix fluid. The sticky microgels, which are available as concentrated water dispersions, were dispersed to the mix fluid before the addition of cement. Prior to evaluation, the slurries were conditioned for 20mn at a target temperature up to 90°C in an API standard atmospheric consistometer with the paddle rotating at 150RPM.

Static fluid loss test

Two sets of filtration tests were performed in the frame of this study. First, conventional API cement slurry static fluid loss tests were completed at various temperatures up to 90°C (194°F) using 175mL filtration cells fitted with a 45µm (325 mesh) screen (API 2013). Filtration was systematically run under 69bars/1000psi nitrogen applied pressure. Collected filtrate weight was computed versus time for 30 minutes and the reported collected filtrate is doubled as per API convention. In the case of early breakthrough of nitrogen prior to the standard 30 minutes filtration time, V API was calculated as per equation 1.

𝑽 (𝟑𝟎 𝒎𝒊𝒏) = 𝐕(𝒕 𝒃𝒓𝒆𝒂𝒌𝒕𝒉𝒓𝒐𝒖𝒈𝒉 ) × √ 𝟑𝟎 𝒕 𝒃𝒓𝒆𝒂𝒌𝒕𝒉𝒓𝒐𝒖𝒈𝒉 then V API = 2 x V(30min) Equation 1
Then filtrations in model conditions were run against ceramic filters of controlled permeability and mean pore size (see table 1). Filters were purchased from by OFITE Inc. These filters are 1cm thick porous materials and their characteristic mean pore size and permeability were determined by the supplier using Mercury Intrusion Porosimetry (MIP). The filters were soaked in model synthetic cement water prior to use. Filtrations were run at room temperature with variable pressure, using 500mL filtration cells. 

Polymer concentration determination

Either for the sake of detecting the adsorption of polymers on the cement surface or potential polymer trapped in a filter cake, the total organic carbon within the filtrate solutions was determined using a Shimadzu TOC-L Total Organic Carbon (TOC) analyzer. Solutions collected from the filtration tests were analyzed and compared against the initial total organic carbon in solution prior to filtration. Generally, the main limitation of the carbon analysis lies in the fact that it is not selective and therefore does not allow one to differentiate additives. However, TOC is appropriate here as only simplified formulations containing only one organic additive were investigated. In addition, alternative selective techniques like Size Exclusion Chromatography (SEC) that have been previously used [START_REF] Cadix | Diblock Copolymers: A New Class of Fluid Loss Control Additive for Oilfield Cementing[END_REF] are not applicable for crosslinked and associative systems.

Cement rheology characterization

Rheological characterizations of cement slurries were performed, both after mixing and after conditioning, using an API standard rheometer (model Chan35 from Chandler Eng., Tulsa USA) equipped with a conventional R1-B1 Couette cell with F 1.0 spring. In addition neat polymer solutions were characterized with a more precise advanced rheometer (DHR-2 from TA Instruments) also using a concentric cylinder geometry.

Filter Cakes MIP

Mercury intrusion porosimetry (MIP) allows one to access porosity and pore size distributions on granular media over a very large range of sizes. Measurement consists in monitoring the volume penetration of mercury within a sample against applied pressure. Pressure (P) is related to the pore diameter (Dp) by applying the Washburn equation (equation 2).

Equation 2

with  = 140° the contact angle of mercury on cement, considered identical for all formulations, and  the surface tension of 485 dynes/cm (or N/m).

In principle the MIP model is applicable only to cylindrical and open porosity. Whenever ink bottle shaped, closed or complex angular pores are present the pore size distribution is only a qualitative index of the intrudable pore volume from a threshold diameter. Even though some literature reported limited accuracy or conflicting results on very tight and aged cementitious materials (Han et al. , Diamond 2000[START_REF] Münch | Contradicting geometrical concepts in pore size analysis attained with electron microscopy and mercury intrusion[END_REF][START_REF] Parcevaux | Pore size distribution of portland cement slurries at very early stages of hydration (influence of curing temperature and pressure)[END_REF][START_REF] Abell | Mercury intrusion porosimetry and image analysis of cement-based materials[END_REF], the application of the technique on early age and non-fully set materials provides good insight on the porous structure [START_REF] Cadix | Short Term Gas Migration Control in Well Cementing: Comparative Behavior of Fluid Loss Control Polymers[END_REF][START_REF] Gallé | Effect of drying on cement-based materials pore structure as identified by mercury intrusion porosimetry: a comparative study between oven-, vacuum-, and freeze-drying[END_REF][START_REF] Parcevaux | Pore size distribution of portland cement slurries at very early stages of hydration (influence of curing temperature and pressure)[END_REF]. In addition, focusing on the 2 nd intrusion only allows one to discard ink bottle shape pores and non-connecting porosity, which are irrelevant for both fluid loss and gas migration control phenomena.

Sample preparation for the filter cake analysis requires the fast removal of water from the sample to avoid artifacts which could occur from cement hydration. As described in SPE184564, samples are collected and dried at 40°C immediately after the filtration test. Prior to Mercury Intrusion Porosimetry (MIP) specimens are further dried under vacuum for 48hrs at room temperature. Experiments are performed using a porosimeter Autopore III 9500 from Micromeritics. The measurement range was from 0.036 to 4136 bars (0.52 to 60000 psi), with at least 230 equilibrium measurement points (for Intrusion -Extrusion -Intrusion analysis).

Micromodels and microfluidic observations

Microfluidic flow channels were prepared for direct observation of the polymeric systems of interest in confined flow conditions. The objective was to design micromodels which have restrictions representative of the typical pore sizes within a given mineral or cement slurry, but nevertheless are simple enough to ease understanding and modelling of flow in the system. Specifically, the model designs consist of a simple straight channel of large rectangular cross-section, with a central local restriction section comprised of model 'pores' (see figure 1). The model pores are a series of equispaced parallel channels of square cross-section through which the µgel suspension is forced to flow.

Here the channel width and height are both 20 µm, which is comparable to the median particle size of the associative µgel particles (see next section). Micromodels were fabricated using standard soft lithography of polydimethyl siloxane (PDMS) that involves casting and curing over silicon master molds with the desired template design [START_REF] Kaushik | Filtration mechanism of suspensions of microgels[END_REF]. All the channels were treated with a durable grafted hydrophilic surface modifying agent to ensure that the surface wettability remains constant over the entire device. The filtration experiments discussed here used a syringe pump to control the flow rate of the µgel suspension entering the microfluidic channel. The resulting differential pressure along the channel is monitored using pressure sensors with a home-made set-up. All microfluidic experiments presented here were conducted at room temperature (21+/-2°C). Running a preliminary calibration with water flow under various rates, permeability (K) of the porous section was determined using Darcy's law (equation 3).

𝑄 =

𝐾𝐴Δ𝑃 𝜂𝐿 Equation 3 with Q the imposed flow rate, A the cross-sectional area of the porous part, Δ𝑃 the pressure difference measured as shown in figure 1-(b) ; 𝜂 is the viscosity of the fluid and 𝐿 is the length of the porous part. The permeability (K) of the model porous section with 20µm x 20 µm channels was determined to be, 1.57 Darcy.

In addition, video acquisition of the porous part section is performed throughout flow experiments using a phase contrast microscope to directly observe the µgel suspension filtration mechanisms. The optical setup consists of an inverted microscope (IX 51, Olympus ) equipped with a CCD camera (Hamamatsu, OrcaFlash2.8).

Material Cement

The cement grade used for the study is HSR class G cement from Dyckerhoff (Lengerich, Germany) and complies to API standard specifications (API 2010). The cement is characterized by its particle size, specific surface and chemical composition. In addition the main cement constitutive phases were determined using the DRX Rietvield method. In this study the cement slurries densities were set at 14.2ppg / 1702kg/m3, which is relatively lower than the standard 15.8ppg, to allow comparison of our microgels with HEC which also acts as an extender. This density permits a study on a wide concentration range with manageable slurry viscosity.

In this density range, the water on cement ratio is at 0.67 and solid volume fraction is 32%.

Fluid loss control additives

Hydroxyethyl Cellulose (HEC)

As a comparative system of wide practical interest, a HEC polymer is evaluated. The grade selected here has a medium molecular weight of 700 kg/mol with an average substitution of 2.5mol EO per anhydroglucose unit. This modification degree allows a rapid and complete hydration of the cellulose with a limited chance of residual unmodified crystalline groups, which could hinder polymer dissolution or induce intrinsic polymer interchain associations. This polymer is widely used throughout the industry as a fluid loss and rheology control agent for medium to low density slurries.

Associative microgels

The associative system of interest investigated here consists of a suspension of loosely crosslinked amphiphilic copolymer microgels. The industrially-available aqueous suspension is purified by centrifugation in diluted conditions to remove all potentially large particles or aggregates from the suspension [START_REF] Kaushik | Filtration mechanism of suspensions of microgels[END_REF]. This allows a study of filtration and flow in confined media avoiding any artifacts or plugging from non-representative individually large particles.

The median particle sizes of the purified associative µgel suspensions are 15 to 18 µm depending on batch preparation.

Results

Low density slurries standard API tests

In order to evidence the working mechanisms of HEC and associative µgel, the study of fluid loss performance in cement were conducted with neat cement slurries with no additional additives. The pump time was confirmed separately (data not reported here) to be long enough for all tested conditions to perform fluid loss, rheology and stability tests.

First it is observed that the filtration profile differs greatly between the HEC and associative polymer systems. In the case of HEC, the profile matches quite well a typical square root of time profile while the associative microgel on the other hand shows more unconventional profile with first a spurt for few seconds followed by a very moderate filtration flow over the course of the filtration test (see figure 2). As analyzed by Desbrieres, the API standard cement filtration test for a given system may be fully described by the filter cake permeability and the filtrate viscosity (Desbrieres 1993b(Desbrieres , 1993a)). In this model a consistent and homogeneous filter cake is being built throughout the filtration process and the collected filtrate versus time may be described by equation 4.

𝑉 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 = √ 2𝐾𝐴 2 Δ𝑃 𝜂𝑅 √𝑡 Equation 4
where K is the filter cake permeability and  the filtrate viscosity. R is the cake volume settled per unit volume of filtrate (which remains constant when comparing identical density slurries) and is considered constant throughout a filtration test. A is the filtration area (22.6 cm 2 (3.5 in. 2 )) and P the differential pressure applied during filtration (6.9 MPa (1000psi)) for a standard API test.

In the case of HEC, the collected filtrate volume fits relatively well equation 4, which implies that the permeability (K) remains constant at all points during the filter cake formation i.e. from the start to the finish of the filtration test. The slight decrease in collected filtrate volume versus theoretical profile over time observed here may be due to some compaction of the filter cake towards the end of the test. On the other hand, in the case of the associative µgel, there appears to be distinct phases in the filtration process with first an instant spurt at the very beginning followed by very low flow rate for the rest of the test.

Polymer dose response

Additional filtration tests are conducted varying the concentration in the fluid loss control additive. As expected from earlier studies focusing on the HEC working mechanism (Bülichen and Plank 2012), a progressive reduction of the API filtration volume is observed as HEC concentration is increased (see figure 3). In this particular case it requires close to 1%bwoc of HEC to achieve an acceptable filtration control below 100cc/30min (V API). On the other hand, the associative µgel shows a dramatic reduction of fluid loss volume as soon as active microgel concentration reaches 0.2%bwoc. Even though here the investigation was carried out at lower density with a higher molecular weight HEC and at 70°C versus room temperature for Bülichen and Plank we nevertheless observe a similar increase of the filtrate viscosity up to about 10mPa.s and a progressive decrease of the filter cake permeability.

The concentration required to achieve a filter cake permeability below 100µD found here is also close to 1%bwoc. On the other hand, for the associative µgel no change in filtrate viscosity is observed while the permeability drops dramatically to very low values of 1µD and below as soon as the concentration reaches 0.2%bwoc.

As a side note, it is worth mentioning that all slurries remained stable with free fluid below 1% for all the designs tested. Furthermore, the viscosity of the slurries increases significantly with the addition of HEC, while a relatively low viscosity is observed for all concentrations of associative µgels tested here (see figure 5). This increase in viscosity when using HEC prohibits a further increase concentration in order to obtain lower fluid loss values.

Temperature effect

The impact of temperature on fluid loss control performance and on the working mechanism of the additives is investigated in the medium temperature range (30 to 90°C -86 to 194°F) using here only one concentration of additive respectively: 0.9%bwoc for HEC and 0.5%bwoc for the associative µgel, which both provided fluid loss control at an acceptable level. A slight increase of API fluid loss for both systems is observed as temperature is increased. This increase can be simply interpreted by the temperature effect on filtrate viscosity as per equation 4, as it is expected that 𝑉 𝐴𝑃𝐼 ∝ 1 √𝜂 ⁄ . Indeed there is no significant observed in filter cake permeability for both systems in the entire temperature range investigated. From this series of tests, the concentration of polymer in the collected filtrate was determined using total organic carbon analysis. As stated by multiple authors HEC is not expected to adsorb on the cement surface [START_REF] Hurnaus | Adsorption of non-ionic cellulose ethers on cement revisited[END_REF], Bülichen et al. 2012[START_REF] Jenni | Quantitative microstructure analysis of polymer-modified mortars[END_REF][START_REF] Schweizer | Rheological evaluation of mortars containing cellulose ethers[END_REF], but rather associates, thus clusters of hydrocolloid are expected to be retained through the filtration process. Here it is observed that about half of the total HEC introduced in the slurry is actually effectively retained and clogging the filter cake (see figure 7). In the case of the associative µgel only 20 to 30% of the initial microgel is found to be able to flow through the filter cake. Thus the vast majority of the polymer plays an active role in the permeability reduction in this system. ). This study is conducted over the concentration range used for the evaluation in cement slurries (see figure 8). For both systems, low shear viscosities are reported. For HEC, a Newtonian plateau is observable with all concentrations at low shear. For the associative µgels, the low shear rheology is determined using a Herschel-Bulkley fit of the data as yield stress is observable at high concentration.

The viscosity of HEC versus concentration follows a classical profile expected for linear polymers in solution with first a diluted regime with moderate viscosity increase versus concentration followed by a steep increases once the concentration is above overlap concentration (C*). Here the dotted line represents DeGenne's model for entangled polymer reptation with 𝜂 ∝ 𝐶 15 4

⁄ (De Gennes 1979). For the HEC grade used here, C* is about 0.25%bwow (by weight of water) which in the 14.2ppg slurry would be 0.16%bwoc. As a consequence when HEC is being used at 0.9%bwoc e.g. 1.4%bwow to achieve acceptable fluid loss, polymer in solution is already in semi dilute regime and forms highly entangled network. In the case of the associative µgel, as is typically observed with suspensions of particles, the viscosity of the suspension increases slowly with concentration until a critical concentration is reached where viscosity diverges. Several authors have defined semi empirical equations for systems like hard particles to soft hydrogels dispersions [START_REF] Ovarlez | Flows of suspensions of particles in yield stress fluids[END_REF], Pellet and Cloitre 2016[START_REF] Krieger | A mechanism for non-Newtonian flow in suspensions of rigid spheres[END_REF][START_REF] Mooney | The viscosity of a concentrated suspension of spherical particles[END_REF]). Viscosity divergence is typically associated with a random close packing of the particles in the dispersion. Here the divergence concentration is fitted with Mooney model to be about 3.5%bwow.

In the case of a cement slurry filtration, 0.5%bwoc would correspond to 0.8%bwow which is still significantly below the divergence concentration.

Filter cake characterization

Focusing on the 2 nd intrusion of mercury intrusion porosimetry of the cement filter cakes provides some insight into their porous network structure. As MIP can only be performed on dried samples, the actual volume occupied by water swollen particles can only be guessed from the structuration of minerals around them. It can be observed that the porous network obtained from a slurry comprising HEC exactly matches the neat cement sample with a standard median pore at about 1µm which is standard for Class G cement [START_REF] Parcevaux | Pore size distribution of portland cement slurries at very early stages of hydration (influence of curing temperature and pressure)[END_REF][START_REF] Cadix | Short Term Gas Migration Control in Well Cementing: Comparative Behavior of Fluid Loss Control Polymers[END_REF]) (see figure 9). This result is consistent with observations by several authors who demonstrated that for water retention applications, HEC or other modified cellulosic materials did not change the pore size and structure within setting cementitious materials [START_REF] Wyrzykowski | Pore structure of mortars with cellulose ether additions -Mercury intrusion porosimetry study[END_REF]).

In the case of the associative µgel, the porous volume of the dried filter cake is dramatically increased when compared to neat cement. In addition the median pore volume is still about 1µm. This observation, associated with the fact that both the V API and filter cake permeability determined prior drying are very low, would tend to imply that most of the porous volume accessible in MIP was actually filled with associative µgel prior to drying. It is also interesting to note that associative µgel is soft enough to adapt its size within the pore network and does not impart the formation of coarser pores than for standard neat cement filtration.

Model filtration tests

In order to improve our understanding of the working mechanism of the associative µgels, model filtration tests are performed using neat dispersions of polymers in water. Additionally whenever possible HEC solutions are also evaluated in identical conditions.

Ceramic discs tests

Filtration tests of fully solubilized HEC solutions at 1.4%bwow (equivalent to 0.9%bwoc in cement tests) against ceramic discs do not show any significant control of the filtration, even with the lowest pore size available of 10µm (see figure 10). For most filtration pressures tested, flow through the disc is linear versus time, demonstrating the lack of permeability reduction from HEC in model filtration tests. On the contrary associative µgels suspensions are able to control filtration with model ceramic filters.

For instance, filtration tests against ceramic discs with mean pore size of 40µm show very similar profile as those observed for the filtration of cement slurries, with first an initial spurt followed by an extremely slow flow throughout the rest of the filtration test (see figure 11-(a)). As far as the impact of pressure is concerned, it can be seen that spurt volume increases with applied pressure yet beyond this first step, once the filter is clogged, flow through filter is very low for all pressures tested. At the end of the tests, it is worth noting that there is no visible accumulation of gel or any visible polymer on the upper surface of the ceramic disc. Consequently, the permeability of the filter clogged by associative µgel can easily be calculated applying Darcy' law (see figure 11-(b)). Generally the permeability calculated is fairly low but dramatically decreases as the filtration pressure is increased with a low plateau at about 2µD from 500 to 1000psi.

(a) (b) In all test conditions investigated on model ceramic filters, neat associative µgels dispersions showed outstanding filtration control capability with collected filtrate profiles very similar to that obtained with cement API tests. In model filtration tests against ceramic filters, overall observations such as increased efficiency under higher pressure or the ability to clog pores much larger than individual particles suggest that the flow of associative µgel in a confined environment implies specific clogging phenomena. In addition same mechanisms seem to be applying both within cement slurries as well as in model neat suspensions.

µmodels

Flow in µfluidic devices has the advantage of allowing both filtration measurements in a model porous medium and simultaneous microscopic observation on flow behavior to develop a better insight on the working mechanisms of our associative µgel system. All the filtration tests discussed here are performed through a restriction consisting of regular series of channels separated by pillars, all of which are of 20µm width and height as described in experimental section.

For a flow at 100µL/hr of 0.8%bwow suspension of associative µgel through the porous micromodel, the pressure drop is measured versus time while simultaneously gathering direct observations of the flow through the porous part. Initially a low stable pressure is observed while the first µgel particles reach the porous part and flow through the channels with no visible retention (see figure 13 and 14-(a)). Then, after a few seconds a few aggregates are observable within the porous channels and the pressure start to increase steadily (see figure 13 and 14-(b)). As time goes by, under constant applied flow rate, the aggregated gel is observed at the outlet of the porous part and its volume increases, associated with a higher pressure drop (see figure 13 and 14-(c)). At longer flow times, a very large portion of the outlet section is jammed with gel, and the pressure drop becomes unstable as the gelled section continuously gets eroded by the flow and reforms (see figure 13 The most striking feature of this model filtration test is that the "filter cake" is formed on the downstream side of the porous section. In a standard filtration process, one would expect that the gel particles would either be sufficiently small to flow through channels or large enough to individually clog channels, and thus build a filter cake on the upstream side. Here particles are small enough (and deformable enough) to flow though the pores , as observed initially in the filtration test, yet full pore volume jamming is observed as well as significant section of the downstream channel after long enough filtration times. This phenomenon is most likely linked to shear-induced aggregation as described in the literature, when shear applied on a particle suspension is high enough to overcome stabilizing repulsive interactions [START_REF] Xie | 1039/C002043E. Criticality for shear-induced gelation of charge-stabilized colloids[END_REF]). In the confined microfluidic porous section, high shear rates are attained (here 𝛾̇= 3500𝑠 -1 in the 20µm channel with 100µL/h flow rate) allowing individual associative µgel particles to interconnect and aggregate. Those larger associates then form a solid like sticky gel filling the channels and downstream section.

Shear-induced aggregation in microchannels can be explained in terms of the hydrodynamic force. For example, Wu et al., studying the jamming of particles in a microchannel bottle neck with a colloidal dispersion [START_REF] Wu | High Shear-Induced Gelation of Charge-Stabilized Colloids in a Microchannel without Adding Electrolytes[END_REF]) noticed that below a critical shear rate the jamming rate is slow as the hydrodynamic forces are not high enough to overcome the repulsive potential barrier. Above this critical value, aggregates are formed, although sometimes the breakage of the aggregates can happen [START_REF] Sendekie | Colloidal Jamming Dynamics in Microchannel Bottlenecks[END_REF].

Using a similar approach with the flow of associative µgels through microchannels, the flow rate is varied to quantify the jamming time, defined as the time between the first particles reaching the porous section and the jamming of the porous section as indicated by the sudden initial rise in the differential pressure (see Figure 13). From this jamming time, the jamming volume (e.g. volume of suspension which has flowed through the porous section prior to jamming) is calculated (see figure 15-( With the microfluidic setup and flow configuration used here, it is unfortunately not possible to determine accurately the permeability reduction of the porous part induced by associative µgels jamming. Indeed, since flow rate is imposed, it forces heterogeneities within the jammed sections and induces preferential flow pathways.

Discussion

Comparative investigations of fluid loss control behavior of HEC and associative microgels demonstrated very significant differences between the two systems. From Bulichen and Plank's investigations it was determined that HEC was mostly efficient as fluid loss control agent once concentration is high enough (Bülichen and Plank 2012). It was asserted that associations between polymer chains induced the formation of aggregates within the cement slurries and that those objects would clog the cement porous network reducing dramatically its permeability.

To some extent, this mechanism was confirmed in our study here yet there could not be made any observation of HEC associates or aggregate at elevated concentration. Viscosity profile of HEC met standard non-associating polymer power law with dramatic viscosity increase induced by polymer entanglements in semi-dilute regime. Then as soon as filtrations are run in model systems against ceramic filters, it was not possible to demonstrate any ability to reduce permeability and control filtration. Yet in those tests pores are significantly larger (here 10µm) than typical cement filter cake pores (approximately 1µm). Demonstration of fluid loss control from aggregates from HEC would require further investigations. In addition with this system, one would expect that associates or aggregates would be formed upfront to filtration test with either polymer-polymer interactions [START_REF] Hurnaus | Adsorption of non-ionic cellulose ethers on cement revisited[END_REF] or also polymer-co-adjuvant interactions like dispersants as stated in Bulichen study or possibly in cementitious media by interactions with specific ions (not present in model cement solutions used for studies) or hydrates nuclei.

In the case of the associative µgels, the microgel particles are individual soft and deformable objects in an aqueous suspension of a size of the order of 15µm. In cement filtration very tight filter cakes are formed with a permeability below 1µD comprising a fair amount of associative µgel within its structure as demonstrated by MIP analysis. Then using simplified and model filtration testing, it was demonstrated that associative µgels could perform as a single additive in suspension to control filtration and reduce dramatically filter permeability. In addition this outstanding control can be obtained with ceramic filters with pores significantly larger (up to 55µm) than median size of the individual µgel particles (~15µm) demonstrating that filtration is not controlled by individual particles clogging but by multiple particles associated. In addition, the fact that tighter filter cakes are obtained when applying a higher pressure in the filtration test is consistent with a shear induced aggregation mechanism where increased shear induces aggregation more efficiently.

In micro-fluidic model porous flows the shear aggregation mechanism has been further refined with the ability to identify a critical flow rate necessary to form aggregates and direct visualization of aggregates formed under shear. One additional interesting feature of theses aggregates formed under shear is that they are not reversible once flow stops; large gel objects remain within filter structure and retain their ability to seal the porous section permanently.

At a mesoscopic level, shear-induced aggregation in a restricted flow geometry has been clearly demonstrated from microfluidic experiments. It would seem here realistic that at rest and in the concentration studied, individual associative µgel particles would not aggregate thanks to steric repulsion effect. Yet if a high enough shear is applied, hydrodynamic/drag forces overcome any repulsions and the µgel particles aggregate from associative units on the polymer and would remain associated in the form of large gel clusters.

In addition to the performance tests presented in this paper, additional filtration tests were performed by Kaushik [START_REF] Kaushik | Filtration mechanism of suspensions of microgels[END_REF], on associative µgels gels were formed on filter papers of 1µm pores and then permeability of the obtained gel was measured to be 0.38µD.

Comparison of this latest result with observations made on associative microgels on cement or model systems show a general fairly consistent very low permeability in the order of 1µD or below (see table 3). Filter cakes with such very low permeabilities are useful when cementing high gas risk sections and would certainly prove to be able to prevent gas migration. Indeed, in SPE184564 it was generally observed that gas migration control could typically be obtained if filter cake permeabilities remain below 5µD and permeability obtained with associative µgels are as low as the ones observed with filmforming latexes [START_REF] Cadix | Short Term Gas Migration Control in Well Cementing: Comparative Behavior of Fluid Loss Control Polymers[END_REF] 

Conclusion

This study focusing on comparative working mechanisms of HEC and associative µgels for cementing fluid loss control highlighted dramatic differences in behavior. From previous studies in literature, HEC acts mostly as a fluid loss control agent thanks to the formation of associates or aggregates once as being dispersed in the formulation medium. These aggregates are then passively flowing and plugging porosity.

In the case of associative µgels a mechanism involving shear induced aggregation occurring within the pore structure of the filter cake have been demonstrated using model filtration conditions. With this system aggregates are also reducing filter cakes permeabilities but as formed in-situ and self-adjusting to the porosity, permeability reduction efficacy is orders of magnitude beyond observations with HEC. In addition, as the shear induced aggregation has been observed on a wide range of associative µgel concentrations and in multiple flow rate conditions, it can be expected to be fairly robust and control fluid loss cementing high permeability formations, as part of the cement design or even formulated in spacer pre-flush.

Figure 1 :

 1 Figure 1: (a) general view of the microfluidic setup; (b) top view diagram of the frontal filtration channel comprising a "porous section". The pressure probes are connected at P1 and P2. Fluid is flowed through the inlet. The outlet maintained at atmospheric pressure. (c) Zoomed in representation of the porous channel for frontal filtration showing the array of elongated pillars forming the restrictions for flow for frontal filtration. The length of the pillar is 200 μm. Here the height (h), width (wp) and gap between the pillars (wg) are all 20 µm

Figure 2 :

 2 Figure 2: collected filtrate versus filtration time for a 14.2ppg neat cement slurry at 70°C comprising either HEC at 0.9%bwoc (by weight of cement) or associative µgel at 0.5%bwoc

Figure 3 :Figure 4 :

 34 Figure 3: V API determined from standard API filtration tests on 14.2ppg Class G cement slurries containing either HEC or associative µgel polymers tested at 70°C.Note that for 14.2ppg class G cement slurry tested at 70°C, a neat cement with no fluid loss additive, the V API calculated from filtration test was found to be 1800cc/30min.

Figure 5 :

 5 Figure 5: slurry viscosities after conditioning at 70°C for 14.2ppg Class G cement slurries containing either HEC or associative µgel polymers.

Figure 6 :

 6 Figure 6: (a) collected filtrate reported as V API ; (b) filtrate viscosity at filtration temperature and (c) filter cake permeability versus API filtration temperature from 14.2ppg class G neat cement slurry with either HEC at 0.9%bwoc or associative µgel at 0.5%bwoc

Figure 7 :

 7 Figure 7: fraction of polymer in collected filtrate versus API filtration temperature from 14.2ppg class G neat cement slurry with either HEC at 0.9%bwoc or associative µgel at 0.5%bwoc

Figure 8 :

 8 Figure 8: low shear viscosity in synthetic cement interstitial fluid versus concentration in solution of HEC and associative µgel at 25°C

Figure 9 :

 9 Figure 9: pore size distribution from MIP from second mercury intrusion of filter cakes from API filtration run at 70°C from 14.2ppg class G slurries with either no additive, HEC at 0.9%bwoc or associative µgel at 0.5%bwoc

Figure 10 :

 10 Figure 10: collected filtrate versus time of HEC solution at 1.4%bwow against ceramic filter of 10µm pore size with various applied pressures.
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 1112 Figure 11: filtration against 40µm pore diameter ceramic filters of 0.8%bwow associative µgel dispersion with variable filtration pressure: (a) collected filtrate versus time and (b) filter permeability determined at the end of the filtration test
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Figure 13 :

 13 Figure 13: pressure drop versus time for flow of 0.8%bwow of associative µgel through microfluidic device for a flow rate Q= 100µL/hr: (a) zoom in beginning of the test and (b) full test data (arrows position corresponds to respective microscopic observations in figure 14) (a) t=10s (b) t= 35s (c) t= 80s

Figure 14 :

 14 Figure 14: micrographs at various filtration time of the porous section consisting of 20µm parallel pillars in microfluidic chip (blue arrow marks flow direction: right to left)

  Figure 15:(a) jamming time and (b) jamming volume versus flow rate for 0.8%bwow of associative µgel suspension in microfluidic filtration test

Table 1 : Ceramic filters characteristics as per supplier's data (OFITE 2021)

 1 

	mean pore throat (µm)	Permeability (D)
	10	0.775

Table 2 : Blaine surface area of base cement and particle size distribution determined with light scattering particle size analyzer in powder form (Malvern Mastersizer) and main phase composition repartition

 2 

		Blaine	specific	particle size	C3S	C3A	C4AF	TT neat
		specific surface	gravity	D10 / D50 / D90	(%wt)	(%wt)	(%wt)	(schedule 5, 52°C,
		(cm2/g)		(µm)				44%bwoc water))
								(mn)
	requirement API 10A	N.R.		N.R.	48 -65	max. 3%	<24 (C4AF+2C3A)	90 -120
	Actual	3420	3.15	2.6 / 14.8 / 46.0	53	2.1	21.5	103

  .

	test conditions	filter cake permeability comment
	API cement	0.34 µD	average permeability value for filter cakes from filtration at 70°C with 14.2ppg cement slurries
			neat suspension at 0.8%bwow at room temperature
	ceramic filters	2.2 µD	filtration under 1000psi against 40µm pores
			ceramic filter
	µmodel linear channels	N.A.	unstable pressure and heterogeneous filter cake
	neat gel pre-formed gel filter cake	0.38µD	pre-formed gel on filter paper from Kaushik (Kaushik 2019)

Table 3 : summary of filter cake permeabilities obtained with associative µgel

 3