N

N

Expériences d’écoulement de fluides a seuil en milieu
poreux comme nouvelle méthode de porosimétrie

Antonio Rodriguez de Castro

» To cite this version:

Antonio Rodriguez de Castro. Expériences d’écoulement de fluides a seuil en milieu poreux comme nou-
velle méthode de porosimétrie. Mécanique des matériaux [physics.class-ph]. Ecole nationale supérieure
d’arts et métiers - ENSAM, 2014. Francais. NNT: 2014ENAMO0021 . pastel-01068908

HAL 1Id: pastel-01068908
https://pastel.hal.science/pastel-01068908

Submitted on 26 Sep 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://pastel.hal.science/pastel-01068908
https://hal.archives-ouvertes.fr

P :
arislech :
" ET METIERS
INSTITUT DES SCIENCES ET TECHNOLOGIES Danalanh
PARIS INSTITUTE OF TECHNOLOGY FTdl'1SI1C0011

2014-ENAM-0021

Ecole doctorale n° 432 : Sciences des Métiers de I'lngénieur

Doctorat ParisTech

THESE

pour obtenir le grade de docteur délivré par

I'Ecole Nationale Supérieure d'Arts et Métiers

Spécialité “ Mécanique-matériaux ”

présentée et soutenue publiquement par

Antonio RODRIGUEZ DE CASTRO
le 17 juillet 2014
Flow experiments of yield stress fluids

in porous media as a new porosimetry method

Directeur de thése : Azita AHMADI-SENICHAULT
Co-directeur de thése : Abdelaziz OMARI
Co-encadrement de la thése : Denis BRUNEAU

Jury

M. Henri BERTIN , Directeur de Recherche, CNRS, I2M — TREFLE Président T
M. Harold AURADOU , Directeur de Recherche, CNRS, FAST, Orsay Rapporteur

M. Seyed Majid HASSANIZADEH , Professor, Utrecht University - The Netherlands Rapporteur H
Mme Azita AHMADI-SENICHAULT , Professeur, I2M — TREFLE, Arts et Métiers ParisTech Examinateur

M. Abdelhak AMBARI , Professeur, LAMPA, Arts et Métiers ParisTech Examinateur E
M. Dominique BERNARD , Directeur de Recherche, CNRS, ICMCB Examinateur

M. Abdelaziz OMARI , Professeur, I2M — TREFLE, INP Bordeaux Examinateur S
Mme Sabine SAVIN , Docteur-Ingénieur, TOTAL — CSTJF, Pau Examinateur

M. Denis BRUNEAU , Maitre de Conférences, I12M — TREFLE, Arts et Métiers ParisTech Invité E

Arts et Métiers ParisTech - Centre de Bordeaux
12M — TREFLE ENSAM UMR 8508






A la memoria de mi amigo Roberto Revilla Martinez...



Acknowledgments

As this thesis comes to an end, | remember withitgde all the people who have made this
work possible, more pleasant and most rewarding.

First of all, I must express my deepest appreciato my supervisors, Azita Ahmadi-

Sénichault and Abdelaziz Omari. Thank you, Azita,tfusting me, for materializing my wish

to carry out a thesis on this topic and for all dipgortunities | have received from you. Thank
you with all my heart for the frankness with whigbu have always spoken to me and for
your continuous support that have permitted to esgftilly overcome the obstacles of a
project which was as atypical as fascinating. ABo,important lesson | have learnt during
this period, and maybe the most valuable one,as dptimism makes your life happier and
leads to better results. Thank you, Aziz, for téaghme this priceless doctrine. | am equally
grateful for the scientific rigor you have transit to me and for your availability in a

number of key moments of this thesis. Thank younlot your energy, your time and your

scientific and moral guidance.

Back in time to the moment when | decided to comeé study in France, Denis Bruneau
played a decisive role as responsible for inteomati relations. Later, he was supervisor of
my Master’s thesis and advisor of my PhD thesisankhyou, Denis, for your determinant
role in these transcendental moments.

Much of the work presented here is owed to SabaenSTOTAL), who always supported
my thesis, expressed her interest in the subjettveaicomed me to CSTJIF laboratory in Pau.
| am sincerely grateful to her for this support, ttee chance to work at CSTJF and for helping
to give an industrial prospect to this project.

| would like to thank Harold Auradou and Seyed Mdjlassanizadeh for accepting to review
my manuscript and for your pertinent remarks. Alsexpress my gratitude to the members of
the jury for accepting to examine my work and fouyinterest.

During my stay in Pau (TOTAL), | had the opportynido meet a great variety of wonderful
people. Special thanks go to Luis-Fernando Madariagho was my mentor at CSTJF
laboratory, helped me a lot with my experimentsd avith whom 1 learnt a lot about
petroleum industry procedures and core analysianKhyou, Luis, for your time, your
kindness, your knowledge and your friendship. Alsepuld like to thank Hélene Berthet for
those enlightening discussions on microtomographgt &r obtaining the valuable 3D
microtomographies presented in this thesis. Moreolveexpress my gratitude to Gerald
Hamon, Vincent-Arnaud Thebault, Ghislain Pujol, MahChamerois, Benoit Gaubert and
the other participants in our rewarding scien@xchanges.

The origin of this thesis was a collaborative pcoj@ith Professor Abdelhak Ambari’s team
(LAMPA, Arts et Métiers) in Angers. | feel very lkg to have been given the opportunity to



work in such an exciting topic. Moreover, | woullld to thank Angers team for their warm
welcome during my stay in their laboratory and ¢éixehanges during my thesis. Thank you,
Abdelhak Ambari, Stéphane Champmartin, Antoine Bgspux and Aimad Oukhlef. A
special mention goes to Guillaume Malvault, withowhl have had the chance to work more
closely and to whom | wish a career full of succasd happiness.

| want to express my gratitude to all these expeits whom | have had the opportunity to
discuss and learn. Henri Bertin, for his valuabllwiee and opinion on diverse aspects of
porous media. Fernando Leal Calderon (ENSCBP) Farisg his knowledge of micro
emulsions. Dominique Bernard (ICMCB) for sharing lkinowledge of microtomography.
Hugues Bodiguel, who welcomed me to LOF labora{®tyodia) and taught me key concepts
of micro models. Julien Beaumont (LOF, Rhodia) your training in microfluidic chips
fabrication. Thank you all for your availability.

| must express my great appreciation to all thesbkrticians and engineers who have provided
me with a valuable experimental assistance. In &aud: Audrey Duphil (I2M — TREFLE)
for your technical learnings, training and suppbéa Pigot (ENSEGID) for kindly accepting
to assist with mercury porosimetry tests and coiténg, Julien Monteil (ENSCBP) for your
training in rheometry and Couette machine. In PEOTAL): Francoise Bouganne and
Pauline Capdeville for your contribution with mergiporosimetry tests, Pierre Faurissoux
and Regis Brugidou for your support and guidande e experimental setup.

Yang Wu, Olivier Doublet, Raphaél Augé and JosésMiranda, thank you for your work
and assistance during your respective internshipssh you further success in your future
endeavors.

Special thanks to the different entities that hmnanced this research project in an adverse
economic context: La Caixa Foundation (Spain), AttMétiers ParisTech and TOTAL S.A.

Of course, | also want to give all my gratitudemy family, and particularly to my parents,
whose love and support have been a constant motivand whose wisdom has been a
reference.

Sincere thanks to those persons who have accongpareeduring these years and who have
made my time in France one of the happiest pemddsy life. Estefania del Campo, for all
these wonderful memories, for your support andtlier great time and fun we have shared.
Mehrez Agnaou, for being such a good friend andsqrer Ernesto Veldzquez, Claudia
Rouault and Fabien Rouault, for all these unfoedsét moments and gourmet meals. Mehdi,
Tom, Lina, Stéphanie, Youssef, Louis, Sandra, €¢dian, Vladimir, Maimouna, José Luis,
Franck, and the other PhD candidates and permatefhof the laboratory. Thanks to all the
fabulous friends | have made here in Bordeaux.

Last but not least, thanks to all those personsatenot mentioned here but whose help has
been most valuable for the development of thisish&ecretarial and Administrative staff...






Contents

1. General INtrodUCtioN .............ccovvvvvevveuueiiiiniinnnnnnsiiisiissisnsssssssssssssssssssssssssssssssssssssssssssses 1
BB 1o Lol (o (o TV T T [ 5
2.1. Porous media and characterization of their Pore Size Distribution (PSD) .....c.ccceeerrveureererennnnns 5
0 0 N [ e Yo [V 1 4 [ I TP P S TPO PSPPI 5
2.1.2. Characterization of porous media at the macroscopic and pore scale .......cccccoeccvviiieeieeeiciiiieeee e, 6
5 T oo Y o - Tl ol 4o Yo 11|11 V-SSP 10
2.1.4. Mercury Intrusion POroSimetry (IMIP) .......ei oottt e ettt e e e et e e e etae e e enaaeeeeareaean 15
2.1.5. Health, environmental and legal issues related to MIP: international context........cc.ccceeevcveeeenneenn. 18
2.1.6. Other methods to characterize PSDs of porous media .........cccccuveiieeiiiiiiiiiiiee e 20
2.1.7. REfErence POroUS MEIA ...ccuviieeiiieeciiiee et et e et e e ettt e e ete e e et e e e esataeeeensaeeesnteeeesnsaeeesnnnneesnseeenn 24
2.2, COMPIEX FIUIAS .ceeeeirieeeeiiieeec et e e e s rreee e s s reee e s s e nae s rennssessennssessennsssssrnnsssssennsssssnnnnns 24
2.2.1. Classification of non-Newtonian fluids and main MoOdels .........coovvieiiriiiiiniiie e 24
2.2.2. Some COMMENTS ON YIEIA STrESS ...uviiiiiiieeciiieccteeeestee e ettt e e ete e e et e e e sta e e e s neeeesssteeeesnsaeeesnnneeesnseeenn 31
2.2.3. Complex fluids: link between microstructure and rheology ........cccceeeeeiiiiiiei e, 36
2.2.4. Rheology of POIYMET SOIUTIONS .....uiiiiiiieecciies ettt et e e e et e e e e e e s sntee e e sneaeeesanaeeesnneeeas 38
2.2.5. Some examples of yield Stress flUids ... e e 41
2.3. Flow of yield stress fluids through porous media ........cccccciiiiuiiiiieniiiniiiniiniinninnen. 44
2.3.1. Laminar flow of Herschel-Bulkley fluids through a straight cylindrical capillary and through a bundle
Loy ot 1o 11| =T =TSSP 45
2.3.2. Predicting the flow rate as a function of the pressure gradient for the flow of yield stress fluids
18] ge 10T = o I ToT o0 E 4 1 T=To | ISR 48
2.3.3. Flow of polymer solutions in porous MEdia .........ccouciiiiiiii e e e e e e 50
2.4. Obtaining the PSD of a porous medium from the injection of a yield stress fluid................ 54
2.4.1. TheoretiCal PriNCIPIES .......ueeiiiii et e e e et e e e e e e e et e a e e e e e eeseabreaeeeaeeeeensaeaeeeaaeaan 54
2.4.2. AVAIlable METhOOS ..eiiiiiiiee ettt b e e sb b e sat e e bt e e saee e beeenaeeenes 55
. The Yield Stress fluids MetROd (YSM).......cccceeeuuueeeeiiriiinreeeunnssisssssnsnsnnnnssssssssssssssssnnnsnnes 57
3.1. The basis of the YSM: Physical principle.......cccooiieeiiiieiiiirccirreercsrreeecs e eeneeseeenens 57
3.2. PSD determination......cccccciiieuiiiiieniiiiieniiiiieminiiesiriiesisiiesisiiessstsessssssssssssssessssssssnnss 58
3.3. Numerical validation of YSIM ......ccccciiiiiiiiiiiiiiiiiiiiiniieiniieiiesiiesiiesiiessssessss 60
3.3.1. NUMEIICAl EXPEIIMENTS ...uviiiiiiieiiiciiiiee e e e eceite e e e e e et re e e e e e s eesatbeeeeeeeeesabbaaeeaaseesassssreeaaeeseansasaneeaanaan 60
3.3.2. PSD det@rmiNatioN....ccccueiiiieiieeiiie sttt ettt ettt e s e e b e e sa e e b b bt bt e sat e e bt e e nate e beeenaeeennes 60
3.3.3. Sensitivity analysis: fluid properties, measurement parameters and errors.........cccccceeeeeeeccvvveeeeennn. 62
3.3.4. Comparison of YSM with available methods based on yield stress fluids injection...........ccccccu..e... 71
3.4. Design of eXPeriMENtS ......ccceiiiiieeiiiiieeiiirteererrreeeesrennesesrrnnssessennssesssensssssennsssssennsssssnnnnns 72
. LaODOratory @XPEerimMENLS ........cccuueeeeeeeereenerennserenseerensesenssesenssesensessnssesenssessnsssssssessnssesenns 75
4.1. Preliminary laboratory eXperiments ........cccceeeiiieniiiineniiiiinnniniiiieiiessn. 75
I Y 2 T o - | £ PP POPPPRO 75

4.1.2. Rheograms of the injected flUidS.........cceei it e e e e e 76



4.1.3. Experimental SEtUP and PrOCEAUIES........ccccciieeecieeeeiiteeeeite e e eeteeeesraeeestreeeesntaeessssaeeeasseeesnssseesnnsens 78

4.1.4. Measurements of pressure gradient as a function of flow rate........cccccooeeeiiiiiiiiiiccii e, 80
4.1.5. Results and comparison With IMIP ..........ooiiiiiiiiiiiee et e e e ete e e e rae e e st e e eneaeeennnees 80
I ST 0 o Tl T o L PP 82
4.2, Sensitivity of the obtained PSD to polymer concentration........ccceceeiiienieiiinniciinnnncnnnnnnn 84
N Y =Y T o - | £ PO PRSPPI 84
4.2.2. Rheograms Of the FIUIAS.....cccceiiiieeee ettt e e et e e e nre e e et e e eneaeeeennees 84
4.2.3. Experimental SEtUP and ProCEAUIE ......uuiiiii ittt e e e e et e e e e e e e aatbe e e e e e e e e ansraneas 86
4.2.4. Measurements of pressure gradient as a function of flow rate.......ccccceecvieeicciee e, 86
4.2.5. Apparent viscosity compared to effective VISCOSItY ......ccuuiiiiiiiiiiiiiiiee et 87
4.2.6. PSDS 0btain@d With YSIMl.....ciiiiiiiiieciee ettt sttt sttt st e s esabe e sabeesbeesaneesa 91
4.3. Sensitivity of the obtained PSD to the type of porous medium..........cccceerrieeciriienccrnennnnens 93
O Tt I |V T4 = (OO OO O P UPORTPPUPPTPO 93
4.3.2. Rheograms of the injected flUidS...........uoeiii it e e 95
4.3.3. Experimental SEtUP anNd PrOCEAUIE .......viiieciiee et e ccteee e ettt e e et e e et e e e ette e e sentae e e nsaeeesnsseeesnssseeennsees 97
4.3.4. Measurements of pressure gradient as a function of flow rate........cccccooeeeiiiiiniiiicciii e, 99
4.3.5. Apparent viscosity compared to effective VISCOSITY .....icivvuiieeiiiiiiciiiee e 101
4.3.6. PSDS 0btained With YSIM...ccoeeiiiiiiiieeeee ettt ettt st e et e e s saae e e sbte e e s sabaeesnaneas 102
4.4. Complementary laboratory measurements .......ccccceiiieeiiiiieniiniieniiniieieesens 104
4.4.1. Dispersion tests iN POroUS MEAIA ....cccccuieeeiiiieeeiiieeeeeeeeesteeeesstreeesssereeesereeeeassaeeesnnaeeessseeeesnssesssnsens 105
4.4.2. Effluent density measurements during saturation with xanthan gum solution................ccccuuneee. 107
4.4.3. Effluent viscosity measurements during saturation with xanthan gum solution...........ccccccvve.ne.e. 109
4.4.4. Evolution of the viscosity of the effluent during the different stages of a typical test ................... 111
4.5. Modified YSM for laboratory experiments........cccccciiieuiiiiieniiniieniiniieniiesesens 114
TR o o Vol 11T o T 116
. Comparison of YSM with other porosimetry methods ..............ceeeeueereeerereeneeveeeeennnenens 119

5.1. Results obtained by Mercury Intrusion Porosimetry (MIP) and comparison with those of

4] 119
5.1.1. PSDS 0BtaiN@d DY IMIP......oeeiieece et e et e e e e e e bt r e e e e e e e e abbae e e e e e s e aneaeeaaaeean 119
5.1.2. Different representations of a PSD obtained With MIP ..........ccccooiiiiie i 121
5.1.3. Comparison of the PSDs obtained by YSM and MIP.........ccoooiiiiiii ettt eerae e 124
5.1.4. Capillary pressure versus saturation for MIP and YSM........coccoiiiiiiie e e 124
5.1.5. Are the samples of porous media analyzed with YSM reusable?..........cccceviiiiiiiiiieeicc e, 130

3 0 I o T ] o 4 o= = T ] 1 131
5.2.1. Analysis of single 2D images obtained with microtomography.......ccccccviieiiiiiiciiiiieecee e, 131
5.2.2. Comparison of the PSDs obtained with microtomography to those obtained with MIP. ............... 134
5.2.3. Analysis of 3D images obtained with microtomography..........ccccceeieeeiciiiieei e, 136
5.2.4. Capillary pressure versus saturation for microtomography, MIP and YSM........cccoceeveiieeeccinee e, 138

. Discussion, conclusions and ProSPects .............cceeeeuiirvevesiisriveessssnnsnssssssesssssssssssssssenes 139

6.1, DISCUSSION 1reuuiiiiiueiiiituniiiiriusiiiirresiisirrasisrrrasssrrsasssrrnssssrensssssressssssressssssrsssssssrsnsssssranssss 139
6.1.1. Concerning the modelling of the POre SPACE .......ccocueieecciiiicce e e 139
6.1.2. Concerning the rheology of the fluids used in the experiments ........cccooveeeiieiiciiiiiee e, 140
6.1.3. Concerning the apparent viscosity of the used fluids.........cccccceiiiiciieicce e 141

6.1.4. Concerning the pore size determined by each method: are they directly comparable?................ 143



6.2, CONCIUSIONS ..uuieiieiieireiieireiieiretietresietrestestestessastessassessessessassessassassasssssassassassessassnssansnssansnns 145

S0 TR o o T o 1= ot 147
7. REJEIONCES «..eeueeeeerereeeeereneerenerenniereunserensessnsierensiessssesssssesenssessnsssssssessnssessnssssnnsosenssnne 149
Annex A: Q( VP) MeaSUIremMEeNts.............ceveeeunciiieeeniisienniisssensisssssnnsssssssnssssssssssssssssnssssnns 159
Annex B: PSDs obtained with the modified YSM for laboratory experiments................... 165
Annex C: Quasi mono disperse oil-in-water emulSions. .............cccceuuverrvveecirrvveniisrnnnainnns 169
FOrmulation ... 169
L= o T 14 T PN 169
Characterization of the size of the oil droplets ........cccuueirrireiiiiircr e 170

[0 T=To] (o -4V PN 170






Nomenclature

Cross area of the porous mediunf]m
Concentration [ppm]

Overlap concentration [ppm]
Concentration of aggregation [ppm]
Original concentration [ppm]

Injected concentration [ppm]

Polymer concentration [ppm]

NaCl concentration [ppm]

Capillary number [-]

Equivalent cylindrical pore diameter for
packed spheres [m]

Mean diameter of the beads in a packing of
glass beads [m]

Density of the effluent [-]

Shear rate tensor {k

Density of the fluid saturating the porous
medium [-]

Molecular diffusion coefficient [fs]
Density of the injected fluid [-]

Equivalent hydrodynamic thickness of the
adsorbed polymer layer [m]

Shape factor [-]

Young'’s shear modulus [Pa]

Consistency [Pd'b

Fitting parameter in Cross model][s
Absolute permeability [D]

Air permeability [D]

Length of the porous medium [m]
Average length of the path followed by a
fluid particle traversing the porous medium
[m]

Consistency in power law model [P¥ s
Molecular weight

Flow index [-]

Fitting parameter in Cross model [-]
Apparent flow index in

the porous medium [-]

Number of pores with radiug[¥]

Flow index in power law model [-]
Number of experimental @P) measures [-]
Number of pores [-]

Probability in terms of relative frequency [%0]
Probability in terms of relative volume [%)]
Pressure [Pa]

Capillary pressure [Pa]

Laplace pressure [Pa]

Péclet number [-]



AP
VP

q(VP,r)

a(vp)

DANMXSa< o~

Yapp
Ymin

Ymax

Eeff
1/A

Pressure drop [Pa]

Pressure gradient [Pa'in

Elementary flow rate of a Herschel-Bulkley
fluid through a capillary of radius r under a
pressure gradiep, [m® 5]

Average flow in a pore for a bundle of
capillaries corresponding to a pressure
gradientVp; [m® s’]

Total flow rate [m s?]

Radius of a capillary [m]

Critical radius [m]

i-est pore radius class [m]

Average pore radius [m]

Average pore radius after adsorption [m]
Radius of the porous medium [m]
Permeability reduction [-]

Resistance factor [-]

Minimum droplet size in an emulsion [m]
Saturation of non-wetting phase[%]
Specific surface area: surface per unit
volume of grain [r]

Time [s]

Tortuosity factor [-]

Axial velocity [m s']

Velocity vector [m ]

Darcy’s velocity [m 8]

Radial coordinate [m]

Position vector [m]

Longitudinal coordinate [m]

Shift parameter for pore size classes [-]
Empirical shift parameter for apparent shear
rate [-]

Shear strain [-]

Shear rate [§

Apparent shear rate of the fluid in the porous
medium [§']

Minimum apparent shear rate in the porous
medium [§']

Maximum apparent shear rate in the porous
medium [§']

Weighting parameter for Carreau fit [-]
Porosity [-]

Effective porosity [-]

Onset of shear-thinning behavior in Carreau
model [$]

Apparent onset of shear-thinning behavior in
the porous medium

Solution viscosity [Pa s]

Intrinsic viscosity [Reciprocal concentration]



Ho
Hoapp
Hocr
Hop
Moo
Hoocr
Hooapp
Hoop
Happ
HB

Hc

lJ-emuIsiOI

Al Q & DunFE F

A
=)

ToB

Plateau viscosity at low shear rates in
Carreau model [Pa s]

Apparent plateau viscosity at low shear rates
in the porous medium[Pa s]

Apparent plateau viscosity at low shear rates
in Cross model [Pa s]

Apparent plateau viscosity at low shear rates
in truncated power law model [Pa s]

Plateau viscosity at high shear rates in
Carreau model [Pa s]

Apparent plateau viscosity at high shear rates
in Cross model [Pa s]

Apparent plateau viscosity at high shear rates
in the porous medium [Pa s]

Apparent plateau viscosity at high shear rates
in truncated power law model[Pa s]
Apparent viscosity of the fluid in the porous
medium [Pa s]

Bingham viscosity [Pa s]

Casson viscosity

Apparent viscosity of the emulsion [Pa s]
Solvent viscosity [Pa s]

Relative viscosity [-]

Structural parameter for thixotropy [-]
Contact angle [°]

Average interstitial velocity [m™§

Surface tension [N i

Shear stress [Pa]

Shear stress tensor [Pa]

Yield stress [Pa]

Yield stress in Bingham model [Pa]

Yield stress in Casson model [Pa]
Relaxation time [s]

Dispersivity [m]

Longitudinal dispersion coefficient fns’]






1. General Introduction 1

1. General Introduction

Porous media are inherent in many industrial appbas such as oil recovery, soil
remediation, C@ underground storage, liquid separation and geothleienergy. Highly
irregular cavities and tortuous interconnected wails surrounded by a solid skeleton extend
throughout the hollow at the interior of the medjusd macroscopic properties such as
porosity or permeability are not sufficient to cheterize the local shape and dimension of the
pore space. Although the void space is continuduss usually discretized as being a
succession of individual pores, which is a usedellization to quantify local characteristics.
Indeed, the size of the pores and their relativridution determine numerous transport
properties of porous media so they are of vitalangnce. A practical and commonly used
approach lies in modelling the pore space as a w@tibn of capillaries whose radii are
distributed following a specific distribution, knowas Pore Size Distribution (PSD). PSD
influences the distribution of fluids and capillapgressures inside the material, its
permeability, particles retention, solute disparsetc.

Some properties that are intimately linked to tls®Pe.g. capillary pressure curves, are used
as inputs to reservoir simulation software and @®waluable information for management
and decision making. Likewise, several methods uisdehhanced Oil Recovery (EOR) are
based on flooding with chemicals such as polyméutiems, foams or emulsions with the
purpose of reducing the mobility ratio of displagiituid to the displaced fluid. This results in
reduction of viscous fingering and therefore in ioyed sweep efficiency in the reservoir
(Sheng 2011). The PSD of the reservoir rock infb@snthe propagation of the fluid front and
is often determinant to choose the most appropteatenique.

As a consequence of the interest in PSD of poroedian engineers and researchers have
developed a multitude of techniques for its chamzation, each of them having particular
advantages and drawbacks. Recent advances promgeoved spatial and temporal
resolution for microtomography. At present, mulagk flow and displacement can be
guantified with this non-destructive technique, aielless of whether the images contain
diverse phases. Even dynamic processes can bedmdgeever, several obstacles have not
yet been overcome. Resolutionl( um) and reliable segmentation of the images @areesof
the limiting factors. Besides, acquisition time leng and not all materials can be
characterized. Other methods are convenient taroBt8D of macroporous materials (> 50
nm) but they are often time-consuming and requieticulous preparation. This is the case of
water-desorption calorimetry, which allows deteration of PSDs typically ranging from 50
nm to a 10 um from interpretation of water desorpitsotherm.

Nowadays, mercury porosimetry is the most widespreghnique to determine pore size
distributions of porous media. Some of its streagihe the broad range of analyzable pore
sizes &1 nm — 500 um), the relatively short duration @ tasts £ 3h) and the benefits and
popularity of a well-established method which ig tleference when characterizing PSDs.
However, this technique presents several drawbiacksding toxicity of the employed fluid
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and low performance with unconsolidated porous medespite the existence of other less
toxic porosimetry methods, none of them is effitienough to replace mercury porosimetry.
Furthermore, the new international legislation thatl be put in place following the
ratification of the Minamata Convention on MercunyOctober 2013 is intended to ban or
severely restrict mercury porosimetry, forasmuclit & one of the main sources of mercury
use. Moreover, it is always advisable to repladexac technique as this one with a new
environmentally-friendly technique which in additidoes not threaten the user’s health. It is
for that reason that the IUPAC (International UnairPure and Applied Chemistry) recently
appealed to the international scientific commuriRpuquerolet al. 2012) emphasizing the
interest and the need to develop new effectiverammdtoxic porosimetry methods.

The most likely outcome of the decline of mercuoygsimetry is that 3D microtomography
takes its place as the dominant technique to olR&D. However, there is an absence of
alternatives during the years ahead until microtpraphy reaches full development... and
even then, because this method may remain unafiterder most research centers and is not
applicable to all types of porous samples. In tistext, the objective of the present thesis is
to answer the following question: is it possibled&velop a simple, efficient and nontoxic
method to characterize porous media in terms of Bare Size Distribution?

To answer this question, the starting point iswloek of Ambariet al. (1990), who proposed
the theoretical basis of a new method to obtain R&® by injecting yield stress fluids
through porous media while measuring the flow tat several pressure gradiefi2. On
the grounds of these theoretical considerationsntaitive approach to calculate PSD from
Q(VP) is presented in this work. It relies on consitgthe extra increment of Q whéi® is
increased, as a consequence of the pores of sradieis newly incorporated to the flow. The
underlying principle of such behavior is the rhepglof yield stress fluids in porous media.
The procedure is first tested and validated on migaléy generated experiments. Then, it is
applied to exploit data coming from laboratory expents and the resulting PSDs are
compared with those provided by mercury porosimatrgl in some cases also with results
from 3D micro tomographies.

The performances that are pursued with this nelWwnigoe are diverse. Obviously, the first
requisite will be nontoxicity in contrast to mergysorosimetry. In addition, we seek a simple
and inexpensive method which allows rapid charaagon of a large spectrum of porous
media without needing any exclusive equipment. Haurhore, it is also preferred that the
analyzed cores can be subsequently analyzed by otleans, so the tests should be
nondestructive. Moreover, the characterized pommedsions must be associated with
macroscopic properties of interest. This methodxigected to be especially useful in EOR
due to the nature of the experiments, which invohjection of commonly used flooding
materials.

Other important goals of the present work are émidy and assess the most critical questions
regarding the experimental feasibility of the methdetermine its strengths, its weaknesses,
and propose ways to improve its performance witlszarifying any of the main criteria. In
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this respect, the evaluation of some issues lin&eadteractions of complex fluids with porous
media, such as retention or differences betweehdnd apparent rheology, will be decisive.

The flow through porous media of non-Newtoniandkiin general, and of yield stress fluids
in particular, is of special interest in applicasosuch as EOR, soil remediation, filtration,
propagation of blood through a kidney etc. Unfoatety, its modelling, simulation and
experimental implementation is highly complex. Ascansequence, even though it is
currently the subject of an active research andtgreogress has been achieved, there is still
no concluding macroscopic model and numerical satraris are not able to predict
experimental measures in numerous cases. Furtherthere is a lack of experimental work
on this subject as reported by several authors@iee et al. 2013), who also pointed out the
difficulty to find reliable data bases. For thaasen, a complementary objective of this thesis
is to provide rigorous procedures as well as erpantal results which may be compared with
numerical simulations and macroscopic models.

The following chapter of this work will provide asverview of the topics related to this
investigation, including a bibliographic survey pdrosimetry methods, complex fluids and
their flow in porous media. Chapter 3 is devotedthi® presentation of the principles of Yield
Stress fluids Method (YSM) and its numerical vaiida on ‘in silico” experiments.
Laboratory experiments aiming to verify the expenmal feasibility, the performance, the
results in terms of PSD and the key issues rel@tedSM are presented in Chapter 4. Both
natural and synthetic porous media are testedhapt@r 5, the results obtained by YSM will
be compared with those deduced from mercury pomsynand microtomography. Finally, a
discussion on some fundamental aspects of YSMadpqgsed in Chapter 6 together with the
conclusions of this work and some prospects farreutvork.
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2. Background

This chapter is divided in four parts. It beginghna bibliographic review of porous media,

focusing on characterization of the pore space géymThen, some aspects of the rheology
of non-Newtonian fluids and their flow through posomedia are introduced, with special

dedication to the type of fluids used in the expents that will be presented later. Finally,

the theoretical ideas underlying the method deelap this work are summarized.

2.1. Porous media and characterization of their P@& Size
Distribution (PSD)

In this section, porous media are defined and ifiedsaccording to different criteria. Then,

the principal properties of these media as welddferent models of the pore space are
presented. After that, the principles of the refieee technique to obtain the Pore Size
Distribution (PSD) of porous media, i.e. Mercuryrision Porosimetry (MIP), are explained.
Also, an outlook of the current international comitef MIP is analyzed in this section.

Finally, other methods to characterize PSD areemtesl, insisting on the lack of reference
materials to compare the measures obtained witkrdift instruments and techniques.

2.1.1. Introduction

A porous medium is a type of matter composed oblal snatrix containing void spaces
known as pores. In the scope of this work, the gpece is the region of the volume of these
materials that is not occupied by solid matter #gamdugh which a fluid can flow. Hence, this
definition excludes the empty sections that areriytsurrounded by solid because they do not
contribute to flow.

Porous media are involved in many domains of vitaportance such as oil and gas

production from reservoirs, contaminant remediadod hydrogeology. Due to their internal

structure and their high surface to volume ratiduicing high performance in heat and mass
transfer processes, they are used in humeroustiralyszrocesses namely those involved in
fuel cells fabrication, paper pulp drying, filtrati, etc. Therefore, continuously growing

research efforts are devoted to study porous msuliecture and especially the flow of

Newtonian fluids as well as complex fluids therein.

Porous media may be classified in a number of manihe fact, with the exception of metals
and ceramics that are fired at high temperaturésha earth's solid contents are to some
extent porous (Schitht al. 2002). Regarding their origin they can be dividednatural
porous media and synthetic porous media. Amongdteral porous media a distinction may
be made between “in-vivo” porous media such asobiohll tissues and “ex-vivo” porous
media such as rocks. Some examples of syntheticupomedia are porous glasses and
sintered silicates. Another distinction can be mbe®veen consolidated (rigid, macroscopic
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solid matrix) and unconsolidated (loosely packedeasblages of solid particles) porous
media. In that respect, the process of changingragtated unconsolidated sediments into a
rock is called lithification. Grains are compactadthe overburden sediments and cemented
by deposition (from interstitial water) of silicealcite, clays, iron oxide, and other minerals,
between the grains (Tiab and Donaldson 2004).

Porous materials may be formed by different roRsuquerolet al 1994): as an inherent
feature of crystalline structures (zeolites, sontey anaterials...), by loose packing and
subsequent consolidation of small particles (somerganic gels, ceramics...), as a
subtractive (certain elements of an original stitetare selectively removed to create pores)
or by natural processes of cell division and sedfanization (plant and animal tissues).

2.1.2. Characterization of porous media at the maoscopic and pore scale

Different scales can be considered when describingbserving porous media and the flow
within. At the microscopic scale, also known asepscale, the characteristic dimensions are
of the same order as those of the pores or grdimstefore, parameters such as packing
arrangements or pore wall roughness are measureandsns of imaging techniques
(tomography, SEM microscopy, etc.). The macroscgpale corresponds to the dimensions
of a porous medium core. Properties such as peilhtgalr porosity are analyzed at the
macroscopic scale to be used, for instance, asput to computer models to predict flow of
fluids. Other larger or intermediate scales cancbesidered in petroleum engineering or
hydrogeology (Tiab and Donaldson 2004). The pasBage one scale to another is achieved
through homogenization methods (Bensousstial. 1978) or volume averaging methods
(Quintard and Whitaker 1994). The interest of cbimazing a porous medium at the pore
level is to understand, model and control (in s@aes) its behavior at the macroscopic scale
(Dullien 1991). For example, it allows simulatimgrisport and distribution of fluids within
the pore space.

We will begin by presenting some important prosrtdf porous media at the macroscopic
scale:

Porosity (€): porosity is one of the most important propertieat characterize a porous
medium from a macroscopic point of view. It is defil as the ratio of pore volume to overall
volume occupied by solid. If the non-conductinglased voids are taken into account, total
porosity can be defined as the ratio of volumeatp and voids to overall volume. Porosity
may be calculated from the difference of the weighta porous medium before and after
saturation with water or by measuring the volumewafter entering the sample during
saturation. It has to be noted that the air presetite porous medium should be evacuated or
replaced by a more water-miscible gas previoussteaturation with water in order to avoid
air trapping. That may be achieved by means ofcawa pump or by saturating the porous
sample with CQ(more soluble in water than air). Once a suffitielow pressure is reached,
the porous medium is saturated with water at redftihigh pressure (typically 10 bars) to
guarantee complete saturation of the pore spader@ethods also lead to the measure of
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porosity. For example, porosity can be calculatednfthe difference of weight of a porous
medium before and after saturation with mercuryhi@ case of mercury porosimetry. The
factors governing the magnitude of porosity as &elseveral classifications of porosity may
be found elsewhere (Tiab and Donaldson 2004).

Permeability (K): like porosity, permeability is a macroscopic pdp of a porous medium.

It indicates the ability of the porous medium tandoct fluids. Even if permeability is a
tensor, only the case of isotropic porous media Kit= KI will be considered, wherkis the
identity tensor and K is the absolute permeabdityhe porous medium. For simplicity K will
be simply called permeability hereinafter. The Ereengineer Henri Darcy developed the
equation linking the flow rate with the pressuradient through a porous medium in the case
of the steady laminar flow of a Newtonian fluid (©w 1856), which has become one of the
key relations and probably the most famous lawfligd transport in porous media. In the
simplest case of a homogeneous isotropic porousumecdDarcy’s law can be written as
follows:

_ KA|VP| (2.1)
u

where A is the cross area of the porous mediurs, the dynamic viscosity of the flui¢yP|

is the magnitude of the pressure gradient throbhghpbrous medium and Q is the volumetric
flow rate. Permeability may be measured by injectnNewtonian fluid (typically water)
through a sample of the porous medium at sevesal fates and measuring the generated
pressure loss for each flow rate. The slope ofltve rate as a function of the pressure loss is
proportional to permeability. However, different tmeds to measure K may lead to different
values. Ahmecet al. (1991) reviewed the permeability measurement teci@s and their
interrelationships.

Specific surface area:specific surface area is the surface of pores pdrwolume. The
nature of the considered volume may lead to diffedefinitions of specific surface area:
surface per unit grain volume ¢S per unit solid volume or per unit pore voluméhatl
property of porous media is important for adsonptichemical reactions, catalysis, etc.

The structure of the pore space is complex wittutars and interconnected pathways. The
sources that cause difficulties in modelling thergetry of the pore space are:

Tortuosity: tortuosity factor T can be defined as the rafidhe average length of the path
followed by a fluid particle traversing the poromedium, L, to the length of the porous
medium L along the major flow or diffusion axis @gin 1989). Given thatyl> L, tortuosity
factor T = (Lp/L)2 is greater than 1. In fact, the path followed hydf particles through the
porous media is unknown. However, the length of gath is needed to calculate the pressure
gradient corresponding to a given pressure difieedmetween the ends of a porous sample.
Several experimental methods to measure tortu@sityavailable. One of these methods
consists in measuring the diffusion factor (froncks first law) corresponding to a
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nonreactive species both in the case of pure watdrin the case of a core of the porous
medium (Sweerts 1991). Other experimental methaes based on electrical resistivity
measurements (Paterson 1983; Walsh and Brace 18@84)n the use of ultrasounds
propagation (Moussatoet al. 2001). However, these measures are time-consuamdghe
required equipment is quite specific. In contradte measurement of porosity is not
complicated. For that reason, and knowing that omeals tortuosity factors are highly
correlated with porosity, it is more efficient ilmree cases to use theoretical or empirical
relations to estimate tortuosity factor. To thisdeone may use theoretical or empirical
relations. Theoretical relations link directly thalue of tortuosity factor to the value of
porosity by assuming a model structure of the ppace. These relations do not include any
adjustable parameters and the estimated tortu®sttee not generally fit well with the
measured values. Empirical relations resemble #tieat ones, but they include an adjustable
parameter and are defined for a type of porous an@dg. chalk, kaolin) instead of a type of
structure. Evidently, empirical relations fit betteith experience (Boudreau 1996). Recently,
Sunet al. (2013) presented a general model with a numetacdito calculate tortuosity factor
and compared it with a set of classical relatiomsl &xperimental data, finding good
agreement in the case of artificial materials burse agreement in the case of natural
materials.

All the properties of the porous media presentedtafere are macroscopic properties.
However, the present work will mainly treat the i@dwderization of porous media at the pore
level. That is for that reason that we will focuesrdn on some of the particularities of porous
media at the pore scale that render their charaatem complex at this level.

Converging-diverging geometry of pores: indeed, the voids in porous media are no
uniform. There are continuous changes in the dimans the cross section, with some zones
of convergence and others of divergence. As wilsben later, these changes in size of the
cross section involve additional pressure losséstad to viscoelasticity of fluids. One
common way to characterize the converging-divergiegmetry is defining an aspect ratio
(or pore to throat size ratio) which relates theehsions of the constrictions to that of the
large sections.

Form of the cross sectionit is not realistic to say that all pores havguiar form. Even if
such modelling is suitable for simplification oflcalations, the reality is that in general the
shape of the cross section of pores cannot beideddsy simple geometries.

Pores connectivity in most cases pores are interconnected, so tive ifi a pore is not
independent of the one in other pores. The cootidmaxumber of a pore system can be
defined as the average number of pore constrictonsecting with each pore volume. It is a
measure of the connectivity of the network of paaad determines the number of different
pathways or access routes between pores (WardidwWlaKellar 1981).
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The 3D nature of the pore space: the pore network spread irthttee2 dimensions of space
and not only in the direction in which the presgtiféerence is imposed or measured during a
flow experiment.

The use of global porosity (pore volume/total volume) and permeability K @rpus media
does not provide any information about local dimems&nd shape of the void space. Despite
being continuous, pore space is often modelled dsaete succession of connected pore
bodies and pore throats. However, and as will laa $e the next subsection, a simple and
widely used representation of pore space congists hundle of straight parallel capillaries
with various sizes following a probability densifynction p(r) often calledPore Size
Distribution (PSD). The shape of the PSD is determined by the gembdiistory and
composition of the material. Moreover, the PSDiikdd to quantities such as capillary
pressure, hydraulic conductivity, and solute diser (Nimmo 2004). Determination of the
PSD is thus a routine task executed by means daralkexperimental methods, as will be
presented in subsections 2.1.4 and 2.1.6.

It should be emphasized that the definition of RS®ery elusive. In fact, it depends on the
particular method used for its determination. Thenegal procedure used for the
determination of a PSD consists in measuring somysipal quantitywersusanother physical
parameter that may be controlled by the operatonguhe experiment (Dullien 1991). The
magnitude of one of these physical quantities (isgploor measured) should be related to a
given magnitude of the “dimension of a pore” wher#éze other physical quantity should be
related to the occurrence of that “dimension” ia gorous sample. For example, in mercury
porosimetry, the volume of mercury penetrating m@a is measured as a function of the
pressure imposed to the mercury. In that casendgnitude of the imposed pressure is linked
to a given pore dimension. The characterized “dsran of the pore” with mercury
porosimetry is the diameter of the largest entramcepening towards a certain portion of
pore volume. In general, the resulting PSD is ddpaton the sequence in which pores are
encountered within the method used (Rouquetal. 1994) and on the mathematical model
used to interpret the experimental data.

It is worth recalling here the recommendationsdioaracterization of porous solids made by
the International Union of Pure and Applied CheryigtUPAC) (Rouquerokt al. 1994):

- The complexity of the pore texture of materialssisech that even on theoretical
grounds the concepts which can be used to desthidbdexture usually entail the
introduction ofsimplifying assumptions

- No experimental method provides the absolute vafugarameters such as porosity,
surface area, pore-size, surface roughness : @aebh g characteristic value which
depends on the principles involved and the natdréhe probe used (atom or
molecule, radiation wavelength..Qne cannot speak of the PSD of a materiddut,
instead, of its mercury porosimetry PSD, its miocrobgraphy PSD, etc.
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- Theselectionof amethod of characterization must start from thmaterial and from
its intended use

- Themethod chosen must indeexbsess parameter related as directly as possibte
phenomena involved in the applicatiorof the porous material. In this respect, it may
often be advisable to select a method involvingsptal phenomena similar or close to
those involved during the practical applicatione.(i.adsorption or capillary
condensation methods if the porous substance isetaised as a desiccant, or a
freezing point depression method if one is inteesin the frost resistance of a
construction material ...) so that the parametetserchined are appropriate.

- Rather than to "check the validity" of distinct methods, certified reference materials
are needed to establistow these methods differand, of course, to calibrate any
individual equipment or technique.

- As a consequencepne must not look for a "perfect agreement" between
parameters provided by different methods Such an agreement, when it occurs, is
not necessarily a proof of the validity of the ged quantities. Instead, one must be
aware of the specific, limited and complementamgnsgicance of the information
delivered by each method of characterization adrays solid.

2.1.3. Pore space modelling

Pore space is very complex, with tortuous and uta@gforms. Different models exist for
modelling pore space, some of them are very sirapte others very sophisticated. None of
them should be expected to provide the “absoluti&'trabout the pore space parameters such
as pore size, grain shape, etc. The choice of an&cplar model depends on the particular
application or property which is investigated. Tdifferent types of pores and some models
for the pore structured are presented below.

Different types of pores

Rouquerokt al. (1994) classified pores (Figure 1) according to:
- Their availability to an external fluid:

o0 Closed pores (a) are isolated and do not parteipatfluid flow and gas
adsorption. However, they influence bulk densityecimnical strength,
thermal conductivity and others macroscopic propert

o Open pores, (b), (c), (d), (e) and (f), which haeontinuous channel of
communication with the external surface.

o Blind pores: they are open only at one end, (b)@&nd

o Through pores (e): open at two ends.
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- Their shape: cylindrical, (e) and (f); ink-bottleaped (b); funnel shaped (d) or slit-
shaped. Rough surface (g) is not considered pamless it has irregularities that are
deeper than they are wide.

Figure 1: Schematic cross-section of a porous sol{fiouquerol et al. 1994).

Pore structure models

Dullien (1991) claimed that any model of pore stmoe should aim to approximate the
significant features of the real pore structureaqgforous medium as closely as possible and
necessary. However, the details of the pore streicithich are irrelevant to the transport
properties of the medium are to be omitted as thewld unnecessarily increase the
complexity of the model. In that respect, it shobkl kept in mind that in some cases, a
peculiar behavior of the medium can be explaindg with the help of certain pore structure
features that for most other purposes are notaatev

Bundle-of-capillaries model in this simple model, pores are considered asgoeylindrical.
More precisely, the model consists in a solid adical matrix containing a set of cylindrical
voids crossing the matrix from one face to the othethe axial direction. In its simplest
version, these cylinders are straight, parallel &iagde the same radius Nevertheless
modifications can be introduced in this model so as to takeaotmunt some complexities of
the real porous medium:

- Pore size distribution: it is considered that tleeepradii (cylinder radii) are not equal
but distributed according to a probability densitgction (pore size distribution) p(r).

- Tortuosity: in the simplest model, the averageadisé traveled by fluid particles L
is considered as being equal to the length of tagix(L). Nevertheless, pores are not
straight but tortuous. This tortuosity may be repreged by a tortuosity factor T which
corrects the pore length: T = (LpfL)

- Variable cross-section: individual pores are adsiimi to a set of straight capillaries
connected in series and with different radii disited according to a probability
distribution so contractions and expansions camepeoduced. The length of each
capillary in the series is constant.
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Without considering tortuosity and variable crosst®n, the only parameters characterizing
a bundle of capillaries are its porositythe radii of its capillaries (PSD) and the td¢aigth L
and radius R of the matrix (for a cylindrical majriln general, R and L correspond to the
length and the radius of the porous sample beindeted. What is sought in practice is that
the bundle has the same permeability or the sapilacg pressure curve (capillary pressure
as a function of saturation) as the real porousimnedit is obvious that the use of bundle-of-
capillaries model is not able to roughly predictnamber of transport phenomena.
Nonetheless, it is a popular and widespread mddhe.bundle-of-capillaries model is used in
many applications such as porosimetry methods (@mgngorosimetry, contact porosimetry,
liquid porosimetry, etc.). A complete review of seemethods was presented by Sorbie
(1991). However, it has to be noted that more cemptodels introduce additional structural
features that cannot be easily measured.

Network models an important flaw of the bundle-of capillaries-thed is that it does not

account for the fact that pores are interconnerteéal media, forming a network of pores.
Consequently, what “happens” in a pore is not ieteent of what “happens” in the others.
Development of 2-D and 3-D networks along with fh@wverful mathematical theory of

percolation (Yanuka 1992; Hunt and Ewing 2009) mest more suitable tools to treat
complex phenomena in porous media.

The general approach consists in obtaining infolenaabout structural parameters from an
image of the porous medium (thin section, tomogyaplc.) in order to create a pore network
as representative as possible of the real porouBume As described by @ren and Bakke
(2003) the main steps to generate a pore network thin sections are:

- Image segmentation, treatment and analysis to rolptirographic information (pore
size, shape, etc.).

- 3D reconstruction of the porous medium microstriectiased on modelling of the
sedimentation and compaction of the grains (prebased model) or in matching
stochastic functions of the image (statistical ntpde

- Analysis of the reconstructed microstructure to leai@ different structural
parameters: pore bodies size distribution, poreatisr size distribution, coordination
number, shape factors corresponding to each pire, e

- The preceding structural parameters are used astm@ network model with simpler
geometries than the reconstructed microstructur@n@ular, circular or square pore
sections as a function of the shape factors preiyozalculated). The network model
is composed of larger pores (nodes or pore bodm#)ected by smaller pores (pore
throats).

A 3D image is directly obtained in the case of 3i2nstomography as will be seen later, so
the 3D reconstruction (second step) does not tiae pOther possibilities to generate a pore
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network directly from a 3D micro-tomography image aescribed elsewhere (Al-Kharusi
and Blunt 2007). It has to be highlighted that ptmoats determine the flow properties
whereas pore bodies dominate the volumetric pragsert

Particles packing models regular or irregular packs are models in whiclhrepoare
considered to be the voids between loosely packadutar particles of simple geometries
(usually spheres). These models may be realistiariconsolidated porous media (e.g. sand
pack). See Dullien (1991) for more details.

Fractal models and fractal analysis:as explained by Hunt and Ewing (2009), the abdity
fractal models to represent highly complex natumatia with a small number of parameters
is a strong argument in their favor. When dealinth\a natural fractal porous medium, even
if the range of fractal properties is restrictecbt® order of magnitude, the medium cannot be
mapped to a regular network because the networkahasmdamental scale and associated
regularity. Fractal analysis applied to porous raedgill not be presented here but may be
found elsewhere (Schu#t al. 2002).

Estimation of pore sizes from petrophysical models

Petrophysical models aim to express permeabilitya danction of other measurable rock
properties, which usually include pore or grairesizTherefore, if permeability is known, the
expressions provided by these models may be usestitoate the pore or grain sizes.

Based on the bundle-of-capillaries model, Kozer$2{) obtained from Hagen-Poiseuille law
and Darcy’'s law that permeability K may be linkedporositye and average pore radids
through:

(2.2)

As throats determine the pressure loss in porouBanthe average pore radius obtained with
Eq. (2.2) represents the average throat radiugadt) r is not directly measurable, but is
related to the pore surface area to pore grainweltatio g through:

s — 2¢ (2.3)
g F(1—¢)

Given that §can be measured with techniques such as nuclegmatia resonance, Eq. (2.3)
is usually formulated as:

g3 (2.4)

K= ———
2(1—¢)?S2
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Tortuosity T as well as a shape factor F associttete tubes (2 for cylindrical pores) may
be included in the preceding expression (Carman’;188Ison 1994; Nooruddin and Hossain
2012), giving:

&3 (2.5)

K= e
FT(1 — £)S2

The average throat radiasnay be estimated from (2.2) and (2.4) as follows:

!FTK (2.6)
r=2|—
€

The Kozeny-Carman equation (Kozeny 1927; Carman 1937) assumes ttes o be voids
between packed spheres of equal sjze d

d2e? 2.7)

K=—2P52
180(1 — )2

d, is the equivalent cylindrical pore diameter. Fatistribution of n different grain shapes, d
is defined as follows (Torskaw al. 2014):

XY (2.8)
P onfv;
g

d

wheref; is the fraction by number of the ith grain shapéhwdiameterd; and volumeV;.
Other aspects of Kozeny-Carman equation were deduby Carrier (2003) including the
shape factors accounting of the angularity of titdvidual solid grains. An excellent review
of a number of petrophysical models to estimateakeld on mineralogy, surface area, water
saturation, etc. was published by Nelson (1994)ethat the present work focuses on PSD,
two empirical models based on pores sizes arersutbcpresented here:

Winland’sequation (Kolodzie 1980; Pittman, 1992), wheRy: is the pore radius in pm
corresponding to 35% of the total mercury intrusiommercury porosimetry andKs air

permeability (mD):

logR35 = 0.732 + 0.588log K, — 0.864 log ¢ (2.9)

Pittman’s regressions(Pittman 1992), wher&,, is the pore radius corresponding to n% of
the total mercury intrusion in mercury porosimeffigure 2)
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Saturation Equation
(%)
10 K. =41 Rl°2.00¢0.77o

20 K. =5.59 RZOL” ¢0.584
30 K =139 Rsol.u ¢0.768
40 K.=523 R‘ol.n¢l.l7
50 K. =405 Rsol.60¢l.93
60 K = 2,820R6°l.34¢2.57
70 K. = §3.400 R7ol'”¢]'69

Figure 2: Predictive equations for air permeability (mD) based on regression equations by Pittman (129 as a
function of fractional porosity and pore throat radius (um) when mercury saturation varies. From Nelso (1994).

2.1.4. Mercury Intrusion Porosimetry (MIP)

Mercury intrusion porosimetry (MIP) consists in immersing a piece of porous medium in
mercury and measuring the volume of the invadingcong versusthe applied pressure,
which gives the distribution of the capillary press as it represents the counterpart of the
actually applied pressure (see Giesche 2006 fomildet Moreover, knowing the
mercury/solid interfacial tensiom and the contact angle defined as in Figure 3, these data
allow determination of PSD using a modified Laplaspation referred to as Washburn
equation (Eq. 2.10). For that purpose the poroudiume is usually modeled as a bundle of
cylindrical capillaries. A value of 0.485 N'mat 25°C for the surface tension of mercury is
commonly acceptedde is the pore radius andP is the required pressure difference to
penetrate the pore. Given that the sample is ligigavacuatedAP is very close to the applied
pressure.

20cos0 2.10
AP = — 22 (2.10)

Ipore

Non-wetting fluid

Figure 3: Contact angle® of a non-wetting fluid.
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In a typical test, the sample of the porous medhan to be carefully prepared and then
placed into a cell known as dilatometer. The fatstge consists in evacuating the air and the
residual moisture of the sample by means of a vacpump. Once the pressure is low
enough, the mercury invades the dilatometer throagtapillary, filling the cell without
applying any pressure (excepting the one produgetidoweight of the mercury). During the
low-pressure phase of the test, the mercury coedaim the capillary is pushed by a
compressed air device whose pressure is progréssinaeased. By this way, smaller and
smaller pores are penetrated. The volume of merthay has entered the sample at each
pressure is measured through changes in the capeeibetween the column of mercury in
the capillary and a coaxial metallic sheet. In aose step, higher pressures are applied
through pressurized hydraulic oil in contact withe tmercury in order to penetrate the
smallest pores. Additionally, an extrusion of meyc(lowering of applied pressure) may be
performed after the intrusion phase. In this phksger and larger pores are evacuated during
the experiments. A number of international andameti standards for MIP are available: ISO
15901-1:2005, British Standard 1992-11-15, etc.

MIP allows investigation of pore sizes ranging fr8rB nm to 500 um (Giesche 2006), which
IS inconceivable to any other existent techniquenother advantage of MIP is the
comparatively short time needed to carry out t@gtscally 4h). However, the duration of the
test increases considerably when a high sensitfithe PSD is required (more measures are
needed), when a better precision is sought (longiliecation time) or if a complete
intrusion/extrusion loop is performed. The instrumse can operate in a continuous or
incremental mode (pressure is increased continyoosl in a step-by-step manner).
Nevertheless, incremental mode with equilibratiomes of more than 5 min is preferred in
order to assure reliability of results. As can lseyved in Figure 4, Micromeritics (1997)
performed different analysis with the same matearad different equilibration settings. The
conclusion was that the obtained pore sizes mdgrdi#0 % to 50 %) depending on these
settings. In general, longer equilibration timegegarger pores.

Intrusion
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Figure 4: Differential intrusion against pore diameer for alumina extrudates using different equilibration settings. 1:
pressure increased continuously, 2: 2 sec/measur®, 10 sec/measure, 4: 30 sec/measure, 5: 0.001 pldeg (fixed
injection rate). (Micromeritics 1997).
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Modelling of pore space as a bundle of cylindrizzgpillaries leads to an overestimation of the
occurrence of small pores. Indeed, the volume ef l#ige pores situated downstream of
constrictions, which are filled at higher pressutban those predicted with Washburn
equation, is assigned to the smaller pores.

Also, it has to be highlighted that in many cades dontact angle is unknown or difficult to
calculate (Adamson 1982). In fact, the contact amngldependent on the composition of the
material, its roughness, its modified compositidmew the contact with mercury is produced,
etc. Furthermore, the contact angle for intrusmulifferent from the one for extrusion. The
different manners to measure or estimate the coategle are described elsewhere (Schaith
al. 2002) but its precise determination is practicaiypossible inasmuch as it changes even
for the same material. In most cases, by tradititenyalue is fixed between 130° and 145°
independently of the material. It has to be noted &s a consequence of the user’s choice for
the contact angle, the corresponding PSD may Weedty a factor of cos(145°)/cos(130°) =
1.27.

The PSD obtained from mercury intrusion relatepéoe constrictions whereas the PSD
obtained from extrusion measures relates to lasgations of the pores. A hysteresis
phenomenon is observed (Figure 5) in the intrusindgsion cycle. Some partial
explanations to this phenomenon are hysteresiseo€dntact angle, ink-bottle theory or pore
connectivity. In fact, that hysteresis may be asded with pore connectivity through
modelling. Nevertheless, during this modelling tleer has to make several assumptions so
the final result is somewhat arbitrary (Giesche@®orrow 1990).
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9 0125 l ‘
g 0.100 .
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0.001 0.01 0.1 1 10 T

Pore Size /um

Figure 5: Typical intrusion/extrusion hysteresis oberved in packed sphere structures (Schitkt al. 2002).

At the end of the intrusion-extrusion loop, someraugy remains trapped in the porous
medium as not all the injected volume leaves thapsa when the pressure is lowered.
Consequently, the method is destructive and theuysorsamples are not reusable. As
presented and proved by Wardlaw and McKellar (198#)r aspects affect the trapping of
mercury during withdrawal from the porous mediufy): fore and throat sizes and shapes and
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pore to throat size ratio (Figure 6), (2) throaptwre coordination number, (3) random and
non-random heterogeneities, (4) surface conditraiwwghness of pores and throats.

Figure 6: Glass model of an artificial pore systemTrapped mercury is visible in black in the bottom pcture after
release of pressure. Wardlaw and McKellar (1981).

As concluded by Giesche (2006) and Schéttlal. (2002), the PSD obtained from MIP are
primarily useful in relative comparisons of similanaterials, as the assumptions and
experimental factors (contact angle, connectivitpmpressibility, etc.) cancel out and
therefore it is not quite as critical to have pettfecorrect values in these cases.

Another factor that may be taken into account saoascrease precision of the results is
compressibility. Not only the porous sample, biudoathe mercury and the penetrometer
experience compression during a test. This invobre®verestimation of the pore volume.

The solution consists in performing a blank ruretbgr with mathematical corrections. Also,

rapid compression (short equilibration times) aghhpressures may lead to a temperature
increase of as much as 50°C (Micromeritics 199&) will affect the measure of small pores’

volume. Therefore, an adequate control of tempezasurequired.

2.1.5. Health, environmental and legal issues rekd to MIP: international
context

Undoubtedly, the major shortcoming of MIP is the o$ mercury, known to be a highly toxic
fluid. The use of this fluid poses a health hazasdwell as an environmental problem. The
recommended limit of mercury vapor concentratioraiinis 0.02 mg/maccording to INRS
(French National Institute of Health and Safety\adrk, see INRS 2012). Blando and Singh
(2004) provided information about safe handlingmdrcury. It has to be noted here that a
great effort should be made in order to raise ames® of these concerns, especially in
personnel and users that have manipulated mensuheipast when these risks for health and
environment were not so well-known. Some professialiseases caused by mercury are:
acute encephalopathy, intentional tremor, cerebediaxia, stomatitis, colic, diarrhea,
azotemic nephritis and recurrent eczematous lesjitviRS 2003). An acute exposure to
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mercury vapors may cause several psychiatric andologyical disturbances (World Health
Organization 1976): loss of memory, insomnia, laogk self-control, irritability and
excitability, anxiety, loss of self-confidence, diginess, and depression. In the most severe
cases delirium with hallucinations, suicidal melawi@, or even manic-depressive psychoses
have been described. Furthermore mercury is classadutagenic and carcinogenic and it
may cause reproductive problems. Also, release estuny to the environment may lead to
accumulation in fish and shellfish with additionatcumulation in their predators or
consumers (biomagnification) as happened in Minanjdpan) where almost 3000 persons
suffered from diseases caused by mercury effluterdsa.

Several countries have already adopted nationtrlatésns on mercury for measuring devices
(Lassenet al. 2008; European Chemicals Agency 201ddrway possesses currently the
world’s most progressive legislation on mercury pnoducts: general prohibition on
production, import, export, sale and use of mer@ang articles containing mercury. In some
cases, porosimeters may be used for “analysis esgharch” purposes, but import and sales
are forbidden and suppliers have to apply for aengtion in order to place mercury on the
market for analysis and research and in practitg afew applications are receivesweden
prohibits the placing on the market, use and expiomercury and goods containing mercury,
including porosimeters: there are only two poroserse exempted in the country and
alternative methods dominate the markeenmark prohibits import, sale and export of
mercury and mercury-containing products. Mercursopionmetry may be exempted depending
on the application. No particular problem has beeported with the introduction and
application of these national restrictions. T¥etherlands restrict production and import of
mercury-containing products but an exemption exX@tsnercury porosimeters.

Besides, annternational legally binding limitation on the use of mercus/being adopted
following the signing oMinamata Convention on Mercury in October 2013 (UNEP 2013)
by 139 governments. Some of the main resolutionthefUnited Nations treaty are listed
below:

- Each Party shall not allow primary mercury minirgatt was not being conducted
within its territory at the date of entry into ferof the Convention for it.

- Any Party may submit a proposal to the Secretdoatlisting a mercury-added
product, which shall include information related ttee availability, technical and
economic feasibility and environmental and heal#ks and benefits of the non-
mercury alternatives to the product.

- National plans will be drawn up within three yeafghe treaty entering into force to
reduce - and if possible eliminate - mercury.

- Parties shall endeavor to cooperate to developiraptbve information and research
on the technical and economic availability of meyefnee products and processes and
on best available techniques and best environmenaakices to reduce and monitor
emissions and releases of mercury and mercury conaso

- The Conference of the Parties shall, by its secoadting and thereafter on a regular
basis consider information on existing initiativesd progress made in relation to
alternative technologies.
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- The Convention also calls for additional reseanclissues related to mercury.

Concerning the last point, the pact tasks natioitis kinforcing efforts to monitor and tally
mercury releases from a slew of sources, as exadiy Lubick and Malakoff (2013). States
will be requested to firm up detailed figures onrooey emissions. That will result in an
exigent tracking of mercury purchases as well asraeillance of industries, which will be
demanded to provide detailed pollution reportseéiff/eness of the measures adopted by the
nations will be assessed within 6 years. On thaasion, researchers are expected to report
on whether efforts to limit mercury pollution angffscient or not.

Mercury porosimetry represents about 13% of thal toeercury consumption in the EU (third
largest consumer of mercury). A few years ago,Gameral Environment Directorate of

the European Commissionpresented a report on the options for reducing amgrase in
products and applications (Lassetal. 2008). That report included an assessment of some
existing alternatives for replacing mercury porasim. Also, it presented a comparison of the
efficiency of different policies to limit mercuryoposimetry. The conclusion was that the
general ban of marketing of porosimeters for merdar porosimetry would be the most
appropriate policy.

Besides,IUPAC Working Group on Liquid Intrusion and Alternativdethods for the
characterization of macroporous materials receptlylished a document (Rouquesdl al.
2012) with the intention of listing, examining, andmparing the methods presently used to
characterize macroporous structures (pore widtl® »rd). The conclusion was that none of
the current alternatives is in a position to repl#éite mercury porosimetry. Indeed, none of
them can provide in 2-3 h comparable informatiorerogso broad a pore sizes range.
Therefore, abandoning mercury porosimetry wouldilteg a loss of efficiency of research
and of routine work on macroporous materials. Ithen of great interest to develop new
alternative methods. In that respect, the aim ef ghesent work is to propose an efficient
nontoxic method to derive PSD from experimentsnggation of a yield stress fluid in porous
media.

2.1.6. Other methods to characterize PSDs of porousedia

Nowadays, Mercury Intrusion Porosimetry (MIP) isdaniably the reference technique to
characterize porous media in terms of their PSDsgite of the drawbacks that have been
presented, MIP is a well-established method whiab been used for decades. However, a
number of different methods exist to obtain the BSI porous media, which may be
complementary or alternative to MIP only in someplagations. A distinction is made
between imaging methods and invading fluid methods.

Imaging methods

Among these methodstereologyis a time consuming method which consists in deduc
pore characteristics from imaging thin porous medalices (Richeet al. 2012; Okabe and
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Blunt 2005; Galauget al. 2012). Treatment and correlation of many successiages is
needed to provide statistically representative ehagnd sizes of the pore space. Others
disadvantages of the thin sectioning method incltide extensive man hours required in
polishing/slicing/digitalization, the destructivatare of the technique and the fact that the
digitalization resolution within each slice is mushperior to the slice thickness (Lindquist
and Venkatarangan 2000). Being based on directrnaditgens, this method provides, in a
sense, more realistic values of the pore struchaehmeters than other less direct methods.
On the other hand, such real values are of litde un predicting many of the practically
important properties of porous media, such as pabihty (Rouquerokt al 1994).

More recently, great progress on direct measureroetite pore space topology has been
achieved with3D X-ray computed tomography (Wildenschild 2012; Lindquist and
Venkatarangan 2000; Prodanowt al. 2006, 2007; Burlioret al. 2006). The experiments
consist in scattering an X-ray beam through thepeisample (Figure 7), which is mounted
on a rotation stage, and mapping the material’sa)X-absorption. That is achieved by
measuring the intensity of the beam after it patisesigh the sample in each direction. The
attenuation phenomenon along the path followedheyX-ray beam is described by Beer-
Lambert law. The procedure is repeated with maffferéint orientations of the sample (by
rotating it), resulting in a big set of radiographthe sample from different angles. Then, a
stack of 2D-images is obtained from these radidggapach of these 2D-images corresponds
to a transversal section of the pore sample. Neekss, it has to be borne in mind that the
2D-images are actually volumetric, with a depthlgbixel. Finally, a 3D-image is obtained
from combination of the 2D-views. The images oledinvith 3D microtomography are
undoubtedly eloquent and speaking, and allow visat@bn of closed pores. Nevertheless,
this nondestructive technique has a resolutiorymitally 1 um, which makes impossible the
visualization of pore constrictions in some cased eestricts its range of applicability to
pores whose length is greater than that resolukarthermore, the porous samples analyzed
with this technique should be tinny because, otlswthe radiation would be completely
absorbed. As a rule of thumb, the size of the pixe2,000 inferior to the diameter of the
sample (for a cylindrical sample). Consequentlym resolution is achieved with cylindrical
samples whose diameter is 2 mm.

X-ray beam
from Frizics
synchrotron =

Rotation stage
Figure 7: Sketch of the experimental setup for miawtomography mapping. (Burlion et al. 2006).

A well-known problem regarding imaging techniquesgists in the subjectivity associated to
the choice of the grey level threshold needed dosfiorm a raw image to a binary one in
which one color represents void and the other codpresents solid material. Filters are
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usually applied to the raw image so as to enhdmeel¢finition of the edges (Sheppatdal.
2004). The most problematic voxels are those coimgipores boundaries or pores whose
size is smaller than the image resolution. Diffexdroices of grey level threshold may lead to
great differences in pore shape and size. This rtaiogy yields to underestimation or
overestimation of the pore boundaries and, as aeguence, to errors in the pores radii
estimation. Even more, the boundary between twacadit pores can be broken forming one
large pore, or, on the contrary, fictitious bounelarcan be created (Vergés al. 2011)
(Figure 8). Consequently, these two main limitagioresolution and choice of the grey level
threshold, will strongly affect the obtained PSD.

A B C D

Figure 8: Partial volume effect. A) Real configuraion of two adjacent pores smaller than a pixel. Bscanned image
composed of two pixels with different grey-level. EBinary segmented image that detects one large pofusion instead
of the two real ones. D) Binary segmentation thatetects only the larger pore. (Vergést al. 2011).

Finally, another difficulty lies in the fact thatpeset network model is needed in order to
define pore geometry. Regarding this definitiontloé pore geometry, several criteria are
possible: spheres connected by channels, intengedpheres, etc. The input of these
networks include coordination number of pores, paige distribution, pore throat
distribution, pore body-to-pore throat aspect ratiod pore body-to-pore body aspect ratio.
Therefore, different networks may be obtained Far $ame sample as a consequence of the
different possibilities to define pore bodies amepthroats (Prodanoviet al. 2006; Okabe
and Blunt 2005, Sheppardt al. 2005). A recent work tackling the acquisition of
microstructural parameters from a microtomograjphigge and their link to permeability was
presented by Plougonven (2009). Also, an overview tloe recent progress in
microtomography was published by (Wildenschild 2012

Otherimaging methods exist but will not be treated hetesh adNMR methods which seek
to exploit the relaxation dynamics of the nuclgainof fluid molecules to determine the pore
size distribution (Padhgt al. 2007; Song 2007).

Invading fluid methods

Due to the limitations, representativeness and odsthe techniques mentioned above,
methods of invading fluids are favored even if eatthem has some specific shortcomings.

Intrusion of non-wetting liquids other than mercury: some candidates are Gallium,
Indium, Wood’s metal (bismuth alloy containing leaith, and cadmium) and Field’s metal
(eutectic alloy of bismuth, indium, and tin). Untiamately, none of them gather these three
necessary conditions (Rouqueeatlal. 2012): non-wetting on many materials, liquid abrmo
temperature, and safer to handle than mercury.
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Water intrusion in hydrophobic materials (Gomezet al. 2000) is based on the same
principle than MIP. However, only a few macroporonaterials are strictly hydrophobic and
determination of the contact angle is complicated.

Liquid porosimetry (Miller and Tyomkin 1994, Rouqueret al. 2012) consists in draining a
liquid (typically water) out of a saturated poraanple by applying increasing pressures and
weighting the fluid leaving the sample at each guwes. Laplace’s equation permits to
associate a pore radius (bundle-of-capillaries M)ddeeach pressure level. The principle is
similar to that of MIP but the fluid is forced tedve the sample instead of forced to enter it. A
suction/drainage cycle may be performed as destiibdhe literature (Miller et Tyomkin
1994). This method is suitable for the determimatd the pore size distribution in the range
from 1 to 200Qum.

Contact porosimetry (Volfkovich et al. 2001) is based on the laws of capillary equilibriu
The samples to be analyzed are stacked togethemacddse contact with some standard
samples. Then, they are saturated with a wettogdi (usually hydrocarbons). After that, a
volume of liquid is evaporated through the operfasir and the assembly is closed and stored
until a new equilibrium is attained. After thatetlstack is disassembled and the individual
samples are weighted. Further evaporation is pediand the same procedure is repeated.
Comparison with the standard samples allows detettion of the PSD because at the state
of capillary equilibrium (and under some hypothgdise maximum pore size filled with the
liquid is the same in all the samples in contacteR sizes ranging from Ao 1¢ pm may

be analyzed.

Several methods are based amfsorption—desorption from thegas phasein the pressure
range associated with the phenomenon of capillangdensation. That phenomenon is
generally accompanied by a hysteresis loop in dsemtion—desorption isotherm (Rouquerol
et al. 2012). PSD is derived either by the applicationpodcedures based on the Kelvin
equation or by the application of density functionlaeory. Water vapor adsorption
methodshave shortcomings with respect to the analysafse size pores due to the lack of
capillary condensation (Kate and Gokhale 2006)v-pressure adsorptionof CG; is useful
for characterizing microporosity (pore diameterg sm), whilelow-pressure adsorptionof
nitrogen is useful for characterizing meso and warosity (pore sizes between 2 and 50
nm, and >50 nm, respectively) (Clarksetnal. 2013). Unfortunately, low-pressure adsorption
has an upper pore diameter limit of about 300 nimthieérmore, this technique requires drying
of the porous media samples to remove volatiles poi analysis.

Other methods to obtain PSD in porous media arerntbporometry, SEM microscopy,
ultrasounds, permeation methods, etc. An outstgnckriew of the methods to determine
PSD was presented by Rouquesbhl. (2012).
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2.1.7. Reference porous media

Reference porous materials are standards usecetk @md compare the measures obtained
with different instruments. Even if MIP is the masgidespread porosimetry technique, there
is not much variety in the choice of reference mal® Rouquerokt al. (2012) summarized
the worldwide availability of these materials, clutting that they are really scarce. Other
major problems are the lack of standard mater@gpbrosimetry techniques other than MIP
and gas adsorption and the inexistence in the mafl@mple homogeneous samples such as
bundles of capillaries.

2.2. Complex fluids

Complex fluids may be defined as condensed-phaderiaa whose mechanical properties
are intermediate between ordinary liquids and @mdirsolids. We will begin by classifying
the types of non-Newtonian behaviors that can peesentative of complex fluids as well as
the most popular rheological laws. Afterwards, wk focus on several aspects of yield stress
and the attached controversy. Also, some phenorogital interrelations between micro
structure and rheology will be considered. At the ef the section some examples of yield
stress fluids will be compared and the rheologyaimer solutions, which will be used in
our experimental work, will be presented.

2.2.1. Classification of non-Newtonian fluids and @n models

Following Chhabra and Richardson (2008) “a non-Newén fluid is one whose flow curve
(shear stress versus shear rate) is nonlineares wat pass through the origin, i.e. where the
apparent viscosity, shear stress divided by shear is not constant at a given temperature
and pressure but is dependent on flow conditiochk si$ flow geometry, shear rate, etc. and
sometimes even on the kinematic history of thedfl@lement under consideration”.
Accordingly, non-Newtonian fluids may be classifiatb four main categories:

1. Fluids whose apparent viscosity is finite but defgsr on the applied shear rate, i.e.
shear stress divided by shear rate is not conftargvery shear rate. This category
may be divided into 2 subcategories:

a. Shear-thickening fluids fluids whose apparent viscosity increases witkash
rate.

b. Shear-thinning fluids: fluids whose apparent viscosity decreases witlarshe
rate.

2. Fluids whose apparent viscosity is infinite belowheeshold in terms of shear stress.
That means that these fluids do not flow unlesssthess they experience is greater
than a yield value. They are knownyasld stress fluids

3. Fluids whose apparent viscosity depends on tinear Hpparent viscosity depends on
the duration of the application of a given sheeesst and/or on the previously applied
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stresses. This behavior is knownthotropy and the fluids exhibiting it are called
thixotropic fluids .

4. Fluids exhibiting characteristics of both viscolisds and elastic solids. They present
both elastic energy storage and viscous energy Vasieh entails that only a part of
the strain is elastically recovered after defororatiThey are knowms viscoelastic
fluids.

In this classification, non-Newtonian fluids aregented as having just one type of deviation
from Newtonian behavior. However, very often nonalnian fluids exhibit a mix of these
deviations. Therefore, they can be both thixotropiad rheo-thinning, viscoelastic and
thixotropic, etc.

Only simple shear deformation of incompressibléd8uwill be considered here. In this case,
the velocity vectow has just one nonzero componenthat depends only on the value of a
coordinate#i. The shear rate tensor in simple shear is ofdia:

_ /0 d 0
D=(d 0 0
00 0

with d = = (avi) andx being the position vector.

2 an

The corresponding shear stress tensor is:

0O —1t O
T=|-t 0 0
0O 0 O

In the particular case of simple shear rate, a rgdéined shear rate may be definedyas

2d = %. From now on, and for simplicity, we will refer generalized shear rate simply as

X;
T

shear ratg and tot simply as shear stress, the apparent viscodiging defined ag = -.

For Newtonian fluids p is constant at a given terapge and pressure and does not depend
on time or on shear rate. Therefore:

=y (2.11)

with g being the dynamic viscosity of the fluid.

Here below, some analytical rheological models ron-Newtonian fluids are presented.
These models are rheological laws that link shé@sst to shear ratgy or alternatively
apparent viscosity to shear ratmifstitutive relations). More information may be found in
the reference book of Biret al. (1977). The most usual relationships among theselogical
laws are presented below.
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Shear-thinning and shear-thickening fluids

Power-law or Ostwald de Waele model
In this empirical modely andy are related through the power law
T =mpy"P (2.12)

giving:
u=myy"r! (2.13)

m,, is called consistency and, is called flow index.m, andn, are positive empirical
parameters and are obtained by fitting experimemehsures of shear stress or apparent
viscosity as a function of shear raten}f< 1 the fluid behaves as shear-thinning ang,if 1

the fluid exhibits shear-thickening behavior. Thartigular casen, = 1 corresponds to
Newtonian fluids.

Power-law model is the simplest representationhefas-thinning/shear-thickening behavior
and is the most employed model. However, it presaeveral drawbacks (Chhabra and
Richardson 2008)m, andn, are usually dependent on the scanned range of sitea and

do not predict the limiting apparent viscositievaty low and very high shear rates.
Truncated power law

Power-law model can be modified in order to allovediction of the limiting values of
viscosity at very low and very high shear rates,pig, andiep. Lop IS the maximum plateau

viscosity (at very low shear rates) and,, is the minimum plateau viscosity (at very high

shear rates). The truncated power-law (Lopez 2@04) piecewise-defined function of the
form:

i = Max{poop; Min(m,y™ ™% o)} (2.14)

Carreau model (for shear-thinning fluids)

In contrast to truncated power-law model, CarreEi7/2) equation is based on molecular
network theory. It includes an additional parametéh respect to truncated power-law,
that stands for the longest relaxation time. Thigleh is often presented as:

H— Hoo

Ho — Moo

= [+ @7 (2.15)
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He, Mo andn being analogous t@p, Hop, andn,. Newtonian case correspondsite 0 or n
=1 or both.

Cross model (for shear-thinning fluids)
It is another popular four parameter model presehieCross (1965) which is expressed as:

M — Hoocr _ 1 (216)
Mocr — Hoocr 1+ kcryncr

with n.. and k.. being fitting parameters. It reduces to the polaer-whenu <« py.. Or
H > Heocr-

Yield stress fluids

Yield stress fluids are materials that behave sdid fort < .
The Bingham model

This is the simplest empirical model to describerieological behavior of yield stress fluids.
It is a piecewise-defined function as follows:

{r = Top + UBY for T = Top (2.17)
y=0 for T < ToB

where g is the Bingham viscosity and,g is the yield stress. The corresponding apparent
viscosity is:

' 2.1
=TOB+% for T = ToB (2.18)

u=oofor t<T1yp

Bingham viscosity is the slope ofy) beyond the yield stresgp = ? for T > Typ. Itis

an empirical model in whiclhy,andpg are generally obtained by fitting the measures a$ a
function ofy. Nevertheless, one can try to assgss1 a more physically-meaning manner as
will be explained later. Also, it has to be notldttno minimum value of u is included in the
model, so u tends to O at very high shear rates.



28 2. Background

The Herschel-Bulkley model

As already mentioned, the elementary non-Newtobiimaviors presented above are usually
combined so that, for example, a fluid may exhdhiear-thinning behavior and also have a
yield stress. The empirical Herschel-Bulkley modembines yield stress, with shear-
depending viscosity as:

{r =1, + ky" for T=>T (2.19)
y=0 for T< Ty

where Kk is named consistency and n is the flowxndtle this case, the apparent viscosity is
defined as:

T
{u = 70 + ky"t for =1, (2.20)

u=oofor t<T,

Ty, k and n are generally obtained by fitting theadalbtained by measuringas a function of
y. Furthermore, just as for the Bingham fluid, thisr@ot a limiting value of viscosity at high
shear rates. m and n depend on the range of shiesr considered. In fact, for sufficiently
high shear rates, Herschel-Bulkley fluids may beprapimated to Bingham fluids.
Newtonian, Bingham and Herschel-Bulkley modelsrapgesented in Figure 9.

Herschel Bulkley fluid

n>1
Shear stress T (Pa) A
P Bingham fluid
L7 n=]
’
/ .
. ’ Herschel Bulkley fluid
-
LY n<l
S e
war
.,'{-' Newtonian fluid

To

»
r

Shear rate Y (S—l)
Figure 9: Newtonian, Bingham and Herschel-Bulkley radels.

The Casson model

This model is widespread when dealing with biolagituids or foodstuffs

{Tl/z = ()" + e for 21§ (2.21)
y=0 for T< TS
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As in the preceding model, both shear-dependingosity and yield stress are taken into
account.

Thixotropic fluids

According to Barne®t al. (1989) thixotropy can be defined as a decreastheofapparent
viscosity in the course of time under constant sk&ass or shear rate. This decrease may be
followed by a gradual recovery when the stressheas rate is removed. The same authors
defined rheopexy as the opposite of thixotropy réase of the apparent viscosity under
constant shear stress or shear rate, followed gnadual decrease when the stress or shear
rate is removed).

Thixotropic behavior is very usual in many industiapplications, so its modelling has been
the subject of significant efforts (Chhabra andhardson 2008). Three distinct approaches
may be adopted: continuum, micro-structural andcstiral kinetics. Continuum approaches
consist in modifying non-thixotropic constitutivguations by making the parameters (yield
stress, consistency, etc.) time-dependent. Neues$eit is not an easy task, because the
model parameters are not always directly connewiiidl structural changes resulting from
thixotropy. Micro-structural models are theory-ls€hey involve definition of inter-particle
forces, which have not always been studied in thsecof engineering fluids. Finally,
structural kinetics approaches are based on theiti@i of a parameteg, which varies from
zero (corresponding to the completely broken-dotacture) to unity (corresponding to the
complete build-up of structure). As explained byh@bra and Richardson (2008), this family
of models consists of two equations: the first ¢igmaconnects the shear stress to shear rate
for a fixed values of. The second equation describes the variatiofhwith time, akin to a
reversible chemical reaction. A widespread exaropkructural-kinetics approach is the Tiu-
Boger model (Tiu and Boger 1974) is a modified ldied-Bulkley model:

T = §(To +ky") (2.22)

The decay of the structural paramegewith time t was assumed to obey a second-order
equation:

de ,
Frimia SI(ag %) (2.23)

Wheret, and k depend on shear rate and are determined expeahyeoy using the values
of apparent viscosities (Tiu and Boger 1974; Rad72M . represents the equilibrium shear
rate for a given shear stress. The interested readte referred to Tropet al. (2007) for a
more complete discussion on thixotropy.

Viscoelastic fluids

Hooke’s law expresses the proportionality betweteass and deformation for a perfectly
elastic material. In the case of simple shear, le®law is written as:
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T =Gy (2.24)

where G is Young’s shear modulus gni$ the strain. For real elastic materials, EqR42is
only valid for small deformations. When the appl&dess is beyond the elastic limit, the
material yields.

If the force deforming a perfectly elastic solidimgerior to the elastic limit, the solid will

recover its original form on removal of that fordeor perfectly viscous fluids, stress is
proportional to strain rate (Eq. 2.11, known as M&vs law):t = py. Whereas elastic solids
deform when a stress is applied, viscous fluidsvfl&¥/iscoelastic materials present both
elastic and viscous behaviors as they have sonigyain store and recover mechanical
energy.

The Maxwell model for linear viscoelasticity

Models for linear viscoelasticity assume small defation and small deformation rate. In that
case, material functions do not depend on the madmiof the stress, the magnitude of the
deforming strain or the rate of application of 8tein (Steffe 1996). A linear applied stress
will produce a proportional strain response. ThexMell model is usually presented through
its mechanical analogue (Figure 10), which consises series combination of a spring and a
dashpot. Spring represents an ideal elastic s@bitb\ing Hook’s law) whereas dashpot
represents an ideal viscous fluid (Newton’s lawive@ than the spring and the dashpot are
connected in series, in shear flow the total shetay will be the sum of the shear rates of the
springy,and the dashpagt,:

v _j+§ (2.25)
Y=Y1TY2 = G 1
The previous expression may be rewritten as:

Whereop = % Is known as relaxation time.

t
If a constant strain is appliedt @t =0 sotT = t,e ©® wheret,, is the maximum shear
stress (at t = 0). That reflects the fact that #pging will deform instantly (elastic
deformation) and the dashpot will subsequently ipg&e reducing the stored stress.
Therefore, viscous response dominates in the Mdxwetlel and it conveniently represents
liquid behavior. However, as real fluids exhibitngalex behavior, that imposes the use of a
relaxation time spectrum. The Maxwell model hasnbgeneralized for that end.

The Voigt model for linear viscoelasticity

As in the Maxwell model, Voigt model is presentedrmeans of its mechanical analogue.
This time, the spring and the dashpot are connewtpdrallel (Figure 10) so the strain in both
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elements is the same and the total stress is tmea$uthe stresses in the spring and the
dashpot. In shear, this leads to:

T=Gy+ 1y (2.27)

If a constant stress is instantaneously appliedsystem will evolve untit = Gy, so no more
flow will exist after a given time. This model isrtvenient to represent solid-like behavior.

I,_
o)
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—

Figure 10: Schematic representation of Maxwell (I¢f and Voigt (right) model, from Chhabra and Richardson (2008).

It has to be noted that both Maxwell and Voigt nisdee crude and provide only qualitative
representation of the viscoelastic behavior andemmefined models are needed to approach
commonly observed behaviors.

Models for non-linear viscoelasticity will not backled here (see Brinson and Brinson 2008
for information).

2.2.2. Some comments on vield stress

As mentioned before, yield stress fluids do nowflinless they experience a stress exceeding
the yield stress,. Under weaker stresses, they will only deform kkeelastic solid, storing
energy. This behavior may be explained by the m@seof a 3D structure of sufficient
rigidity to resist stresses whose value is weakant,. However, that structure will break for
stresses greater thap and the material will then behave like a viscdugdf(Chhabra and
Richardson 2008; Steffe 1996). Unfortunately, thransition is difficult to describe and
technically impossible to measure as will be expgdssre below.

The existence of vield stress: an endless debate?

The existence of yield stress was challenged byhé&amand Walters (1985) and has been
discussed for almost 30 years. In fact, it is a ma@m occurrence at British Society of
Rheology meetings, as well as in international emsrices, that there is heated discussion as
whether yield stress exists or not (Cheng 1986).efplained by Mglleret al. (2009),
supporters of the true yield stress argue thabmesmaterials the viscosity increases very
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sharply as the stress decreases towards the yrekssHowever, the opponents claim that
only a finite and constant viscosity (Newtoniantgéa of viscosity) is observed below a
certain stress. In their criticism of the yieldess, Barnes and Walters (1985) used the newly
available rheometers of that time (stress-coniotteeometers) to show that at low enough
shear rates, viscosity reaches a Newtonian plat€hey argued that any material flows
providing enough observation time and sufficielséysitive measuring equipment.

In stark contrast with Barnes and Walters (1985]I&t et al. (2009) showed experimentally
that the Newtonian plateau is just the consequehoen-steady-state measurements (Figure
11). They demonstrated that for stresses belowytbkl stress, viscosity isa"“ priori”
unbounded and increases continuously, though sjoivlgnough time is allowed. They
effectively observed an increase in viscosity eaéier 13 seconds. In other words, they
found that viscosity is time dependent and tendsfinity below the yield stress.
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Figure 11: The values of the Newtonian plateaus inease with measurement time. The insets show thatettplateaus
increase as power laws with time with exponents ithe range 0.6—1.0q is the plateau viscosity A). 0.2% Carbopol
sample. B) hair gel. C) foam. D) emulsion. From Mggr et al. (2009).

Cheng (1986) published an enlightening article ihiclw he explained that a further

deformation will be observed for any stress proditieat the observation time is long enough
(Figure 12). One’s evaluation of the yield stresh differ depending on the length of the

observation period and the moment at which obserabegins. In fact, the choice of

observation time should be related to the chanattetime of the flow process to which the

result is to be applied.
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Figure 12: Yield stress (named, in this figure) depends on the length of observain period. From Cheng (1986).

Finally, opposing the existence of yield stressaago-no go concept, Putz and Burghelea
(2009) reported an intermediate regime betweertielsslid-like regime and purely viscous

regime (power law stress-shear rate dependentie¢ icase of a physical gel (Carbopol). That
intermediate regime consists in a solid-fluid phesexistence characterized by a competition

between destruction and reformation of the gel ngtw

The existence of vield stress: points of agreement

At first sight, the conclusions that different rasghers have drawn concerning the existence
of yield stress may seem incompatible and irredahlg. Nevertheless, a careful analysis

shows that some agreement exists and may be supethas follows:

The yield stress of a fluid, if it ever existstrigky to quantify.

Yield stress is an interesting concept with a lasggpe of applications.

Steady-state is a subjective notion depending entithe scale, the tolerances, the
moment at which the measurement starts, etc. Bguin at low shear rates is
convenient but may not be necessary when dealitiy agplications of yield stress
fluids.

At least for a number of fluids, moderate measurdgntienes (of strain or shear rate
versus stress) will lead to a Newtonian plateato @ bounded viscosity if a rheometer
with sufficient resolution is used.

Long but finite measurement times with a rheometiesufficient resolution will
evidence that there is always further deformatieven if the rate of deformation
(shear rate) decrease with time.

Given that the rate of deformation decreases witle fat low stresses, the Newtonian
plateau viscosity will increase with time.

The existence of yield stress will never be probedause it would demand infinite
measurement times.
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- The nature of the structural transition occurrihgiald stress is complex.

It seems that no unified theory exists concernimgnature of yield stress. Fundamentalists’
repudiation of yield stress arises from the faett tih cannot be proved to be an inherent
property of certain materials but depends on eateamd subjective factors. On the other
hand, engineers and applied researchers beliee insefulness of the yield stress in spite of
its controversial determination. Indeed, yield sérés of practical interest in engineering and
numerous materials closely approach the behavigriedfl stress fluids. However, it is an
idealized concept (Steffe 1996; Chhabra and Ridward@008). Scott Blair (1933) defined
yield stress as “that stress below which no flom &&@ observed under the conditions of
experimentation”. Then, any operational definitiohyield stress should take into account
both the technical limitations in its determinatiamd the characteristic time of the process to
which it pertains (Chhabra and Richardson 2008)hénpresent work, an effort will be made
in order to establish a yield stress determingpiatocol allowing comparative exploitation of
our experiments.

Experimental determination of yield stress

The rheological characterization of non-Newtoniéunds, and especially the experimental
determination of the yield stress, is widely acktemged to be far from straightforward
(Chhabra and Richardson 2008; Mgkral. 2006). Mglleret al. (2006) highlighted that the
problems to determine the yield stress arise fropp@ definition and from the fact that at
low shear rates the shear localizes in a smalbregf the fluid while the remaining part
behaves like a solid (shear localization). Besidesl, as explained before, there is no way to
know whether a given material has a true yieldssti@ not because the answer is related to
the time scale of observation and only infinitedimould show if strain ever stops or not.

Therefore, some authors prefer to refer to an “eppayield stress”, resulting from
extrapolation oft(y) to zero share rate. A major inconvenience ofdbpisroach (Chhabra and
Richardson 2008; Barnes and Walters 1985; Stefé&)18& the fact that, as shown in Figure
13 (Barnes and Walters 1985), the obtained yigkkstdepends on the range of shear rates
used for extrapolating as well as in the modeliefdystress fluid. In fact, it is possible to fit
different equations (power-law, Herschel-BulkleyasSon, Bingham...) equally well to a
given set of data, so the particular choice is tt@seconvenience.

Another possibility consists in plotting apparergcosity versus shear stress and takings
the stress for which apparent viscosity attainsugper limit (or infinity in theory). That
means that yield stress may be interpreted as raiptatbecrease in viscosity (several orders of
magnitude) over a narrow range of shear rates earsstresses. Accordingly, shear-thinning
materials may be likened to yield stress fluidsH&lira and Richardson 2008; Balhoff and
Thompson 2006).
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Figure 13: Viscosimetric data for a sample of PVAdtex adhesive. Different ranges of shear rate leai different
values of the yield stresst, = ) by extrapolation. a) 10 - 150§, b) 1 - 6 &, ¢) 10 1 s* and d) 10°- 10% s*.From
Barnes and Walters (1985).

Due to their ability to produce very low shear sateontrolled-stress rheometers are more
appropriate for investigating yield stress (Stdfé96; Cheng 1986; Chhabra and Richardson
2008). The reason is that at low shear rates, tthietsre of the material may be preserved.
Nonetheless, even with those rheometers, the detation of the “real” yield stress is subject
to the general limitations of resolution and tincals presented before.

A number of techniques exist to measure the yigtdss: stress decay, extrapolation,
squeezing flow, etc. (Steffe 1996). Other thanapdtation, the vane method is quite popular
(Nguyen and Boger 1983) because it minimizes widland the structure of the material is
not as disturbed as in the narrow gap geometried usstress-controlled rheometers. Also,
Balhoff et al. (2011) presented an inexpensive oektielivering a more “objective” value of
the apparent yield stress. In spite of these pdatia@dvantages, all methods present the same
general limitations. It is worth remembering thatadsolute yield stress is an elusive property
(Steffe 1996).

Dynamic versus static yield stress

Certain types of fluids present two different yiedttesses: dynamic yield stress and static
yield stress (Cheng 1986). The static yield stisssbserved after prolonged storage of the
fluid. During storage (at rest), a secondary weialcture builds-up and the fluid exhibits
additional “resistance” to flow at low shear ratéfowever, that weak structure is very
sensitive to shear rate, so it will be destroyeal pre-shear is applied to the fluid and only the
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dynamic yield stress corresponding to the sheaggaddent primary structure of the fluid
will be measured. Evidently, static yield stresgnsater than dynamic yield stress.

2.2.3. Complex fluids: link between microstructureand rheology

Larson (1999) grouped complex fluids into classegalymers, glassy liquids, polymer gels,
particulate gels, electro and magneto responsiapesisions, foams, emulsions, liquid
crystals, liquid-crystalline polymers, surfactaalugions and block copolymers. He suggested
that the main forces leading to microstructure fation are Van der Waals, electrostatic,
hydrogen-bonding and hydrophobic interactions. s tsubsection, some basic and
gualitative concepts will be presented in ordenétp to understand how microstructural state
is intimately linked to rheological behavior of cplex fluids. But first of all, two
assumptions will be made (Chhabra and Richards68)20

- Continuum description of the materials is assunodaket valid: micro-structural details
are considered irrelevant when evaluating macrasaaracteristics.

- The material is considered homogeneous, so thatitkeof a space-averaged fluid
property is justified.

Microstructure of complex fluids is usually transi@nd can be altered through application of
low stresses. These changes in microstructureesitl to changes in macroscopic properties,
such as viscosity. As a consequence, macroscopavime may be “customized” by means of
additives able to change microstructure of thedflui

Four general types of microstructures are consitieese:

- Emulsion-like microstructures with a deformable cdistinuous phase (droplets)
immersed in a continuous phase.

- Dispersions of rigid particles in a liquid.

- Solutions of elastic coils or entangled macromdiegin a solvent.

- Suspension-like microstructures forming aggregates.

At rest, these structures are random as they aaemimimum energy state. If a low stress is
applied, the microstructure will resist deformatiogsulting in a high viscosity of the system:
droplets in emulsions will prevent the flow of theeighbors, rigid rods randomly oriented
will impede the displacement of other rods, aggregavill deform without breaking, etc.

However, if the applied stress is strong enougtuctiral units will align or deform in the

direction of flow, agglomerates will break and #@agpolymer molecules will deform and

disentangle. This is sketched in Figure 14. Theegf@rogressive in stress will lead to
progressive change in the internal structure, ifatiihg hence the flow of the system with, for
example, a marked decrease of viscosity. For seffity high stresses, no more changes in
structure are possible and viscosity attains allowt. These changes in microstructure are
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the basic source of the shear-thinning behaviavedsas the limiting values for viscosity and
the existence of yield stress.
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Figure 14: Schematics of ‘structures’ in rheologicky complex systems under rest, from (Chhabra and Rhardson
2008).

In some special cases, the particles which aresgespin layers under moderate shearing may
form clusters at very high shear rates due to #régbes being driven out of these layers and
interacting. That entails an increase in viscoaitg shear-thickening behavior.

Connection between thixotropy, viscoelasticity anghear-thinning behavior

Thixotropy is a consequence of théme needed to complete the shear-induced
microstructural changesin complex fluids. In fact, the microstructuretbé fluid evolves in
response to a change in the applied shear rateesssThis results from competition between
the processes of reordering or tearing apart ®sstand flow-induced collision of particles
(Tropeaet al. 2007), and a new equilibrium state is reachedthws stage, if the stress or
shear rate ceases, Brownian motion is able to aeixg the microstructural units towards
more-favorable configurations. As a result, theidtire is slowly rebuilt, and viscosity is
increased. These destruction—reconstruction presesse reversible provided that the
structural units are not destroyed during flow.isltworth reminding here that Brownian
motion is the stochastic movement of the partidasounded by a liquid (or gas) as a
consequence of the thermal agitation of the moéescaf the liquid. The random motion leads
the structural units to favorable positions whéreytcan “attach themselves” to other parts of
the microstructure. Brownian motion-induced changes much slower than shear-induced
changes so destruction is faster than reconstruckmally, rheopexy or anti-thixotropy is
observed in the case in which loosely attacheccstral unities are progressively detached
due to Brownian motion.

Linear viscoelasticity is also a manifestation of thene required for themicrostructural

changesto take place. Effectively, if a fluid is shearathigh frequencies (short times) its
structure does not have enough time to reorgarsaean elastic response is observed.
However, if the fluid is sheared at low frequenciesstructure can adjust itself continuously,
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i.e. it can flow showing viscous effects. As a @msence, if a whole range of shearing
frequencies and times is considered, the mateilasinow both effects (elastic and viscous)
and will be classified as viscoelastic.

In some cases, the microstructure of the fluid vgoles2 different changeswhen sheared. A
first change to adapt itself to respond to the flaw linear viscoelastic materials), which takes
time, and a second change produced by the flow itediich takes additionaime. These
may correspond to the case of inelagtixotropic shear-thinning fluids or nonlinear
viscoelasticfluids. Therefore, the difference between thixpicoshear-thinning fluids and
fluids presenting linear viscoelasticity is that time first case the structure is destroyed
whereas in the second case it is only elasticafgrined but not essentially modified.

In conclusion, any structural change may take tisoeall complex fluids are thixotropic to
some extent. However, a fluid will be consideredadtropic only if the duration of its
structural changes is of the same order as (orelotigan) the duration of the measurements
with a rheometer or the duration of the processelVthese structural changes are shorter
than the duration of the measurement or the protiesdluid will be considered viscoelastic.
Finally, if the viscous effect is dominant with pest to the elastic effect for the whole range
of times considered in the process, the fluid ba&lconsidered non-thixotropic shear-thinning.

Link between thixotropy and vield stress

Mgller et al. (2006) stated that yield stress and thixotropytam effects coming from the
same basic physics and that all the yield stragdsflthey knew were also thixotropic. The
main idea is that the build-up of the microstruefuwhich is typical of thixotropic materials,
avoids the breakup of the microstructure below ytieéd stress so the fluid does not flow.
Also, in contrast with the Herschel-Bulkley modelreghictions, viscosity jumps
discontinuously from infinite to a low value atesses slightly greater than the yield stress as
a consequence of the dominance of the forces désguthe microstructure. In the same
article, these authors presented a yield stres&hmoduding thixotropy.

Cheng (1986) explained that thixotropic fluids nmeghibit an infinity of rheograms (shear
stress as a function of shear rate), each onespmmneéing to a particular structural level. They
also presented the determination of these rheograflss, an equilibrium rheogram may be
obtained on which the structure is in equilibriuon €ach shear rate and the stress does not
vary with time (Figure 15).

2.2.4. Rheology of polymer solutions

The particular case of polymer solutions will beated here because of their use in the
experiments conducted in this work, which will begented in the next chapters.
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Figure 15: Yield stress in a thixotropic fluid (Cheng 1986). CS=constant structure curve.
EQM=equilibrium flow curve. (t, = o).

Molecular interactions as a function of polymer cogentration

The relative viscosity pof a polymer solution is defined as the ratiohs# solution viscosity
U to the solvent viscositysu

_ KB (2.28)
Hr m
The relative viscosity of solutions depends on pilodymer concentration C and may be
expanded in a Taylor series (Betlal. 1977):
(2.29)
e =1+ [W]C+K'[W]C% + -

where the intrinsic viscositju] and the Huggins coefficielt’ depend on the considered
polymer/solvent couple and physicochemical cond#ioFrom the previous expression, it
follows that:

- us) (2.30)

It has to be noted th@] has the dimensions of a reciprocal concentrati@hrapresents the
volume that isolate macromolecules occupy. In ganpr] is a function of the shear rate. At
very low shear rategu] approaches a limiting valug], which depends on the molecular
weight of the polymer M and physicochemical comais. The value of the Huggins
coefficient k' is dependent on the magnitude of the monomer/sbligeraction as it
represents the quality of the solvent for the abersid polymer. For a goof solvent, its value
iIs~ 0.3 — 0.4 and for a poor solvent it may exceed 1.
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From this point forward, we will focus on the casfelinear polymers. In dilute state, the
contribution of each macromolecule to viscosityadditive and the viscosity increases
proportionally with concentratiofy, = 1 + [u]C). At higher concentrations of the polymer
solution such dependence becomes nonlinear. Thasts ea threshold concentration C*
above which the polymer macromolecules overlap laecthme entangled with each other.
That concentration C* is known as onset of entah@kehavior or overlap concentration. The
overlap concentration is of great interest giveat ih marks the transition between a dilute
solution and a semi-dilute solution. Above this @amiration, viscosity dependence on
concentration is nonlinear. In particular, the zehear viscosity gincreases linearly with the
molecular weight M below C* while it scales typilyalas cc M*° above C* for flexible
polymers of high molecular weight (Chhabra and Ridson 2008). It has to be borne in
mind that this transition is progressive and doet hrappen at a precise concentration but
rather at an interval of concentrations.

Above C* the polymer coils interpenetrate each ofiteducing entanglements and hindering
the free movement of the polymeric chains. Gent839) considered a single chain moving
in a network of entangled chains. Given that thewagk cannot be crossed, the lateral
movement of the individual chain is limited and thelecule is confined in a tube-like space
by the mesh of constraints. Therefore, the polyoar only move in a wormlike fashion
(back and forth movement) called “reptation” (Kle€if78). If the concentration is increased
above C* the molecules in solution are contractedr a given concentration called
concentration of aggregation C** (> C*), the molesican no longer contract and form
aggregates (Oliveirat al. 2013). Marruccet al (1999) presented an interesting review of the
rheology of polymer melts and concentrated solgtion

Some concentrated polymeric solutions form physgels. As defined by Larson (1999),
physical gelation is the conversion of a liquidatdisordered solid by formation of a network
of physical bonds between the molecules or pasticlenposing the liquid. Physical gelation
arises from intermolecular associations such asdeanWaals forces, hydrogen bonding or
electrostatic attraction. When the crosslinks aeble (for a given range of stresses and
times), we say that the gel is strong. We saytti@gel is weak when the bonds are not stable
and can break and reform, (de Gennes 1979). Plhymgtation has been shown to occur with
formation of helical structures, micro crystallitaed nodular domains. Polymeric physical
gels are viscoelastic in general. Also, some camatad solutions of rigid or semi rigid
polymer may form liquid crystals (see Larson 19809details).

Rheological behavior of polymer solutions

Polymer solutions are very diverse and it is nossidade to define a general rheological
behavior. The most important factors determining theological behavior of polymer
solutions (Chhabra and Richardson 2008) are thesculdr weight of the polymer, the
structure and possible configurations of the maaoileoule, its chemical composition, the
polymer-solvent interactions, the volume fractitme concentration and the physicochemical
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conditions. The viscosity of the solution is striynigpfluenced by the architecture of polymer
chains, i.e. rod-like (rigid or semi-rigid) or liaecoils, and the degree of polymer branching.

The configuration of the polymer chains can beciéfe by the application of shear stresses or
deformation rates, which may cause stretching, kouga of bonds, disentangling and
uncoiling. All these effects produce shear-thinnibghavior or thickening in the case of
elongational flow. Besides, the viscoelasticityganeted by a number of concentrated polymer
solutions may be explained by the fact that whetkasmetwork is deformed elastically, the
entangled molecules can flow as explained befotgo,Ahixotropy is a consequence of the
destruction and reconstruction of bonds and engamgihts under flow and rest conditions.

2.2.5. Some examples of vield stress fluids

Here, we will present several examples of complexi$, with the objective of establishing
the basis to compare their performances vis-ah@sapplication considered in this work.

Xanthan gum agueous solutions

Xanthan gum is a commonly used viscosifier (Gatioaet al. 2000; Abidinet al. 2012)
especially in manufacturing food grade productslaifeaj and Jayaraman 2011), and is
obtained through fermentation of Xanthomonas catnpdsacteria (Wadhai and Dixit 2011;
Garcia-Ochoaet al. 2000; Palaniraj and Jayaraman 2011). The userdhaa gum solutions
is also extended in polymer flooding technics fenhanced Oil Recovery”, EOR, (Abidet

al. 2012, Jones and Walters 1989) because they irctieasviscosity” of the fluid helping to
prevent fingering, which has a negative effect bextraction.

Its chemical composition, structure and other ptohemical properties may be found
elsewhere (Songt al. 2006). Several authors (Rocheford and Middlem&@Bv L observed a
gel-like behavior of xanthan gum solutions withadymer concentration of 5 g/L. lijimet al.
(2007) proved that xanthan forms hydrogels whereags solutions are annealed at 40°C and
subsequently cooled, and presented images of ttworle obtained by atomic force
microscopy. The very weak flexibility of xanthan péains the liquid crystalline phase
transition at high concentrations (Richardson andsRMurphy 1987).

Milas and Rinaudo (1983) studied the transitiolwleen isotropic phase and liquid crystal
cholesteric phase, showing the sharp viscosityedser when the cholesteric phase is formed.
The values of C* and C** for xanthan gum solutidrese been published by several authors
(Southwicket al. 1981; Rodcet al. 2000, Oliveiraet al. 2013) , with important discrepancies
in the reported values, probably dues to the meagunethod, the different types of xanthan
and the salt concentration. The presence of acetadepyruvate groups determines that
xanthan is a polyelectrolyte, and consequentlycitain dimensions would be expected to
change in response to changes in ionic strengtbhéRison and Ross-Murphy 1987). In
particular, the molecule is more rigid on additadrsalt. Other features of xanthan’s rheology
are its stability in extremes of temperature, pit] AlaCl (Whitcomb and Macosko 1978).
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Xanthan gum solutions are one of the main exampldagelastic, shear thinning behavior
(Sorbie 1991). Rochefort and Middleman (1987) siddialt, temperature and strain effects in
oscillatory and steady shear behavior of xanthdatisas. Temperature, concentration and
ionic strength effects were analyzed by Chopgpeal. (2010). Jones and Walters (1989)
compared xanthan gum solutions and polyacrylanotigiens (also used in EOR) in terms of
their rheological behavior. In particular, they wskeal that polyacrylamide solutions and
xanthan gum solutions having approximately the samear-thinning viscosities present
however radically different viscoelastic behaviors.

In fact, while polyacrylamide solutions are highigcoelastic with clear extensional tension-
thickening dominance over shear-thinning, xantham gsolutions are only very weakly
elastic and shear-thinning behavior prevails. Iitnes from the fact that the xanthan gum
molecule is rigid and rodlike (Chauveteau 1982;dsliland Rinaudo 1983; Carnali 1991;
Lopezet al 2003) whereas polyacrylamide is flexible. Indeehthan is one of the ‘stiffest’
molecules (Richardson and Ross-Murphy 1987). Furtbee, xanthan gum solutions were
showed to produce much more stable flows than pojj@mide solutions when flowing
through tortuous geometries and constrictions, lase encountered in porous media.
However, viscoelastic behavior is not inexisterd Becomes important at moderate and high
concentrations (Sorgf al. 2006; Rochefort and Middleman 1987).

Its semi dilute aqueous solutions are known to ldgva high viscosity level at low shear
rates before displaying a drastic decrease wheagpked shear rate is increased. Therefore,
xanthan gum solutions have been reported to preserdpparent yield stress (Soegal
2006; Benmouffok-Benbelkacert al. 2010, Khodja 2008; Carnali 1991; Whitcomb and
Macosko 1978) even if strictly speaking, they sdobé referred to as pseudo-yield stress
fluids. The Herschel-Bulkley model has been protediescribe the steady state flow of
concentrated xanthan gum solutions (Sengl. 2006).

In solution state, an isolated xanthan macromo&muimore or less rigid and is of typically 1
um of contour length and a transverse size of apprately 2 nm (Mongruel and Cloitre
2003; Rodckt al. 2000; lijimaet al. 2007).

Concerning its flow through porous media, the ratmd other aspects of adsorption on pore
walls of xanthan gum macromolecules was studiedsdaseral authors (Dario et al. 2011;
Chauveteau 1982; Sorbie 1991). It was found thathea adsorption in porous media is
rather less important than that of polyacrylamitieis aspect will be further developed in the
next section.

Finally, and as will also be explained later, xamgum solutions may present a depleted
layer close to the pore wall due to a lesser camnagon of polymer in that region. It produces

an apparent wall slip which leads to a reducedameswiscosity in the pores (Chauveteau
1982; Sorbie 1991). The size of that depleted lénger been reported to be of about 300 nm
(Chauveteau 1982; Sorbie 1991).
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Calibrated oil-in-water emulsions

Emulsions consist of a mix of two immiscible fluids which one fluid is dispersed in the
other in the presence of a surfactant. They araiméd by shearing the two immiscible fluids,
which results in the fragmentation of one phasténother.

One interesting feature of oil-in-water emulsiossthat one can control the size of the
dispersed fluid droplets. By definition, Ca is tla¢éio between the shear strasand half the
Laplace pressure PCa = Z/P_ with P. = 206/R, o being the surface tension and R being the
radius of a dispersed phase droplet. A droplet syllt if Ca is greater than a critical value
Ca, which is a function of the ratio p between thecusties of the dispersed and the
continuous phases (Leal-Calderénal 2007). Consequently, it is possible to calcuthi
minimum droplet size R* that one can obtain by singaat a given shear ratg from
condition Ca> Cay. R* = (Cay 0)/(Memuisio’) @nd [emuisionD€INg the apparent viscosity of the
emulsion. By shearing with a couette machine, whichoses a constant shear rate in the
emulsion, one can obtain quasi-monodisperse dsogiee distributions. The size of these
droplets may be as small as typically 300 nm (Malgt al. 2000). Smaller droplets may be
obtained with inverse emulsions.

Concentrated oil-in-water emulsions present yietdss and their rheological behaviors are
well represented by the Herschel-Bulkley model (8emex C). Their Herschel-Bulkley
parameters as well as their viscoelasticity ardligariable depending on the phases and
surfactant used. By varying the concentrationshef two phases, the used fluids and the
surfactant, the rheological properties of the tasgllemulsion can be adapted to our needs. In
general, oil-in-water emulsions present viscoetdsgihavior due to the elastic deformation of
the oil droplets.

Degradation of emulsions over time is the resulttwbd different mechanisms: Ostwald
ripening and coalescence. Ostwald ripening is achlbsethe difference in Laplace pressure
between droplets having different sizes: the dsgeiphase is transferred from small droplets
to large droplets. The rate at which of the sizehef drops increases is determined by the
molecular diffusion of the continuous phase andpéeetration ability through the layers of
surfactant. Coalescence is caused by the ruptutkeothin layers between droplets, which
causes them to merge.

Further information on emulsions may be obtainethenbook presented by Leal-Caldegin
al. (2007).

Carbopol suspensions

Carbopol is a polymer provided in a powder formislwidely used in the development of
cosmetics, hair gels, etc. It forms dispersiongesd of aqueous solutions. When fairly
concentrated suspensions are prepared, it formislyniggscous gels, whose rheology is
extensively investigated (Kimat al. 2003; Islamet al. 2004; Coussogt al 2009) and well
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represented by the Herschel-Bulkley model. Soliddfltransition of Carbopol suspensions
was studied by Putz and Burghelea (2009) and Tal.€2006). It has been considered as a
model non-thixotropic yield stress fluid by somehaus (Coussoet al. 2009). However,
hysteresis phenomena were observed by Putz andh&aeg(2009) and thixotropy by Miller
(2010). On the other hand, Kimt al (2003) presented images of the microstructure of
Carbopol suspensions, evidencing that the polynecnles form highly structured hydrogel
networks. The large dimensions of their microsuteimay lead to retention in porous media.
Also, that microstructure implies that Carbopol marsions are viscoelastic. Their
viscoelastic behavior was studied by Kénal. (2003) and Benmouffok-Benbelkaceshal.
(2010). Finally, it should be noted that some Cpdi® are toxic due to significant amounts of
residual benzene from their manufacturing prockss €t al 2003).

Alumina and bentonite suspensions

Another type of yield stress fluids is made up wgensions of metallic powders. Bentonite
and alumina suspensions are some of the most dtumagtallic suspensions. Carriet al
(2007) explained that in the case of alumina,@3) aqueous suspension, alumina firstly
hydrates superficially and then it forms supersdad solutions leading to precipitation of
large hydroxide particles. Therefore, the compositf the final material is heterogeneous
and consequently, the experiments with this flurd aot easily reproducible. Alumina
suspensions have been reported to be both thixotama viscoelastic (Zhu and Smay 2011;
Hirata et al. 2010). It has to be noted that elastic deformaisoexplained by the metallic
nature of the suspended particles. Therefore, thee rtheir concentration is elevated, the
more the suspension is viscoelastic. That is gtgidiGable to bentonite suspensions, which
have also been reported to be thixotropic (AmbersLoomis 1933).

As can be concluded from this subsection, conceutraanthan gum solutions are in
principle the “apparent” yield stress fluids thaégent the simplest behavior in porous media
and are therefore the most suitable for the appdicgpresented in this work. The reason is
that they do not manifest noticeable thixotropycwoelasticity or other parasite effects which
are reported in the case of the other candidates.

2.3. Flow of yield stress fluids through porous mad

This section is devoted to the flow of yield strélesds through porous media. We will
address the flow of a Herschel-Bulkley fluid thrbug single capillary and a bundle of
capillaries, presenting some relationships and eptiscthat will be used in the following
chapters. Then, we will continue with the statéhef art for predicting the flow of yield stress
fluids through porous media, i.e. macroscopic medeld network modelling. At the end of
the section, the particular case of the flow ofypwr solutions in porous media will be
treated.
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2.3.1. Laminar flow of Herschel-Bulkley fluids through a straight
cylindrical capillary and through a bundle of capillaries

The steady, laminar and fully developed simple sHew of an incompressible fluid through
a horizontal straight cylindrical capillary of radir will be considered here (Figure 16). The
force balance in the axial direction (z coordinaia)a differential volume element of fluid
situated at a distance x from the axis of the tapilcan be written as follows:

P(mx?) — (P — AP)(mx?) = t(2mxL)
where L is the length of the capillary an# is the pressure drop. The expression of the shear
stress as a function of the pressure drop and atlrcoordinate (x coordinate) can be

obtained from the previous equation:

_ APx (2.31)

Figure 16: Flow of an incompressible fluid througha straight horizontal capillary.

It has to be noted that no assumption has been sw@diar concerning the rheology of the
fluid. As can be seen in the last equation, thera linear dependence of the shear stress on
the radial coordinate for a given pressure gradiedeed, the stress is zero on the axis of the
capillary and it attains its maximum value on thalw,, (Figure 17):

VPr (2.32)

Now focusing on the flow of a yield stress fluidetcritical radiusyis defined as the value of
the x coordinate at which the stress equals tHd gieess:

21, (2.33)

fe = Jp

In the previous expression and hencefdthwill be taken as the magnitude of the pressure
gradient. Consequently, if a yield stress fluidutbjected to a pressure gradi&®t and no-
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slip condition on the wall is assumead flow will occur in the capillaries whose radiugs
smaller than r.. Indeed, if r <r., thent < 1, for all values of x, s¢ = 0 for all values of x
and, given that there is no slip, the axial velp¥®i{x) is O for all values of x.

Now, the case of a Herschel-Bulkley fluid (inclugliBingham for n=1) will be considered. It
is noted thay = 3—: = 0 for x <r, so V(x) is constant. On the other hand,fok x <, the

velocity will progressively decrease from the camstvelocity to zero at the wall. From Eq.
(2.19) and Eq. (2.31.), we can wriﬁﬁzlz:g =T, + k(j—::)n. The integration of that expression

with respect to x provides the velocity profile déie 17) and the flow rate through the
capillary (Skelland 1967):

1 (n+1) n+1
( nr (VPr)H (1 210) n (x ZTO)T ¢ -
(m+ D\ 2k VPr r Vpr orx=Te 234
V(VP,r,x)={ ifr = r, (2.34)
1 (n+1)
l nr (VPr)H (1 2r0> n ; <
(m+ 1)\ 2k VPr orx=re
V=20 ifr < r,

( ] _20)* 2 () _ 2% 1 1,
r (rVPy\n 2T \n 2T
1-2 ( 0 rVP) + rVP(l rVP) n (_Zk) (1 - —0> lnrz for vP > (2.35)
q(VP,r): ;+3 ;+2 ;+1 rvp r
| YA
k 0 for VP<—
r
VPr
2 A X

~
A 4
<

A\ 4
N

Figure 17: Shear stress profile and velocity profé corresponding
to the flow of a Herschel-Bulkley fluid through acapillary of radius r.
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Now, if the porous medium is assumed to be welreggnted by a bundle of parallel
capillaries of various radii distributed followirg probability density function p(r) (Figure
18), the average flow rate in a pore for a givesspure gradiertP, is given by:

a(vp) = fooQ(VPj.I‘) p(r)dr (2.36)
0

Therefore, the total flow rate Q for a giv&® is related to g{P, r) through the following
relationship:

Q(VPy) = NP x f wq(VPj,r) p(r)dr (2.37)

r(um)

Figure 18: Schematic representation of the bundlefecapillaries model and its PSD.

NP being the number of pores. In the case of aysosample composed of a bundle of
capillaries, the number of poresai a given radius; iis calculated as follows (R is the radius
of the porous sample and L its length):

Pore volume of the sample 2.38
n; = volume probability of r; X P ( )

Individual pore volume of r;
N emR%L  p(r)mr?L emR2L
= volume probability of r; X —— = > 5
il Xymp(rpr{L mriL
_ eR%p(ry)

Zip(ryrf

Consequently, NP is calculated wiNP = with p(r;) being the frequency of;.

€R?
2 p(ry)r?
Besides, if p(r) is a continuous function (probipitiensity function), NP is given by:

eR? (2.39)

NP =——F———
J, p(r2dr
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In practice, the upper limits of the integrals 136) and (2.37) is finite and is equal to the

radius of the largest pores,.x, and the lower limit corresponds to the smallesepadius
that participates in the flowmin(VP]-) = % at the involved pressure gradiét®. Moreover,

)
from Eg. (2.35) and Eq. (2.37), it can be seen Wiatn all pores are conducting the overall
flow rate at high pressure gradients £ 2% ) IS a power law

radius of the smallest pores in the porous medium

of VP, with an exponent of 1/n.

2.3.2. Predicting the flow rate as a function of th pressure gradient for the
flow of vield stress fluids through porous media

The main approaches to predict the flow of yielcess fluids through porous media are
presented here below.

Macroscopic models

The objective of macroscopic models is to provigpressions of the flow rate Q through a
porous medium as a function of the pressure gra@BnThese expressions should include
only macroscopic properties of the fluid and theops medium. Although Darcy’s law Eq.

(2.1) correctly predicts and represent¥E)(for laminar and steady flow of Newtonian fluids,
this model does not apply for non-Newtonian fluidsnumber of macroscopic models have
been proposed for shear-thinning fluids, but onlgva are applicable for yield stress fluids.

In the case of Herschel-Bulkley fluids, the mostnomon approach consists in modifying
Darcy’s law by introducing three parameters assediawith the three parameters of
Herschel-Bulkley fluid model. Some authors obtaif@atcy’s modified laws based on the
capillaries bundle model or on the flow around asedl particles (e.g. Pascal 1983).
Nevertheless, these models lead to different esaid are not backed on experimental
measures due to scarce experimental work availablearticular, they may not be universal
expressions but expressions that have to be adapssiby-case (Balhoff and Thompson
2004). A first parameter should take into accotwetthreshold pressure below which there is
no flow (associated with,). A second parameter should reflect the viscagtuction with
increasing flow rates in the case of a shear-thipffluid (associated with n). Finally, the last
parameter is linked to the fluid consistency k. &gly, Chevalieret al. (2013) presented a
macroscopic model for the flow of yield stress dwithrough porous media, based on the
correlation of experimental measures oV&)through packings of glass beads:

V_D>n (2.40)

dy, VP = 5.51, + 85k<
dmy

where d,, is the mean diameter of the beads &pdis Darcy’s velocity. However, that
expression is & priori” only valid for bead packings and the yieldingnte(5.5t,) and the
second coefficient85k) may differ for different yield stress fluids. kiffect, the yielding
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term was only validated for water-in-oil emulsioausd proved to be different for Carbopol

solutions in water by these authors. Whereas thlglipig term was said to be related to the
mobilization of the fluid in the widest path, thecend coefficient would find its origin in the

complex multiscale flow of the porous medium. Bdlhrend Thompson (2006) proposed a
macroscopic model for shear-thinning flow in packedis obtained from results of network
modelling. Their model works well when its paramgtare adjusted, but this implies a non-
predictive case-by-case treatment. Furthermorebéel is not valid for more complicated

porous media or highly shear-thinning fluids.

In all cases, extended Darcy's laws are unabletedly describe the transition region in
which more and more pores join the flow, becauseraing to these models the network is
either fully blocked or fully flowing. However, imeality the pore network progressively
yields. For instance, these models predict for Bamg fluids a linear relationship between
Darcy velocity and pressure gradient whereas exyetial evidence, predict a nonlinear
behavior at transition (Soclket al. 2008). Recently, Talon and Bauer (2013) used &ckat
Boltzmann scheme to predict the flow of Binghamd#uin porous media. They distinguished
three scaling regimes. Regime | corresponds tdlohe of the first channel (threshold path)
which starts to flow at a threshold pressuré/E)(s linear when only one channel is flowing.
Regime Il corresponds to the incorporation of manel more pores when the pressure is
increased. In that regime, the relation betweenflihe rate of a Bingham fluid and the
threshold pressure was found to follow a quadtatic Finally, when all channels are flowing
at sufficiently high pressures @K) is linear (Regime lll). It has to be pointed ¢t given
that yield stress is an idealization, yield striésisls do actually flow in all pores, though with
a very high viscosity, below Regime I.

Network modelling

Another approach to obtain ) is the use of physically representative netwddksnodel

the flow of non-Newtonian fluids through porous n@edLopezet al. 2003; Balhoff and
Thompson 2004). Firstly, a network is generatetradly explained in Section 2.1.3. Then,
the mass conservation equation is applied to eade 130 as to obtain the flow rate and
pressure distribution as well as the total floveraibd pressure drop through the network. This
process is iterative and time-consuming (non-Neiatorlaws are not linear). Another
problem is that for non-Newtonian fluids there aceanalytical solutions for the flow through
irregularly shaped pores, so adapted expressiosedban the flow through a cylindrical
capillary have to be used. Lopetzal. (2003) used model networks based on Berea sar&ston
and sand-pack to compute apparent viscosity asdaifun of Darcy’s velocity for the flow of
shear-thinning fluids without yield stress. It guésalent to obtaining MP) because apparent
viscosity is linked td/P through Darcy’s law as will be seen later. Thagtrapch succeeded
in predicting four experiments without any adjustaparameter. However, scaling of the
results with respect to the permeability is needed.

More complications arise from the fact that yietcess fluids require a minimum stress to
initiate flow. Sochiet al.(2008) extended the works of Lopetzal. (2003) to the flow of yield
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stress fluids through porous media. The predictiofistheir network modelling were
compared to the predictions of the bundle-of-capdls model, which permitted to draw
enlightening conclusions such as lower pressurdigmgs in the network than in the bundle
for shear-thinning flow with yield stress. Also,edie predictions were compared to
experimental data, finding good agreement onlyame cases. Furthermore, these authors
represented the average throat radius participatinthe flow through the network as a
function of the pressure gradient, which is valeabformation as it is closely related to the
critical throat radius that joins the flow at egmiessure gradient Eq. (2.33).

It has to be borne in mind that a detailed desompof the pore space is required in order to
perform network modelling. Besides, an importaawflof network modelling is that a general

analytical expression of @P), which is clearly more practical, cannot be alal.

In conclusion, there is currently no universal aggh to predict (YP) in the case of yield
stress fluids.

The threshold path

A patrticularity of the flow of yield stress fluidhirough porous media is the existence of a
threshold pressure below which no flow occurs, Whécrelated to the yield stress of the fluid
and the local dimensions of the pore space. Agtualrictly speaking, there is no such
pressure threshold for the same reasons that gieéds cannot be proved to exist. It is
expected that some flow will occur if enough tingeallowed. Anyway, if we accept the
existence of a threshold pressure below which tieemo flow during the duration of our
application, it is clear that its determination ahxes the determination of the threshold path
which first flows. Several authors have developefleint algorithms to predict that
threshold path, obtaining quite different resuBalboff et al. 2012; Cheret al. 2005; Sochi
and Blunt 2008). In fact, the determination of tthiseshold path is currently the subject of
debate between authors (Sochi 2013).

2.3.3. Flow of polymer solutions in porous media

The main concerns related to the flow of yield stréluids through porous media that have
been presented so far can be summarized as follows:

- Most of the present knowledge of flow in porous raedoncerns only Newtonian
fluids.

- There are no macroscopic models nor network sinonigiable to predict @@).

- Prediction of the threshold pressure needed t@iaiflow in a porous medium is not
well mastered.
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- Only a few experimental works have been publiskédch impede comparison with
models. Besides, the experimental protocols usedach case are different, which
complicates comparison between results.

Concentrated polymer solutions are often repredeséhaving an apparent yield stress (Song
et al. 2006; Sochi 2010). For the sake of comprehensiod, given their implication in the
experimental part of this work that will be preszhtlater, polymeric solutions will be
considered in order to emphasize how the behavioomplex fluids in porous media differ
from their bulk behavior.

As stated by several authors (Chauveteau 1982; iGehat 1989; Sorbie 1991) rotation of
polymer macromolecules is hindered in the vicipitye walls. That entails the formation of a
depleted layer in which the polymer concentratisdower than in the center of the pores.
Consequently, the local polymer concentration iases from zero on the pore wall to its bulk
concentration at a distance of typically the mawimrular radius of gyration (in dilute
regime) or the mesh size (semi-dilute regime). Hffisct has a greater impact in small pores
whose size is the same order of magnitude as flihealepleted layer. The average apparent
viscosity in the porous medium is then lower thalklviscosity and an apparent slip effect is
observed at low shear rates. However, at high flates this effect is less important, given
that the macromolecules are oriented in the dwaadf flow.

Another complication occurring when the pore dimens are the same order of magnitude as
macromolecular size is the existence of an inaddesgore volume. In that case, the
macromolecules are too large to enter the parteeopore space which are connected by the
narrowest constrictions. Macromolecules cannot ftbrough these constrictions unless they
are oriented due to strong shear rates or elongagsulting in a strong decrease in apparent
viscosity when a critical shear rate is attained.

In the case of highly flexible polymers and visastic polymers, the converging-diverging
nature of the pore space entails additional presmsses due to stretching at high flow rates
(Chauveteau 1982; Sorbie 1991). Besides, shedsethilng behavior brings about an increase
in apparent viscosity in the presence of regionsre/the elongation velocity becomes greater
than a critical value. In other words, shear-thitkg behavior is observed when the ratio of
the relaxation time of a polymer to the duratioraafiven state of deformation state (Deborah
number) exceeds a critical value (Omaril987). Alae,already explained, pore space is
tortuous, which implies that the fluid path is l@nghan the macroscopic length of the porous
medium and the effective pressure gradient is apresgly reduced.

Polymer retention is another consequence of therantion between porous medium and
polymer. Three mechanisms can be distinguishedynpa adsorption, mechanical
entrapment and hydrodynamic retention (see Fig@reahd Sorbie 1991 for more details
concerning these phenomena).
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Figure 19: Schematic diagram of polymer retention rachanisms in porous media (Sorbie 1991).

The effective rheology of a fluid is characterizgdmeans of a rheometer, outside the porous
medium and is expected to reproduce the rheolodgiedlavior of the fluid in a given
application. However, the apparent rheology ofedystress fluid injected through a porous
medium differs from the effective one due to thentimmed interactions between fluid and
porous material. Based on Darcy’s law, apparemogisy |k, may be defined as:

_ KAVP (2.41)
|vlapp - Q

It is noted that in the preceding subsections, &appt viscosity” referred to the ratio between
shear stress and shear rate 5 However, hereafter “apparent viscosity” will refi® the

viscosity defined by Eq. (2.41).

Polymer retention in porous media may lead to aced value of permeability K. Therefore,
the observed pressure drop may be due not onlistosity of the fluid but also to retention.
This aspect has to be borne in mind when usingZ41) to represent the apparent viscosity
of the fluid. Indeedy,,, can be increased in the presence of polymer feterso Eq. (2.41)

does not strictly represent the viscosity of thieitsan in that case.

Moreover, it is interesting to compargppito effective viscosityt (1 = t/y measured using a
rheometer). That demands definition of an appaseetr ratey,,, in the porous medium,
which is of the form (Lopeet al.2003; Chauveteau 1982; Sorbie 1991):

o .Q/A (2.42)
Yapp = B\/ﬁ

wheref is an empirical shift parameter which dependsheneiffective rheology and the pore

structure It has been reported that in spite the diverse nature of the phenomena

modifying rheology in porous media, the form of u(y) is quite similar to that of 44, (3 %)
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apart from the shift paramet@rin the case of some polymer solutions as xanthan gum
aqueous solutions. Unfortunately, the value of3 cannot be reliably predicted so far.

Polymers are usually added to water prior to impectn oil reservoir in order to increase its
viscosity and consequently reduce its mobi{@ . This effect is commonly represented

water

in terms of mobility reduction or resistance faq®y;):

(5) (2.43)

H water

RM=

o

When inertial effects are negligiblgy, is calculated by measuring the pressure drop gurin
flow of water (solvent) through a native porous medAP,, and subsequently measuring the
pressure drop during flow of polymé®, at the same flow rate, so thef, = AP,/ AP,
(Omari 1982).

polymer solution

Also, the porous medium is commonly flushed withtevaafter injection of the polymer
solution so as to evaluate the permeability redadi, caused by the adsorbed layer. To do
so, the permeability to water is measured oncesdihgion has been removed from the pores
and only the adsorbed polymer layer remaysis defined as the ratio between this reduced
value of K and the original K before injection oblpmer solution. However, it should be
noted that measurementRj is not easy in the case of highly concentrategipel solutions
because water forms viscous fingers when perforninegpostflush (Sorbie 1991, Seright
2010).

Moreover, in a homogeneous porous medium with higlimeability, the equivalent
hydrodynamic thickness of the adsorbed polymerrl&ean be estimated as (Chauveteau

1982; Omari 1982):
o ,8K ’8RkK (2.44)
e=r—ry,= |[——
€ €

wherer is the original average pore radius ands the average pore radius after polymer
adsorption. Both radii are calculated with Eq. Y2.he thickness of the adsorbed layer of
flexible polymers such as HPAM is much larger thiaat of rigid polymers such as xanthan
gum. In fact, xanthan gum macromolecules are flatleonto the surface so that the
hydrodynamic thickness of the adsorbed layer isradnt negligible in numerous cases
(Chauveteau 1982). This is schematically shown igurie 20. Therefore, permeability
reduction is usually negligibléR,~1) for xanthan gum solutions and the permeability to
water previous to polymer injection is used in Eg41). Also,Ry andRy, have been shown
to decrease with flow rate and pore size (Kohled &hauveteau 1978; Chauveteau and
Kohler 1980).
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Figure 20: Schematic representation of adsorbed lays. a) Flexible polymer (e.g. HPAM). b) Rigid polyer (e.g.
xanthan gum).

2.4. Obtaining the PSD of a porous medium from th@jection of a
yield stress fluid

Now, we will present the theoretical basis and chgently available methods to obtain the
PSD of a porous medium from the injection of ag/&ress fluid.

2.4.1. Theoretical principles

Let us recall the expression for the average flat@ of a yield stress fluid through a bundle of
capillaries (Eq. 2.36):

a(vRy) = f a(VB, 1) p()dr

That expression is a Volterra equation of the fistl. In effect, ag)(VP, r) encompasses the
rheological characteristics of the fluid, an invensprocedure of the integral equation above
leads to the determination of the pore size distitim p(r).

In their original work, Ambaret al. (1990) studied the simple case of a Bingham f(uid

1). Chaplainet al. (1992) extended the previous work to a bundle asfdomly oriented
capillaries and more recently, Oukhkgfal. (2011) considered the case of Herschel-Bulkley
fluids. They showed that the analytical inversioh Exy. (2.36) leads to the following
expression of p(r):

2(w+3)kW(VP)2 a(W+1) a(w+2) 3 2‘[0 (245)
To(whmegre+d |+ W gupteen T VP grpaern | A(VF) with VP ==

p(r) =
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with w = 1/n being a real number. If 1/n is not iateger, the last equation involves the
calculation of fractional derivatives, which maydmmplex in some cases (Weilbeer 2005).

It has to be noticed that in a real experimeris, @(VP) which is calculated instead gfVP,).
Nevertheless, given that they are proportional) gén be obtained by usir@(VP) in Eq.
(2.45) instead oi[j(VP]-) with a subsequent normalization of the obtaine® PS

2.4.2. Available methods

In order to test this method, Oukhlef (2011) perfed ‘in silico” experiments of a Herschel—
Bulkley fluid flowing through a bundle of capillas with a pre-defined PSD. A polynomial
function was then used to fit at best the raw nucaedata (Q.VP) and p(r ) was calculated
using Eg. (2.45). The obtained results were thempawed to the original pore size
distribution. He showed the method to work verylhirlthe case of Bingham fluids (n = 1).
However when ¢ 1 the procedure is less convincing since hightdlaitons are noticed at
low pore radii and the quality of the obtained fessis reported to depend on the degree of the
polynomial function chosen for the fitting stepthre procedure (see Oukhlef al. 2011 for
details). Indeed, the choice of this degree isahedir and the assessment of its effect on the
results implies comparison with the real distribatin each case, which is unknown in a
practical situation. Besides, due to the calcuhatwd higher order derivatives and fractional
derivatives, numerous (QVP) data are required and numerical noise is observed
Furthermore, the inversion of the experimental fiomcshould be only done in the range of
pressure gradients corresponding to the parti®&D which is unknowta priori” .

In parallel to our method, Malvault (2013) studibé experimental feasibility of the method
presented by Oukhlef et al. (2011, 2014). He charaed model porous media: bundles of
glass capillaries (diameter greater than 1 mm) lamaddles of capillaries drilled in short
plastic cylinders of PVC and PMMA (diameters ramgiinom 400 to 1600 pum). He also
characterized a sintered polyethylene (mean pameter of 200 um approximately). The
experimental procedure consisted in injecting a mencial mayonnaise (yield stress fluid)
through the porous medium with a pressure-conttalstem. The pressure was imposed by
a gas reservoir pushing a piston which in turn pdghe yield stress fluid through the porous
medium. The resulting flow rate was measured bynmes a precision balance and the
pressure drop was obtained from a pressure semsorected to the ends of the porous
medium. In his work, Malvault used the analyticalersion (Eq. 2.45) as well as a numerical
inversion of Eq. (2.37) to characterize model psrawedia. Unfortunately, the procedure is
not sufficiently detailed to be reproduced here domparison with our results. Malvault’s
results confirmed that the analytical inversion ted®?SDs strongly dependent on the degree
of the fitting polynomial. Nevertheless, he estsiiid an objective criterion for the choice of
that degree, even if it does not lead to satisfgd®@S5Ds in all cases. On the other hand, the
PSD obtained through numerical inversion agreesome cases with optical measures and
mercury porosimetry. Similar procedures performegdhe author of the present work suggest
that such numerical inversion may lead to negapinababilities for some pore size classes
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when applied to laboratory experimental measurés;iwis not physically possible. A better
understanding of the inversion procedures of Mdtv@013) would be required in order to
draw unequivocal conclusions.

In conclusion, even there has recently been afgignt progress concerning the numerical
and experimental implementation of yield-stressedgsorosimetry, no available method has
been proved to be applicable to characterize P$Dataral porous media.
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3. The Yield Stress fluids Method (YSM)

The development of a new and intuitive method ttaiobthe PSD of a porous medium from
raw data obtained from laboratory measurementsbeilbresented in this chapter. First of all,
the basis of the method will be presented togetilidrthe procedure to obtain the PSD. Then,
the method will be numerically validated through Silico” experiments. At the end of the
chapter, the design of experiments will be presentih the purpose of determine the
properties of the fluid and the equipment (pumpespure sensor) needed to characterize
porous media within a given range of PSD.

3.1. The basis of the YSM: Physical principle

Like in standard mercury porosimetry, and as in #dmalytical method presented in the
previous section, the porous medium is modeled bsnale of capillaries whose radii are
distributed according to a probability density ftion p(r) and hence, the flow rate through a
class of pores of representative radiugnder a pressure gradieér®, qVP, r), is given by
Eq. (2.35) for r =r During a typical experiment, a yield stress fluuthose rheology is
described by the Herschel-Bulkley model (Eq. 2i8®)jected through the porous medium to
be investigated and a set of N + 1 raw dataY{R) withi= (1, ..., N + 1) are collected and
then arranged in an ascending manner. The ranipe afata should be so that the lowest flow
rate is as close to zero as possible and the djmperrate lies in the interval where R)
scales a¥P with y close to 1/n (see subsection 2.3.1). Theeefit is assumed that; @
sufficiently low so that no pore class contribusemificantly to flow belowvP;. On the other
hand, eaclVP, defines a class of pores of representative ragliteken here as being =

a% (1 >rp> - - >f) wherea is a factor greater than unity whose precise valiliebe
discussed later. Besides, rather than using E45)20 determine the PSD, we simply express
that the measured flow rate at a QivVeR, is greater than or equal to the sum of the
contributions of all the pores whose radii are éaripan . So we writeQ; = Z’;i niq(VP]-, ri)

where nrepresents the number of pores of each i-th classtder to obtain the PSD, the N
unknowns nmust be determined by solving the following syst#rmequalities:

( Q2 = n;q(VP,, 1) (3.1)
Q3 = n;q(VP3,11) + n,q(VPs, 1)

Q; = nlq(VP]-, r1) + nzq(VP]-,rz) + -+ nj_lq(VP]-, r]-_l)

\Qn+1 = n1q(VPy4q,11) + 02q(VPyyq,12) + -+ + nnyq(VPyyq, Iy)

The previous inequalities express the fact thatbasured flow rate at a giveR, should be
greater than or equal to the one calculated if @uges of radii larger than are involved
(Figure 21).
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Figure 21: Scheme of the principle of the method.

3.2. PSD determination

One may consider solving the previous system afuaéties using a standard optimization
method. In each iteration, a set fmth i = (1, ..., N + 1) would be tested and tiespect of
the N constraints would be evaluated. Then anatbewould be tested and so on until a set
corresponding to an optimal fit to the measurdeusid. Nevertheless, this approach does not
take into account the fact that when adjustingtaos€¢Q ,VP,) data, the value ofjihas an
influence on the value ofgrwith k > j. Indeed, generating combinations ¢ftimat do not
consider such an aspect would lead to PSDs witiglalyhoverestimated number of small
pores, because they would not be restricted bytnaber of larger pores.

In the routine used to calculate a targetgdand starting with 13 successive and increasing
positive values are scanned until one of the intp&is violated and the maximum value is
assigned toinIn this procedure, and as large pores contribigeificantly to the total flow
rate, the scanning should be more refined whertdinsidered pore radius is large. The step
with which the scanning of; s carried out is defined by the next formula:

_ ¢q(VPyyq,1y) (3.2)

Step: =
°Pi q(VPy41,17)

where is an index that determines the refinement ofdtenning and whose value is not
£2R?
8K
minimum contribution to flow that will be considerdéor a given pore sizg at the highest

pressure gradiemPy., is the same for afi..

important provided that it idow enough (£ < 0.05

). Eq. (3.2) expresses that the

Once n(i=1,...,N) have been calculated, the prdiigbhn terms of relative frequency
p(r;) is obtained through:
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n.
p(r)) ==g— for i=1-N (3.3)
j=11;
Besides, the probability in terms of relative vokim(r;) is determined with:
nymr{ . (3.4)
py(ry) = N for i=1--N
j=1 n]'T[r]-

The total flow rate Q as a function of the presgnadientVP corresponding to the obtained
PSD may be then calculated as follows:

N (3.5)
QVP) = D nia(VP,r)

1=1

However, a filtering step is necessary. Indeedthalpore classes for which the number of
poresn; is only bounded by the highest couple of expertaledata (Q.1, VPy+1) are
excluded. The reason is that these pore classdswareled by (Q:1 ,VPn+1) just because no
further flow rates or pressure gradients have begosed during the experiments, so no
meaningful information on the number of these poasbe obtained. Consequently:

s—1
I Qusr > ) 1ga(VRyar, 1)
g=1
s (3.6)
and Qnss = ) 1ga(VPysr, )
g=1

thenng is unknown

Here, it has been set that the representativegadifia class of pores is linked @, through

r; = a% wherea is a factor greater or equal to unity. The fundatalereason of this is that

for a givenVP; the resulting Qis due to the pores whose radii are strictly Ialtgan%. In

other words VP, represents only the onset of contribution to tbevfof pores of radiusé%.

To determine the suitable value @f which will be namedx*, successive increasing values
will be used to solve the system (3.1), startinthwi = 1. For each value of, the quality of
the fit of the resulting PSD to the experimentdbda assessed through:

N+1 _ 2 (37)
_ (Q(VR) — Q)
Ee IZ‘ I Qi l
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where QandVP, withi= (1, ..., N + 1) are the experimentatal of pressure gradient and
flow rate, andQ(VP,) is calculated with Eq. (3.5¢" is thenthe value ofa that minimizeseE.
This criterion for the selection af* will be calledE-criterion from now on. In the next
section, the influence of the valuembn the representativeness of the obtained PSDowill
studied.

3.3. Numerical validation of YSM

We will begin by validating YSM in the case of numcally generated experiments. An ideal
Herschel-Bulkley fluid with known properties willebnumerically injected through a set of
different PSDs so as to generate Y@, data. Then, the YSM will be used to exploit &hé3,
VP) data in order to verify whether the original P&Drecovered in each case. Also, a
sensitivity analysis of the obtained PSD to eriarghe rheological parameters and to noise
and spacing of the (P) data will be presented.

3.3.1. Numerical experiments

A vyield stress fluid, whose yield stress, consisyeand flow index are respectivety = 10
Pa, k = 1 Pa"sand n = 0.60 was injected numerically through adbe of 1,000,000
capillaries whose radii are distributed accordinghte following bimodal probability density
function:

- 2 _ 2
w, -omot w, -Tm2 (3.8)
e 2°1 +

— 20
p() NVAIGH NVAIS; o

which is a weighted sum of two normal laws with mea; = 12 um andm, = 24 um,
standard deviationsy; = 3 um ando, = 6 um, and weightsy; = 2/3 andw, = 1/3. The
preceding PSD will be named “original PSD” from now. 50 different pressure gradients (N

+1 = 50) given byh, =22 with i = (0, . . ., N)zj = Zypax — 22 fmi) 7 0= m, —

3041, Zmax = M, + 30, were considered and the resulting flow rates waleulated using Eq.
(2.37). The obtained data are displayed in Fig@re 2

3.3.2. PSD determination

YSM was applied to the (¥P) data and the*satisfying E-criterion was found to be 1.07.
The calculated PSD in terms af (mumber of pores of radiug is in very good agreement
with the original PSD (Figure 23). Furthermorepnder to study the influence af the PSDs
corresponding to several valuescofvere calculated and compared to the original PSde (
Figure 24 for somex values). From this figure it can be observed that obtained PSDs
globally capture the right form of the original PSWithin the values o& considered here,
the agreement is qualitatively worse with= 1. Moreover, whermx > 1.07 the calculated
PSDs deviate more or less from the original PSDw@arda® = 1.07 is shown to be the best
value in the present case.
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Figure 22: (Q, VP;) data corresponding to the numerical injection ofa yield stress fluid withty= 10 Pa, k = 1Pa'sand
n = 0.60 through a bundle of 1,000,000 capillariewhose radii are distributed according to the origiral p(r ). The

upper axis represents the radii of the pores joinig the flow at eachVP (smaller pores at highVP).
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Figure 23: Calculated PSD (circlesyersus original PSD (crosses)
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210000

180 000 -

150 000

120000

o9

o

X B Gan

5 10 15 20 25 30 35 40

n;
110 000

a=1.30

70000

50000 e

30000 Of: o
= b
10000 X »Té%

5 15 25 35 45

T; (um)
45

T; (um)
55

n;
90000

a=a =1.07

70 000

R* R

50000

30000

10000

n;
120 000

i (um)

100 000

80000

60 000

20000

X

x o
%x’sﬁxx‘

X

3

5

15

25 35 45 55

2 Ti (nm)
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62 3. The Yield Stress fluids Method (YSM)

To go further, these values of were tested in the case of different sets of ibistion
parametersm,;, m,, o;, 0,, w; and w,, and the deviation from the original PSD was
evaluated by calculating the quantitydl(

al . . (3.9)
d(O() — z Njo _ nl(a)

%\I=1 Njo 2?:1 n; (o)

i=1

where N + 1 is the number of data (N = 49), is the number of pores of radius r
corresponding to the original PSD (after discreiirg, n;(a) is the number of pores of radius
r; for the considered, andY.} , n;, is the total number of pores (1,000,000 in thise}aThe
value ofd(a) is bounded below by zero (no difference) and ablmydwo. The obtained
deviations as a function of are presented in Table 1, where it is observedwhatever the
considered distribution, the value @f obtained by applying the method is approximateéy t
same (1.01-1.08). Moreover, better PSDs are olitdorex > 1 and they are less satisfactory
asa diverges from the™ given by the method (1.01-1.08).

m, (Um) 12 12 6 18 12 12 12
m, (1m) 24 24 48 21 24 24 24
o, (Um) 3 3 3 3 15 3.5 3
o, (M) 6 6 6 6 3 8 6
w; 2/3 1/3 2/3 2/3 2/3 2/3 1
0, 1/3 2/3 1/3 1/3 1/3 1/3 0
d(a=1) 1.11 0.98 1.35 1.29 1.23 1.49 1.13
d(a=1.05) | 0.01 0.01 0.07 0.02 0.03 0.09 0.01

d(a=1.10) 0.03 0.03 0.16 0.06 0.12 0.03 0.04

d(a =1.30) 0.29 0.51 1.33 0.27 0.49 0.26 0.3(

d(a =1.50) 0.27 0.60 1.33 0.30 0.60 0.30 0.61
o*from E- 1.07 1.07 1.04 1.07 1.04 1.08 1.01
criterion
d(a=a) 0.02 0.01 0.04 0.03 0.02 0.02 0.02

Table 1: Deviation from the original PSD obtained fo a set of numerical experiments for different vales ofa and
given fluid properties (ty = 10 Pa, k = 1 Pasn, and n = 0.60). The original BS are defined using Eq. (3.8).

3.3.3. Sensitivity analysis: fluid properties, meagement parameters and
errors

a) Fluid parameters

The (Q ,VP) data presented in Figure 22 have been exploitéd WSM introducing
erroneous values of,, k and n in order to assess the effect their etenation and
underestimation on the obtained PSD.
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1) T, value

Erroneous yield stresség with values0.7t,, 0.91,, 1.1t, and1.3t, have been usea = 10
Pa) to exploit the (QVP)) data presented in Figure 22, and the resultingsP&e presented
in Figure 25. As can be seen in that figure, thrersrin yield stress value entail horizontal
shifting of the obtained PSDs with respect to thgioal one. That shift is directed toward
large pores in the case of overestimated and toward small pores in the case of
underestimatea,. However, the form of the PSD is conserved incales. An error in the
value oft, introduced in the direct simulation of the flowthre bundle of capillaries will lead
to theQ(VP) curves presented in Figure 26. As for the PSD<tioveed above, a modification
in T, will lead to a shift in th&(VP) curves.

sp (riv)
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'?6 =1. 11:0
0.04 —— T =1.37

‘?6 =0.91

—— '?6:0.7'[0
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Figure 25: Effect of the error in the value ofty on the obtained PSDs.
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Figure 26: Q(VP) data obtained for the same PSD presented in Figri22 with the different values oft.
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2) k value

Likewise, erroneous consistenclesvith values 1.1k, 0.9k, 1.3k and 0.7k have beeu k =
1Pa$ is the correct value) to exploit the ;((YP) data presented in Figure 22, and the
resulting PSDs are presented in Figure 27. Fromfibure, it is remarked that errors in the
consistency value do not entail significant changeshe obtained PSDs. Nonetheless, it
should be noted that even if no significant changée probabilities of each pore size class is
observed, the calculated number of porewith each radius does change. It is because the
probabilities are normalized with the total numbépores (p() = n/X;n;) that no change is
detected.

Figure 28 shows th@(VP) curves that would be obtained for the same PSD thi different
values ofk. It can be seen that differences in k produceadieris of theQ(VP)curves that are
proportional to flow rate. That means that a gmeatember of pores compensates an
underestimation of k and a lesser number of pavegensates an overestimation of k.

Ogﬂﬁ)
Bl —
| ‘( k=1.1k
0.04— )-f \ | | | | | | | | | —— k=1.3k
. \ - k=0.9k
0.02+ T & ! ! | |
'Zf‘q | .\m..

i ! i & | L i J r. lll
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Figure 27: Effect of the error in the value of k onthe obtained PSDs.
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Figure 28: Q(VP) data obtained for the same PSD presented in Figri22 with the different values ofk.
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3) n value

Similarly to the preceding cases, erroneous flosexkesi with values 0.95n, 0.983n, 1.017n
and 1.05n have been used (n = 0.60"Ptosexploit the (Q,VP,) data presented in Figure 22,
and the obtained PSDs (in terms of number of pofreach pore radius class) are displayed in
Figure 29. Unlike the previous cases, it is obsgthat errors in n have a strong effect on the
obtained PSDs, deforming it especially in the srpatles region. In Figure 30, it can be noted
that different n produce deviations of tREVP) curves which increase with pressure gradient.
Nonetheless, now these deviations are not prop@itio Q but they follow a power-law.
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Figure 29: Effect of the error in the value of n orthe obtained PSDs.
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Figure 30: Q(VP) data obtained for the same PSD presented in Figr23 with the different values offi.

It is emphasized that even if the errors in theolbgical parameters,, k and n may shift or
deform the PSD, that does not generate signifidaniations of* with respect to the case in
which there is no errox{ very close to 1.07 in all cases).
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b) Pressure gradient sampling

Our objective now is to study the influence of templing of pressure gradients on the

quality of the obtained PSD. Four runs of a Herséhekley fluid with t, = 10 Pa, k =1 Pa

s" and n =0.6 were performed through a porous meditnmse PSD is the one presented in

Figure 23. In each experiment, the imposed presgadientsVP, were selected as presented

in Table 2, with i = (0, . . . ,49). The PSDs obt&l in the four experiments are represented
together in Figure 31.

Sampling A VP;
method
7 _ (Zmax - Zmin) i ﬁ
1 max N Zi

2 2ty 1 (2‘[0 2T, )
Zmax N Zmin Zmax
3 VP, such thaf); are equidistant
Z — Zmi 2T
4 Zmax — ( maXN min) (i + random;) Z—O
i

Table 2: Sampling methods used in the experimentg,,.x = my + 363; Zyin = My — 364; random; was a random
real number between -0.5 and 0.5
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Figure 31: Original PSD (black) compared with the dtained PSDs as a function oVP; sampling. a) Sampling method
1. b) Sampling method 2. c) Sampling method 3. da&pling method 4.
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We can see that the best results are obtainedtl{forsame number of data) in the first
experiment. In that case, the pore radii classeengby Equation (2.33) are equidistant.
However, results are acceptable in all cases excefite third experiment. It should be noted
that the original PSD is the same in all caseghmiform seems different due to the pore sizes
classes represented in each case.

An important remark to be made is that similar ealwfa® (a* very close to 1.02) were
calculated whatever sampling method, except forcts® in which flow rates are equidistant
(«*=1.50).

¢) Sensitivity to noisy (Q, VP;) data

The (Q ,VP) data presented in Figure 22 have been alteradtipducing random noise in

every data couple. Then, these altered data haxe daeploited with YSM using the correct
values oft,, k and n. The effects of several error sourceshenagreement between the
original PSD and the PSD obtained from the so edt€Q ,VP) data have been evaluated.
The main error sources are the following:

- 1. Systematic errors in;Q
- 2. Systematic errors WP,.
- 3. Random errors iqP,.

Concerning the tested magnitude of the error, emmstrrors of the type 1 and 2 result in
shifting of the obtained PSD of the same orderhas produced by errors m,. However,
errors of type 1 and 2 whose magnitudes are priopattto Q andVP, respectively do not
have any significant influence on the obtained P&Doccurred with errors in k. Therefore,
we will focus on errors of type 3, which correspaadhe less favorable case.

1) Effect of the number of noisy (Q VP;) data couples

Once again, the original PSD presented in Figureva8 considered together with a fluid
whose Herschel-Bulkley parameters are respectiyety10 Pa, k = 1 P4sind n = 0.60. Six
numerical experiments were performed with 10, 20, 80, 50 and 60 (QVP) data

respectively.VP, = Zzﬁ with i = (0, . . ., N),zi = Zyax —Wi, Zimin = My — 307,

Zmax = My + 30,. Then, the resulting (QVP) data have been altered by introducing a
random noise o#1% in everyVP.. Finally, the altered sets have been exploiteghich case,
and the obtained PSDs are displayed in Figure B#&nRhat figure, it is deduced that the
obtained PSDs do not agree as well with the origh®D as in the absence of noise.
However, the shape of the PSD is coarsely presemveal influence of the number of data is
not easy to determine and no clear trend can beceed except that a smaller number of data
leads to less oscillating probabilities but alsssldetailed PSDs. Indeed, the obtained PSD is
affected by noisy (QVP,) data whatever the number of data.
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2) Effect of the range of noisy (Q VP;) data couples

The same PSD and fluid as in the preceding expetsrigas been used to generate 50 (Q
VP) data with+1% random noise WP, but in this occasion the range WP, has been
extended in order to evaluate whether the obtalR®D was still close to the original one or

conversely they were displaced toward the largesnuailler pore radii. The new rangeV®,
ZTO ZTO

was from . The resulting PSD is displayed in Figure 33 ansl moticed

my,+ 9.330, m,— 3.67041
that its position on the axis of abscissa is unadfg. As a consequence, it can be concluded
that YSM provides PSDs whose position on the akiabscissa (pore radii) is the same as
that of the original PSD even in the presence &deo

3) Effect of the magnitude of the noise in the (QVP;) data couples

The objective now is to assess how the magnitudieeofandom errors in (VP)) data affect
the obtained PSD. Two experiments with N+1=50 wageeformed in which 1% and 5%
random errors were respectively included. The abtiPSD in each case was compared to
the original one, as shown in Figure 34. As expgkdtee deviation from the original PSD was
more important in the case in which the error wasagpr. The values of were 1.71 for 1%
error and 2.45 for 5% error, which suggests thes fgecise data lead to higher valuea’of

Moreover, one may wonder whether the position efghincipal probability peaks on the axis
of abscissa is preserved whatever the range&/Rf To answer that question, a third
experiment was performed maintaining a random esfd% but enlarging th&P interval

ZTO ZTO

limits between
m,+ 9.330, m;— 3.6704

. As shown in Figure 35, the position of the obéain

PSD was still close to that of the original PSD wiusing a wider range &P, and a slightly
better agreement between both PSDs is observed.

4) Fit with a polynomial

N+1=50 (Q, VP,) data with 1% random error were obtained by nucadls injecting the same
fluid as in the preceding experiments in the oatjiRrSD. With the aim of reducing the
influence of noisy data on the obtained PSD, theVB) points were fitted to a polynomial.

The order of the polynomial was chosen in such anmeathat further increase of that order
did not significantly reduce deviations from the,(QP,) data. For such optimum polynomial
order, Q was evaluated at eath and these new data couples were exploited. Asadxbén
Figure 36, the use of such fitting procedure pregudeviation of the obtained PSD with
respect to the original one.



a) p(ry)
0.8

0.6

04

02

A

/)

o p(r;)
0.8

0.7

0.6

0.5

0.4

03

0.2

>

0.1

e p(ry)

20

25

30 35 40

45

0.15

0.1

\

0.05

R

3. The Yield Stress fluids Method (YSM)

69

) p(r;)
0.6
7\\
02 \
NN
ri(Hm) T s 0 25 a0 3 a4 ri(pm)
9 p(ry)
0.4
S
02 / ))\L
01
N
\/‘M% A
L e T T R ri(pm)
n p(ry)
0.3 -
02
01 i] \
= P add b Aol
ri(um) 15 zoIzs 30 35 40 45 ri pm)

10

15 20

25

30 35 40

45

0

5 10

Figure 32: Obtained PSDs (red) from noisy (Q,VP;) data compared to the original PSD (black) as a faction of the
number of data. a) 10 data, b) 20 data, c) 30 datd) 40 data, e) 50 data, f) 60 data.

p(ri)
0.t
0.4
0.3
0.2 ?( \\
0.1 7[ \ (p 7
j( WA
) \ &= ol
0 5 10 15 2C 25 30 35 40 45 50 55 60

65 70 75 80ri(l'lm)
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Conclusions

In this section, YSM has been numerically validateith success. The method has been
proved to provide correct results for all the detested PSDs. Besides, the effect of errors in
rheological parameters on the quality of the ol#dilPSD has been studied. It can be
concluded that whereas the method is robust vis-dhe errors in k and n, it seems to be
sensitive to imprecisions in n, so special attentisas to be paid to the accurate
characterization of n. Extremely high precisioritie value of these rheological parameters is
hard to achieve, so this problem may at first saeavoidable. However, it has to be borne in
mind that in this study,, k and n have been independently altered. In flackal situations,
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a set of €, y) measures are fitted to the Herschel-Bulkley mauekder to obtain the value of
these three parameters. That means that each param#é not vary independently, but
increasing or decreasing one of them will alsodffiee other two. That interdependency will
soften the severe effects seen above. In any agsessible solution is to perform an iterative
process in which several values of n in the inteofaincertainty are tested and the best result
in terms of fit to experimental data would be kephat fit to experimental data can be
assessed through Eq. (3.7).

In other respects, the effect of errors in the W®,) data has been quantified by considering
the worst situation where a random noise in a gygaahion is introduced. Even if it has been
proved that noisy data significantly affect the lgyaof the obtained PSD, it has to be
observed that the position of the resulting PSDgherhorizontal axis is still correct. Besides,
it has been noticed that the valuextfis higher in the presence of errors. Moreovera tiatve
also been smoothed by using a polynomial fittingcpdure. Unfortunately, exploitation of
such smoothed data was unsatisfactory and the ragréebetween original and calculated
PSDs was worse.

3.3.4. Comparison of YSM with available methods b&sl on vield stress
fluids injection

A set of numerical experiments were carried oublider to assess the performance of the
methods presented by Oukhlef (2011, 2014) and Mé#l&013). However, only results
obtained with Oukhlef's method will be presentedehgiven that the numerical inversion
proposed by Malvault was not fully described.

Analytical inversion

The analytical method presented by Oukhlef was gutoio work well in the case of a
Bingham fluid, i.e. for n = 1, with a loss of pemftance in the case of Herschel-Bulkley
fluids for which n# 1. To illustrate this, Oukhlef's method was apglie the (Q VP,) data
shown in Figure 22, which correspond to the nunaéiigection of a yield stress fluid with
1,= 10 Pa, k = 1 Pd'sand n = 0.60 through a bundle of 1,000,000 cajelawhose radii are
distributed according to the PSD shown in Figure 28 can be observed in Figure 37, the
obtained PSD is highly oscillating in the small g®oregion, presents negative probabilities
and its agreement with the original PSD is worsantthat of the PSD provided by YSM
(Figure 23). Therefore, it can be stated that YSidviges better results than those of the
available method in the considered case. In ordemadsess such conclusion; a set of
experiments were carried out involving differenpag of PSDs and different rheological
parameters, which leaded to the same conclusions.
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Figure 37: PSD obtained with the analytical invergn presented by
Oukhlef (2011) (purple) compared to the original BD (blue).

3.4. Design of experiments

In this section, the technical characteristicsha €lements that constitute the experimental
device will be related to the type of PSD to beedmined. The experimental setup is a
conventional one: the fluid is injected through freous sample by means of a volumetric
pump and the pressure drop across the core is negiafem a range of imposed flow rates.

Let us begin by defining the standard type of P8&t we wish to characterize with our
system: e.g. Gaussian, bimodal or other form tégsdard deviation, its average, its mean, etc.
The total flow rate as a function of the pressusslgent is given by Eq. (2.37):

eR? ® ®
Q(VP]-) = WL q(VP]-,r) p(r)dr = NP X '];) q(VP]-,r) p(r)dr

In order to design the experiment, it was consudiexafficient to analyze pore sizes whose
cumulative probability lies between 5% and 99%.r€Fa@e, the pore radii whose cumulative
probabilities are 5% and 99% according to p(r)rexeedr,,;, andr,., respectively. Also, it

is considered that the largest pore in the samgealradius o2r,,, but its frequency is low
enough so that its effect on the total flow rateegligible above the pressure at which the
pores with radius,,,x begin to participate in flow

As explained before, the range of the data shoalddthat the upper flow rate lies in the
interval where Q{P) follows the power lawP’ with y close to 1/n. It is considered that the
pressure loss at which a pore with radiyg,/2 would start to flow is high enough to satisfy
the previous condition. This pressure l0s8Rs.x = 4T,L/rminWith L being the length of the
core. If the pump to be used is able to imposengaaf flow rates from @, to Qnax the
following constraints have to be satisfied:
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where R is the radius of the porous sample.
It is assumed that the pump can work at relatiesgures ranging fromyR to Bnax with:

Pmin < 2TOL/rmaX (3-12)

Phax = 4toL/Imin (3.13)

Conditions (3.10) and (3.11) can be rewritten ds\s:

2r " (3.14)
To 2 \n max ol
k> =[NP x ( ) X j f, (1, rpip, 1) " n p(r)dr]
max 'min T'min
I o ! (3.15)
To 1 \n max ol
k < =[NP X ( ) X f f,(r, rpax, P T np(r)dr]
min max I'max
Conditions (3.12) and (3.13) can also be rewrittdrtaining:
I'mamein < < I'minpmax (3.16)

2L ST g
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Inequalities (3.14), (3.15) and (3.16) can be usedstimate the upper and lower bounds of
the properties of the fluid needed to characteazstandard PSD with a given pump.
Analogously, the same inequalities can be usedtimate the properties of the pump needed
to characterize a standard PSD with a given flbidwever, it has to be kept in mind that
these formulas only give very rough estimates e$¢hproperties because they are based on a
bundle-of-capillaries of the porous medium.
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4. Laboratory experiments

In this chapter, we test the method presented iap@hn 3 in the case of xanthan gum
solutions injected through a sintered silicate withknown PSD. Firstly, preliminary
experiments are presented with the objective aldishing the grounds of the experimental
procedure adopted later. Then, we will study thectfof polymer concentration of the
solutions on the characteristics of the PSDs obthwith YSM. Afterwards, YSM will be
applied to different types of porous media so asttaly the quality of the obtained PSDs.
Also, viscosity and density measurements of theueft during saturation with brine and
xanthan solution will be presented in order to ssdbe effects of pore blocking, polymer
adsorption and polymer degradation. Moreover, a ifiead YSM will be proposed as a
consequence of the conclusions drawn from theserements

4.1. Preliminary laboratory experiments

In this section, two preliminary laboratory expeemts will be presented. They are called
preliminary because they are the basis upon which furtheiestwill be designed. Indeed,
these experiments constitute the basis of the empatal protocol and the sensitivity studies
that will be presented in the next chapters. Thanrsi@ps of a typical experiment are:

- Yield stress fluid preparation.

- Rheological measurements with a stress-controiedmeter.

- Evacuation of the air in the sample.

- Saturation of the porous sample with water and gitroneasurement.
- Permeability measurement.

- Saturation of the porous sample with the yieldsstiftuid.

- Q(VP) measurements during the yield stress fluid tigac

The experimental procedure will be detailed inrtle&t sections as well as the exploitation of
the experimental data used to obtain the PSD cditlaédyzed porous core.

4.1.1. Materials

The fluid to be injected is a xanthan gum solutaistained by dissolving an amount of
xanthan gum powder (Rhodigel, Prolabo, VWR Inteomatl) in de-ionized and filtered water
containing 400 ppm of NaN(Sodium Azide, Sigma-Aldrich, Riedel-de Haén Tradek)
used as a bactericide. The concentration of xargbamsolution G was alternatively fixed at
6000 or 7000 ppm depending on the experiment. #asured pH was very close to 7. In
solution state, an isolated xanthan macromoleailmare or less rigid and has a contour
length of typically IJum (Mongruel and Cloitre 2003) and a transverse sizgpproximately

2 nm. In the case of porous media whose large puage a radius greater thanudn, no
plugging effect is expected at I0WP (only largest pores are involved in the flow).dgnhigh
VP the shear rate may be so high that the xanthan molecules arateden the direction of
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flow with a limiting angle close to 45°, so the itmg pore radius that can be investigated
should be comparable to 350 nm{in(45°) x 1/2um). The porous medium sample used in
this study is a synthetic sintered silicate (Aeh@i1l0 purchased from PALL Corporation,
USA) with porosity and permeability provided by thranufacturer of respectivety= 0.40
and K=5D.

4.1.2. Rheograms of the injected fluids

The polymer solutions were characterized by me#&m@sstress-controlled rheometer (ARG2,
TA Instruments, France) equipped with a cone-ptgemetry. After loading the sample, a
delay of 5 minutes was observed before startingrffe®logical measurements. Then, the
shear rate corresponding to a given shear stresgegardedsersustime and its value was
collected when its variation was less than a piiesdrtolerance (typically 5 %) during three
consecutive sample periods of 10 seconds. The mewitirme allowed for each measure of
shear rate was 1 minute. The imposed shear streaagsd linearly from O to the one
producing a shear rate of approximately 10604l the measures were taken at 20°C, which
is the temperature maintained during the flow eixpents. The rheograms obtained by
plotting t versusy are displayed in Figure 38. As can be observed, riieology is well
approximated by a Herschel-Bulkley model for eaemtlkan concentration even if, as
explained before, the yield stress is only appar€his conclusion is in agreement with the
observations made by others researchers (8baly2006), as already presented in subsection
2.2.5. The fitting procedure used here consisteimmizing the sum

PRCARENS? @0

where t(y) is given by Eq. (2.19) andy;( t;) are experimental data. That allows us to
determine the values of the yield stregsthe flow index n, and the consistency k for e@gh

as specified in the figure caption. The squarehef difference between(y;) andt; is
weighted byy; in order to ensure a good fit for high shear rathge obtaining an apparent
yield stress. Figure 39 shows the viscosiysusshear rate measures corresponding to both
concentrations. It is observed that the viscosityowest shear rates (plateau viscosity) is
greater in the case,G 7000 ppm. Therefore, and as it is expectedhtbeer the polymer
concentration, the closer the behavior to that yiehl stress fluid.

Again, it has to be noted that xanthan gum solgtiare not actually yield stress fluids (if

yield stress fluids do really exist). However, thagsent a very high Newtonian plateau of
viscosity at low shear rates and a drastic sheanitig behavior (the plateau viscosity of the
7000 ppm solution is approximately*ltimes its viscosity at 100%. For that reason, and as

a first approximation, their rheology is well fitkdy a Herschel-Bulkley model (Sochi 2010).
Some authors claim that this procedure leads tiranp values of the yield stress and that
other methods might be used to obtain the corr@ctevof the yield stress (Nguyen and Boger
1983; Balhoffet al. 2011). Moreover, the rheology of these solutiorssy/ mlso be well fitted
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using the popular Carreau model, but unfortunatelyigorous analytical relation expressing
Q versusVP in a capillary tube exists for this model (Bafef al. 2011, 2012). Therefore,
the use of an asymptotic rheological law (truncadieder law) should result in errors of the
same order as those introduced by the HerschelldBulinodel. Nevertheless, from a
practical point of view, the most important issuethis method is to obtain a pseudo-yield
stress below which the contribution of a pore sizthe total flow rate is negligible.
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Figure 38: Rheograms of the xanthan gum solutionssed in laboratory experiments and their fits by a Hrschel-
Bulkley law. C, = 7000 ppm, = 9.04 Pa, k = 0.21 Pdsn = 0.63. G = 6000 ppm:ty =6.86 Pa, k = 0.20 Pdsn = 0.62.
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Figure 39: Viscosity as a function of shear rate fathe xanthan gum solutions used in the preliminarylaboratory
experiments. G, = 7000 ppm (red), G= 6000 ppm (black).

In order respects, the PSD obtained with YSM waweul to be sensitive to errors in n. In
order to assess whether these errors affect the fite experimental data, an error of +1.7%
was introduced in the value of n obtained by otinfy procedure (minimization of Eq. (4.1)).
Then, the resulting fit was compared to the origioae as displayed in Figure 40. It is
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observed that the introduction of such an erroartyeaffects the quality of the fit to the
experimental data, so such an error seems unli@gdiappen.
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Figure 40: Herschel-Bulkley fit to the experimentalmeasures with and without a 1.7% error in n.

4.1.3. Experimental setup and procedures

A schematic representation of the experimental psesudisplayed in Figure 41 and the
corresponding experimental realization is showRigure 42. From left to right in Figure 41
there are (1) a syringe pump (PHD Ultra, Harvarcp@atus) filled alternatively with the
polymer solution or the de-ionized water which easufluids injection at controlled flow
rates, (2) the porous medium to be investigatebin@ycal cores of 5 cm diameter and 10 cm
length), and (3) a vessel to collect the outgoilgdf A pressure sensor (Rosemount 3051
Pressure Transmitter) is also connected to thé amld the outlet of the porous medium. The
following procedure was adopted to prepare theymmedia. The two ends of the core were
in contact with aluminum injector plates. Surfagesontact with the porous medium were
coated with Teflon (Du Pont, Washington, D.C., US&)prevent any ion exchange between
the metal and the core. The lateral surface ofpibrdus medium was coated with a non-
wetting epoxy resin then wrapped with epoxy-coatilderglass to insure liquid
imperviousness and mechanical strength.

First of all, the porous sample was saturated @ith, whose solubility in water is very high,
in order to avoid the presence of gas bubbles dutiie experiments. Next, the porous
medium was saturated with degassed de-ionized dteded water and kept at rest for
approximately 12 hours. Then, prior to the injectiof xanthan gum solutions, the
permeability to water and porosity of the sampleenmeasured. Moreover, and to avoid any
further formation of gas bubbles inside the poromedium, the polymer solution was
degassed too under moderate vacuum. After thagr@ yolumes of xanthan gum solution
were injected at a flow rate corresponding to R#8, which was an intermediate flow rate
among those to be imposed during the experimemtds Phe Péclet number as defined by
Sheng (2011):
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ad,, (4.2)

whered is the average interstitial velocity= Q/(Ae), d, is the equivalent cylindrical pore
diameter (Eq. 2.7) an®. is the molecular diffusion coefficient, taken a$ 20° cnf/s
(Sorbie 1991). Once the 2 pore volumes were injeatéPe = 400, an additional pore volume
was injected at the highest flow rate to be impatathg the experiments so as to ensure that
the yield stress fluid filled all the pore sizesdas. Once saturated with xanthan solution, the
porous medium was kept at rest for approximatelynd2rs (overnight). In these preliminary
experiments, the imposed flow rate was steeplyeased and the corresponding pressure
drops were recorded as a function of time. For dlaghrate, the corresponding pressure drop
was collected when the steady state was reachesl.pftcedure was repeated for all flow
rates. The choice of imposing the flow rate insteithe pressure as done by Clain (2010)
and Malvault (2013) was motivated by the difficeftito measure very small flow rates with a
precision balance within a reasonable time lapsep dy drop, evaporation, etc. Besides,
given that Q follows a power law with respectMB with a power index greater than unity,
small inaccuracies iVP should result in wide variation of the measureditGhould be
finally noted that the temperature of the lab waptkconstant at 20C = 0.1 during all the
experiments.
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Figure 42: Experimental realization of the setup.
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4.1.4. Measurements of pressure gradient as a fummb of flow rate

At the end of the experiment a set(€;, VP,) raw data was obtained (Annex A). Figure 43
shows such data for,G 7000 ppm with 39 data points (N +1 = 39). Weenhiat the plot of
Q versusVP is of power law form as expected. Moreover, ftbis data set, it is possible to
determine the range of pore radii that may be erdidy using Equation (2.33). The
precision of the pressure drops measurements fpyehe manufacturer was260 Pa in the
whole range of this experiment. Nevertheless, thmeerainty in the pressure loss
measurements for our particular application wasneged as being 25% for @ (0.05, 0.62
mi/h), 2.5% for Qe (0.62, 150 ml/h) and 0.5% for Q 150 mi/h (error bars hardly visible in
the figure because of their small size).
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Figure 43: Experimental (Q;, VP;) data obtained from the injection of a xanthan gunsolution with Cp = 7000 ppm
through a sintered A10 silicate. The upper axis rem@sents the radii of the pores joining the flow atach VP (smaller
pores at highVP). Q error: + 0.25 %.

4.1.5. Results and comparison with MIP

The method presented in Section 3.2 was appligtidqQ;, VP,) raw data collected in the
case of the investigated porous medium fpr=CZ000 ppm. The obtained PSD expressed in
terms of relative volume of pore classes of repregive radiir;, p,(r;), is displayed in
Figure 44 together with the one deduced from MiBhbuld be emphasized here that even if
for the sake of simplicity we usually refer to tRED deduced from MIP as “PSD from MIP”
or “PSD obtained by MIP”, MIP does not actually yicee any PSD. Obtaining PSDs from
MIP experiments implies previous interpretatioregplained in Section 2.1.4.

The value ofu* obtained using the E-criterion was 1.3. The ingas¢d porous medium was
also characterized by means of the classic mengorgsimetry and the obtained results are
presented together in the same figure. Examinaifaihis figure shows that both PSDs are
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approximately of Gaussian form. It appears theeefivat there is a very good agreement
between the PSD determined using the present metibthe one delivered by MIP.

It has been shown numerically that the valuecoflepends on the precision of the (ZP)
data. Hence, the observed difference between valtigdbe currenta*= 1.3 and the one
previously obtained for numerical experimeats 1.01 - 1.08 may be attributed to the lower
precision of the laboratory raw data. The fact ttiet fluid used is a pseudoplastic fluid
without a true yield stress may also be considaged source of such shiftd. Furthermore,
and as in numerical experiments, a sensitivity y@glhas been carried out in order to study
the effect of the value af on the obtained PSD. This is illustrated in FigdBe Once again, it

is observed that should be greater than unity and that the MIPeis/ wvell reproduced by
choosinga = o*. Besides, the PSDs obtained torclose toa* are also in good agreement
with MIP. However, and as already explained, MIwtl not be taken as providing the
absolute truth concerning PSDs. MIP is used helgtorcompare both methods and because
it is the current reference for PSDs.

Complementary experiments were carried out undersime conditions and by changing
only xanthan concentration tq,& 6000 ppm. In that case the obtain€dwas 1.2 and the
determined PSD was found to be slightly shiftednall pore radii when compared to the
PSD corresponding to,G: 7000 ppm (Figure 46). This should be expectedlsn xanthan
concentration is lowered the fluid rheology deviatere appreciably from the Herschel-
Bulkley fluid type. This implies that the higheretipolymer concentration, the better is the
reliability of the obtained PSDs. A sensitivity &sis concerning the effect af was also
carried out in this case G 6000 ppm), leading once more to the conclusiad values
close toa* provide similar PSDs (data not shown).
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Figure 44: PSD obtained with YSM compared to PSD dkiced from MIP
for the preliminary experiment with C, = 7000 ppm.
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Figure 45: PSD obtained with the present method coesponding to
C, = 7000 and differenta and comparison with PSD from MIP.
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Figure 46: PSDs obtained with MFS at 6000 ppm anddb0 ppm compared with that provided by MIP.

4.1.6. Conclusions

Preliminary flow experiments of yield stress fluidsrough porous media have been
performed and YSM has been applied to the obtaidath. As explained before, the
experimental measurements that have been exploitédis section are only preliminary
experiments whose objective was to draw some ceiwia concerning the experimental
feasibility of the method. From that, the followirgmarks may be made:

- Measurements, if carefully performed, providg, VP,) raw data that can be exploited
using YSM. Therefore, it is possible to apply YSM the case of laboratory
experiments in order to obtain PSD of real poroeslim
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- PSDs obtained with YSM are expected to presentlemaldii than those obtained by
MIP because, as already seen, the “dimension gbdhe’ characterized with mercury
porosimetry is the diameter of the largest entrarogpening towards a pore volume.
Nevertheless in the case of the tested porous iaatke agreement between MIP and
YSM was very good.

- The effect ofa has been studied as in the numerical case. Higllees ofa have
been obtained and PSDs are not very sensitive werated variations o& in the
range close ta".

- The xanthan gum used during these experiments peddurbid solutions. Given that
turbidity is linked to the presence of impuritiesdaaggregates in the fluid, it was
consequently decided to explore other commerciadlyets in order to select a pure
xanthan gum which produced transparent solutions.

- During these preliminary experiments the flow radtease been imposed in ascending
order. However, problems linked to polymer retemtiand depletion layer are
expected to mostly appear at low flow rates. Thoeefit should be more judicious to
carry out tests in descending order.

- The xanthan gum was dissolved in water using a etagstirrer. However, it was
decided that the use of overhead stirrers wouldpteferred in order to avoid
formation of aggregates within an acceptable laps$ene.

- The degassing process of xanthan gum solutionsore womplex than it may seem.
Indeed, given that these fluids are highly viscahg, migration of the air bubbles
from the bulk volume to the free surface is slovesiles, if a strong vacuum is
imposed, the degassing of xanthan gum solutionsadsompanied by water
evaporation, which changes the xanthan concentratiathe solution. Therefore, it
was decided to use a pump able to impose a strmageum, control the evolution of
the fluid mass while degassing and break the vacregularly when evaporation is
detected. Also, the used vacuum pump should neebsitive to water vapors.

- The time required to attain a steady state dependbe considered flow rate. Based
on these preliminary experiments, the correspondingmum time needed to attain
steady state was determined. Therefore, it wasilpesto carry out all further
experiments with an optimized volume of injectedidl By doing so, the eventual
polymer retention at the core inlet would be mirzed too.
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4.2. Sensitivity of the obtained PSD to polymer camntration

As seen in the previous section, the polymer canagon of the solution was shown to have
an influence on the quality of the PSDs obtainedugh the use of YSM. Now, that influence
will be analyzed by injecting solutions with difest concentrations in the same type of
porous medium.

4.2.1. Materials

Like in the preliminary experiments presented ia pineceding section, the fluid to be injected
is a xanthan gum solution obtained by dissolvingaarount of xanthan gum powder in de-
ionized and filtered water containing 400 ppm ofNN&aSodium Azide, Sigma-Aldrich,
Riedel-de Haén Trademark) as a bactericide. Nesledh, after comparing several xanthan
gums, Satiaxane CX 930 (Arles agroalimentaire, €ganvas selected because it contained
less impurities than the others and the obtainddtisns were visually transparent. Five
xanthan gum solutions with polymer concentratiddyy ¢f 4000, 5000, 6000, 7000 and 8000
ppm were prepared using an overhead stirrer wistdeblimpeller (Heidolph, RZR 2041).
During their preparation, the xanthan powders wamgressively added to the water while
stirring and once all the powder was added, thatieol was kept under moderate stirring
(500 rpm) for a time period of 12 to 24 hours dejdeg on the concentration. Its measured
pH was very close to 7 in all cases. After thag, flbid was stocked at low temperature for 12
hours and then degassed using a vacuum pump (VaPuomps MPC Ultimate Pressure < 2
mbar, ILMVAK GmbH). In these experiments, the pagauedia were 5 samples obtained
from a same original core of sintered silicate @E&En®10purchased from PALL
Corporation, USA). The samples were cylindricalwatlength of 10 cm and a diameter of 5
cm. It has to be highlighted that in spite of thetfthat the samples were of the same material,
slight differences in the measured permeabilityenabserved (6.5 — 9.5 D), always with a
porosity close to 45%.

4.2.2. Rheograms of the fluids

The rheograms of these five solutions were deterchiand ther(y) data were fitted to a
Herschel-Bulkley law following the same procedumesented in subsection 4.1.2. The
obtained rheograms and corresponding fits are aspl together in Figure 47. These data
were also plotted in terms of viscosigrsusshear rate as shown in Figure 48. From this
figure it is obvious that when polymer concentratis high, the viscosity at the lowest shear
rates seems to diverge (within the considered staas interval) attaining very high values
before drastically decreasing, thus approachingséfei-Bulkley model. Besides, the
Herschel-Bulkley parameters corresponding to ttet fikeof the rheograms in Figure 47 were
represented as a function of @ Figure 49. It is observed that wheregsand k are strongly
dependent on £n is almost constant.
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Figure 47: Measured shear stress as a function dfigar rate for xanthan gum solution with different concentrations
and their corresponding Herschel-Bulkley fits.
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Figure 49: a) Yield stress €,), b) consistency (k) and c) flow index (n) as a fiction
of the concentration of xanthan gum in the aqueousolutions.

4.2.3. Experimental setup and procedure

The experimental setup is the same as for prelimiaaperiments (see Figure 41 and Figure
42). Also, the experimental procedure previou® {BP) measurements was similar to that of
the preliminary experiments except the modificatdriluid degassing and fluid preparation
steps as explained before. In the present expetaméime imposed flow rate during the
injection of the solutions was steeqgcreased and the corresponding pressure drops were
measured at steady state using a pressure serogan(Bunt 3051 Pressure Transmitter). The
time allowed for each measure was optimized in rotdeminimize the possible polymer
retention in the porous medium. The range of impgoew rates was the same for all
investigated polymer concentrations (2000 mi/h @60ml/h) except for 4000 ppm. In that
case the flow rates were slightly greater becdusdawer viscosity implied lower magnitude
of the pressure gradients which in turn generaigllen uncertainty in the measurements. The
temperature of the lab was kept constant at@0- 0.1 during all the experiments.

4.2.4. Measurements of pressure gradient as a fummb of flow rate

A set of N+1(Q;, VP) raw data were collected during each experiment@nA), with N+1
ranging from 39 to 53. Figure 50 summarizes theultgesobtained for all polymer
concentrations £ From these data it is possible, by using Equata3), to determine the
range of pore radii that can be explored. Thenptleeedure described in Section 3.2 is used
to obtain the PSD. As expected, the more the swius concentrated, the more the pressure
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loss is important for a given flow rate. It is remded here thatP is linked tot in the same
manner that Q is linked tp. Therefore, tha(y) plot is similar to the&/P(Q) plot. Also, it is
remarked that for yield stress fluid, a threshalespure exists below which there is no flow.
But in the case of real fluids with apparent yistress, there is not such a threshold pressure.
Instead, there is a pressure gradient below whhehflow rate is negligible (as can be
observed in Figure 50).
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Figure 50: Experimental (Q;, VP;) data obtained from the injection of xanthan gum shitions with C, ranging from
4000 to 8000 ppm through a sintered A10 silicat&Perror: see subsection 4.1.4. Q errori 0.25 %.

4.2.5. Apparent viscosity compared to effective \igsity

As explained in subsection 2.3.3, it is possibleefaresent the apparent viscosity of the fluid
in the porous medium by using Egs. (2.41) and (2 B&sides, permeability reductid®y, is
usually close to 1 for xanthan gum solutions, stsKassumed to be unchanged during the
polymer flow experiments. Therefore, the K usedEgs. (2.41) and (2.42) will be taken as
being the permeability to water previous to polynrem now on. Figure 51 presents the
apparent and the effective viscosity for each pellyooncentration as a function of shear rate,
where the empirical shift paramefehas been taken here equal to 1.

However, the empirical value @fwas also calculated as follows. Firstly, effectitieologies

were fitted to a Carreau model by obtaining theigafd and the Carreau paramet@fs po,
n andA minimizing the next sum in each case:

Z[Ti — nVil? v (4.3)
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whereu(y) is the Carreau viscosity defined by Equation (Rdldy andrt; are the steady
state experimental shear stresses and the corgisgoshear rates given by the rheometer.
The resulting values for Carreau parameters @made presented in Table 3. The use of a
Carreau model instead of a Herschel-Bulkley modak wnotivated by the fact that, as
explained in subsection 2.2.2, yield stress valaenot be measured within a finite time
period. Therefore, in the scale of time used in@yreriments, rheology of xanthan solutions
is better represented by a strong viscosity deeréa@sn a very high Newtonian-viscosity
plateau as shear rate is increased (Carreau medeth approaches the behavior of a yield
stress fluid.
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Figure 51: Apparent (in porous media) viscosity comared to effective (rheometer) viscosity for each

Co(ppm) | po(Pas) | p,(Pas) | A(3) n 5
4000 86.4 0.0054 60.3 0.145 0
5000 268 0.0062 109 0.124 0
6000 467 0.0067 141 0.115 0
7000 732 0.0078 181 0.109 0.43
8000 1110 0.0085 313 0.126 0

Table 3: Carreau parameters obtained for xanthan gunsolutions at G ranging from 4000 ppm to 8000 ppm.

Secondly, the apparent rheology of the fluid inplbeous medium was also fitted to a Carreau

model by minimizing Eq. (4.3) witly; = % andTt; = %_l: , thus obtaining the apparent

Carreau paramete§app, Howapp: Aapp Napp (TabIlE 4).
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Finally, the value o8 was calculated as being the one which gives theesanset of shear
thinning behavior () in the rheometer and in the porous medium (Sofl§igl). The
previous condition is satisfied wh@mrespects the next relationship:

app (4.4)
F==3
CP (ppm) HOapp (Pa S) uooapp (Pa S) Aapp (S) Mapp
4000 33.1 0.0077 23.4 0.210
5000 198 0.012 136 0.197
6000 264 0.015 128 0.195
7000 361 0.020 130 0.177
8000 433 0.032 140 0.173

Table 4: Apparent Carreau parameters obtained for tle injection of xanthan gum solutions
at Cp ranging from 4,000 ppm to 8,000 ppm through A10 siered silicates.

Consequently, the apparent rheology in the poroadiim can be expresses through the
modified Carreau relationship:

_ . napp_l Ngpp—1 45
Happ — Hooapp — [1 + (AappY)z] 2 — [1 + (ABY)Z] pzp ( )
Hoapp — Hooapp

. KAVP . Q/A
with Happ = T andy = N

of the effective and apparent viscosities is digpthin Figure 52. The difference between
Figure 51 and Figure 52 is that Figure 52 showsaghgarent rheology using the obtairfed
whereas in Figure 51 it is assumed tBat 1. The main advantage of Figure 52 is that one
can compare the viscosity in the porous mediunhéoeffective viscosity for a given shear
rate. Moreover, it is possible to determirgposteriori the range of shear rates experienced
by the fluid in the porous medium (Table 6). Knogvthis, it is henceforth possible to ensure
that the scanned shear rates interval in the pormeBum is similar to that in the rheometer.

The obtained values f@rare listed in Table 5. A comparison

Cp (ppm) B
4000 0.39
5000 1.26
6000 0.91
7000 0.72
8000 0.45

Table 5: Values off corresponding to the injection of xanthan gum soliions
with different C, through A10 silicate samples.
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Figure 52: Apparent (in porous media) rheology comared to effective (rheometer) rheology for each Cplhe value of
B has been taken into account to represent the appamt rheology. a)G= 4000 ppm; b) G= 5000 ppm; c) G= 6000
ppm; d) C,= 7000 ppm; €) G= 8000 ppm.

Cp (ppm) 1//\ (S) Ymin(s_l) Ymax(s_l)
4000 0.0170 0.0138 87
5000 0.0092 0.0047 206
6000 0.0071 0.0034 149
7000 0.0055 0.0025 109
8000 0.0032 0.0017 73

Table 6: Onset of shear-thinning 1/1), minimum (Yin) and maximum (Ymax)
shear rate in the porous medium for each concenttin.

In Table 3, one can observe that the Newtoniarpgities of xanthan gum solutions increase
with C,, while the onset of shear-thinning behavionfXecreases. Besides, except for 8000
ppm, n decreases with,@eaning that the shear-thinning behavior is mom@unced at
higher G as expected. Similar comments may also be made me$pect to apparent
Newtonian viscosities and n listed in Table 4.

Nevertheless, it is also remarked thgf,» n, which means that the apparent shear-thinning
behavior in porous media is less pronounced tharetfective one as can be seen in Figure
52. These differences may be explained by the pcesef a depleted layer which causes a
reduction of apparent viscosity whose effect isenarportant at low flow rates, as presented
in subsection 2.3.3.
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It is noted as well (Table 6) that the single castd § > 1 corresponds to the highesj.y.
Also, B is proved to be proportional tq,.x in the case of this porous medium, as shown in
Figure 53. That suggests that the valug aé strongly dependent on the range of flow rates
imposed during the experiments. The only experimémt does not respect that
proportionality is the one with o= 4000 ppm, for whicly,;, is much higher because the
lowest Q were not imposed as explained before.

In Chapter 2, we saw thfitis generally linked to pore geometry in the litara. However, it
has to be pointed out that the range of Q imposethg the experiments is considerably
larger in the present work than in other workstealato the injection of polymer solutions
through porous media. As a consequence, the irfuai the range of Q off is best
evaluated here.
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Figure 53: Value of  compared to the maximum apparent shear rate in edccase, showing proportionality.

4.2.6. PSDs obtained with YSM

The method presented in Section 3.2 was appli¢detéQ;, VP,) raw data resulting from the
injection of the xanthan gum solutions through #iE0 sintered silicate porous medium
following the same procedure as in preliminary expents. It is remarked that similar values
of a* were obtained with E-criterion for all polymer camtrations as shown in Tableo (s
comprised between 1.2 and 1.4 for 4000 ppgnCr < 8000 ppm.). The resulting PSDs
expressed in terms of relative volume(r;) of pore classes of representative ragliare
displayed in Figure 54 and they are compared viiehRSD deduced from MIP in Figure 55.
For comparison, the represented pore size clagséSM have been regrouped in Figure 55
in order to match those of MIP.

Even if the PSDs are quite similar in all cases oan realize that the more the polymer
concentration is high (except for 8000 ppm), thrgda is the pore size corresponding to the
peak of the PSD and the lesser is the deviatiothefobtained PSD from that of MIP. As
explained before, more reliable PSDs are expectetifjher concentrations due to the better
approximation to a yield stress behavior. Soméhefreasons why 8000 ppm doesn’t respect
this general tendency may be: 1) pore plugging Wwiganore likely to happen at high, @nd

will introduce additional pressure drops which wbbke interpreted as smaller pore radii 2)
the difficulty in preparing homogeneous concenttasolutions, 3) weak gel transition
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(Carnali 1991). Consequently, & 7000 ppm was selected for the experiments preden

the next section, as this concentration it is legbugh to approach the yield stress behavior
without presenting the concerns observed fpE=@000 ppm. It is also noted that the PSDs
obtained for G = 7000 ppm and £= 6000 ppm are different from those obtained i@ th
preliminary experiments. However, it has to be taketo account that the experimental
procedure was different concerning the fluid prapan and the imposition of flow rates. In
effect, even if the PSD obtained fo, € 7000 ppm and £= 6000 in the preliminary
experiments were closer to the one deduced from M#Presults presented in this section are
expected to be more reliable because of the impgrgvecedure used here. In any way, it is
remarked that PSDs obtained by YSM are quite ctosthose obtained by MIP for this
material, even if strictly speaking, the qualitytbeé PSD should not be assessed through its
agreement with that deduced from MIP.
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Figure 54: PSDs obtained by applying YSM to Q¥P) measures resulting from the injection of 5 xantan gum
solutions with different C, through analogous samples of A10 sintered silicate

Cp (ppm) o
4000 1.4
5000 1.3
6000 1.2
7000 1.2
8000 1.3

Table 7: o obtained for each G,.
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Figure 55: PSDs obtained with YSM compared with thé®SD obtained with MIP for the analyzed A10 sinterd
silicate.

4.3. Sensitivity of the obtained PSD to the type @orous medium

Up to now, only results for a single material (smed silicate porous medium) have been
presented while the concentration of the xanthdmtisas has been changed. In this section
the effect of the type of porous medium and itsmeability on the quality of the PSDs

obtained through YSM will be assessed. To do tkamthan gum solutions with the same
polymer concentration were injected through diffetypes of porous media.

4.3.1. Materials

In these experiments, the injected fluids were lxamtgum solutions prepared by dissolving
an amount of xanthan gum powder (Satiaxane CX 888s agroalimentaire, France) in de-
ionized and filtered water containing 400 ppm ofNN&Sodium Azide, Sigma-Aldrich,
Riedel-de Haén Trademark) as a bactericide. Twah&mn gum solutions with polymer
concentration (§) of 7000 ppm were prepared using an overhea@sstiith blade impeller:

- Solution 1: G = 7000 ppm, NaCl concentrationg{G 0 ppm.
- Solution 2: G = 7000 ppm, NaCl concentrations{G 5000 ppm.

It is noted that Solution 2 contained salt becaus&s to be injected in natural clayey porous
media, and that should avoid swelling of clays amidforce the granular cohesion of the
sample. See Baudracco and Aoubouazza (1995) frudst en the effect of clay swelling on
the permeability of Berea and Vosges sandstones piHhof these solutions was very close to
7 in all cases. During their preparation, the xantpowders were progressively added to the
water or brine while stirring. Once the powder waspletely added, the solution was kept
under moderate stirring (500 rpm) for at least dRrk. After that, the fluid was stocked at
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low temperature (approximately 5°C) for 12 hoursl #men degassed with a vacuum pump
(Alcatel 2004A) equipped with a vapor trap.

In these experiments, 5 cylindrical samples ofedéht porous media were analysed (see
Figure 56):

- Sample 1: Aerolith®10 (PALL Corporation, USA).

- Sample 2: Aerolith®10 (PALL Corporation, USA).

- Sample 3: Bentheimer Sandstone (Kocurek Industines, USA).
- Sample 4: Castlegate Sandstone (Kocurek Indusines,USA).
- Sample 5: Berea Sandstone (Cleveland Quarries, USA)

The measured porosities and permeabilities as agethe lengths (L) and diameters (D) of
these 5 cylindrical cores are given in Table 8.

Sample K (mD) £ L (cm) D (cm)
1 9000 0.45 10 5
2 2400 0.40 5 3.8
3 2200 0.25 5 3.8
4 750 0.25 5 3.8
5 38 0.22 5 3.8

Table 8: measured porosities, permeabilities and diensions of the cores.

Solution 1 was injected in Sample 1 while Solutdowas injected in Samples 2 to 5. It has to
be noted here that while the experiment with Sanipieas carried out at the Institute of
Mechanics and Engineering of Bordeaux (TREFLE Dwpant), the experiments with the
others samples (natural porous media) were pertbranehe CSTIJFGentre Scientifique et
Technique Jean-Fégeof TOTAL S.A. (Pau, France) due to the specifiuipment needed,
so the devices and instruments used in these expets were not the same in all cases as will
be specified later.

Figure 56: Cores corresponding to the 5 porous medianalyzed in this study. From left to right in thefirst row: a)
A10 sintered silicate; b) less permeable and porousl10 sintered silicate; c) Bentheimer sandstone; dfastlegate
sandstone; e) Berea sandstone.
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4.3.2. Rheograms of the injected fluids

The effective rheology of Solution 1 was charaetdli by means of a stress-controlled
rheometer (ARG2 from TA Instruments, France) egedgpvith cone-plate geometry and
following the procedure described in 4.2.2. Howewerthe case of Solution 2 a different
stress-controlled rheometer (MCR 302 from AntonrPequipped with double-gap geometry
was used. Given that the injection of Solution 2hi@ porous media were to be made at 18°C
=+ 1, the rheological measurements were taken at.1BR€ imposed shear stresses ranged
linearly from 0 to the one producing a shear rdtapproximately 10005 Once again, a
delay of 5 minutes was observed after loading #mepde in the rheometer (before starting the
measurements). The time allowed for each measuneaksed linearly with stress from 100
seconds to 10 seconds. An important remark conugithie use of double-gap geometry with
very viscous fluids is that the fluid should beded by using an appropriate needle in order to
ensure that the liquid fills the whole gap. It sliboe done carefully and slowly so as to avoid
polymer degradation. Even if this remark might setiwvial, we may put forward that
incorrectly loading of the fluid may result in coleely erroneous measures of viscosity.

The obtained rheograms and the corresponding Har8zhkley fits are presented in Figure

57. Also, the obtained Herschel-Bulkley parametersach solution are listed in Table 9. It
can be remarked that Solution 2, which contains INeCmore viscous at high shear rates
(Figure 58). Even if salted solutions are expedtethe less viscous, that difference is not
important for us, forasmuch as both solutions reavapparent yield stress. This difference in
viscosity may be due in part to the different pragan of both solutions (e.g. different

vacuum pumps) and the slightly different tempetluring the measurements.
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Figure 57: Rheograms of the 2 solutions used in the experiments and their Herschel-Bulkley fits.
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Figure 58: Viscosity as a function of shear rate foSolutions 1 (G = 0 ppm) and 2 (G = 5000 ppm).

Solution 1, (Pa) k (Pas) n
1 9.35 0.158 0.643
2 9.61 0.430 0.549

Table 9: Herschel-Bulkley parameters correspondingd Solutions 1 and 2.

On the other hand, one may wonder about the honettgesf these solutions. Three samples
of Solution 2 were extracted from its containediffierent depths. These three samples were
rheologically characterized with the rheometer @hel obtained results are compared in
Figure 59. In this figure, all data collapse on B@me master curve, indicating that the
solution was homogeneous.
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Figure 59: Rheograms corresponding to three sampled Solution 2. The samples have been extracted atfdrent
depths in the container so as to evaluate the homegeity of the fluid.

Finally, thixotropic effects were evaluated by measy t(y) firstly through imposition of
ascending shear stresses and then through impositidescending shear stresses. As can be
observed in Figure 60, no noticeable thixotropghiserved for this fluid.
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Figure 60: Rheograms of Solution 2 corresponding tascending and descending imposition of shear stses. They are
used to verify that the fluid does not present sigficant thixotropy.

4.3.3. Experimental setup and procedure

In the case of Sample 1, the experimental setdpeissame as the one presented in Section
4.2.

For Samples 2 to 5, some modifications were indudethe experimental setup. These
modifications were mostly motivated by the higheregsures induced by the low
permeabilities of these samples. In fact, the @assin-fiberglass setup would leak and the
syringe pump would not be able to work at high guess. For that reasons, the sample was
mounted in a Hassler core holder (Vinci Technolsglerance) instead of the resin-fiberglass
setup. Besides, a robust piston pump was used asetlexperiments (Composites &
Technologies, T-Pump v 1.9.). The main advantag#si®pump are the fact that it can work
at the high pressures required for injection i lparmeable media and the greater volume of
fluid that can be continuously injected withoutpging to reload with respect to the syringe
pump. Also, metallic tubing was used in the highessure zones for safety reasons.
Furthermore, a density meter (Anton Paar, DMA 5825 connected to the outlet of the
porous medium to measure the density of the ouggfiind during saturation of the sample
with xanthan solution. A fraction collector (GilsoRC 203B fraction collector) was also
installed downstream of the density meter in ortercollect samples for subsequent
measurements with a rheometer (Figure 61). Thessitgleand viscosity measurements of the
effluent will be presented in the next section. Pheparation of the fluids was the same as in
the previous experiments (subsection 4.2.3), dparthe use of a different vacuum pump
(Alcatel 2004A) for the degassing step.
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Density meter

Figure 61: Experimental setup used during saturatia with xanthan gum solutions.

Concerning the experimental procedure for Sample® %, the first step consisted in
mounting the sample in the Hassler core holder. sEmple was inserted into a Viton sleeve
and two metallic grids were put at both ends ofdbke so as to prevent detachment of grains.
After that, the Viton sleeve containing the corel #ime grids was mounted in the core holder
and confined with pressurized brine (5000 ppm Natikrounding the sleeve in order to
avoid lateral leaks. In our experiments, the carfient pressure was 20 bars, that was
superior to the maximum pressure loss along theysosample during the experiment and the
continuity of that confinement was ensured by &&il307 piston pump.

Once the sample was mounted and confined, it wagassed using a vacuum pump (Alcatel
2004A) instead of saturating the sample with,Clhen, when a strong vacuum was reached,
the core holder was connected to a graduated buretitaining degassed brine (5000 ppm
NaCl) prepared with filtered water so as to sawrdite sample and then determine its
porosity. The brine-saturated porous medium was Kept at rest during approximately 12
hours. After that, the permeability to brine wasaswred.

The next step consisted in injecting 3 pore voluwfesanthan gum solution with a flow rate
corresponding to Pe = 2000 (intermediate flow ré&d#pwed by a pore volume at the highest
flow rate to be imposed during the experiments (160/h). It is reminded here th@X, is
approximately 2.80°® cnf/s for calculation of the flow rate correspondinglte = 2000 (see
subsection 4.1.3). The density and viscosity ofdbigoing fluid during the saturation of the
porous medium with xanthan solution were continlpuseasured (Figure 61), as will be
presented in the next section. The core holderphased vertically during the saturation and
the xanthan solution (more dense than the bring)imacted from the bottom. Once saturated
with xanthan solution, the porous medium was képest during at least 12 hours.

Then, the QYP) measurements were carried out with the coreehofdhorizontal position
(Figure 62). The imposed flow rate was steepdgreasedand the corresponding pressure
drops were measured at the steady state with ayseesensor (Rosemount 3051 Pressure
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Transmitter). The time allowed for each measuremest optimized in order to minimize the
duration of the experiment, hence reducing polyragntion in porous media while attaining
equilibrium pressures. The range of imposed flotggavas the same for all samples (1000
mi/h to 0.01 ml/h) and the temperature of the las Wept constant at T = 18 °€ 1 during

all the experiments.

Figure 62: Experimental setup used for the QYP) measurements.

4.3.4. Measurements of pressure gradient as a fummb of flow rate

A set of N+1(Q;, VP) raw data were collected in each experiment (AnAgxvith N+1
ranging from 37 to 40. It was decided to impose $aene range of flow rates in all
experiments (except for Sample 1 whose diameteriw&asimes greater). This range of flow
rates was from 1000 mi/h to 0.01 ml/h, i.e. thgyémt technically allowed range. Figure 63
shows the results obtained for each rock sampig.nibted that, apart from Sample 2, the less
the material is permeable, the more the pressseeisoimportant for a given flow rate. Figure
64 shows the same data in a log-log scale in dadaliow a better visualization of the low-
flow-rates region. Some deviations with respedht® general tendency are observed for the
measures at low flow rates. Such deviations aréagygdl in part by the fact that while for
Herschel-Bulkley fluids Q is zero below a minimunegsure gradient due to infinity viscosity
below the yield stress, for real fluids with appdrgeld stress the behavior is not so abrupt as
viscosity tends to a Newtonian plateau at low fl@ates. Moreover, other phenomena have
been reported at these low flow rates, as will tesgnted in the next section.
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a)

Q(mi/h)

)

Q(mi/h)

10 15 20 25 30 35 40
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Figure 63: Experimental (Q, AP;) data obtained from the injection of a) Solution 1through Sample 1; Solution 2
through b) Sample 2; ¢) Sample 3; d) Sample 4; ep&ple 5.VP error: + 0.25% for Q > 150 ml/h,+ 1.25% for 150>
Q >0.62 ml/h,+ 12% for Q < 0.62 ml/h. Q error : + 0.25 %.

Sample 1 Sample 2

Q(mi/h)
Q(ml/h)

AP (bar) AP (bar)

Sample 3

Q(mi/h)
Q(ml/h)

Sample 5

Q(mli/h)

AP (bar)

Figure 64: Experimental (Q, VP;) data. VP error: + 0.25% for Q > 150 ml/h,
+ 1.25% for 150> Q > 0.62 ml/h, £ 12% for Q< 0.62 ml/h. Log-log scale.
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4.3.5. Apparent viscosity compared to effective \@esity

Following the same procedure as in subsection AtRebapparent and effective viscosities of
the yield stress fluids injected in each porousinmadare represented in Figure 65 takfhg

1. The Carreau parameters corresponding to theteteand apparent viscosities of both
solutions are listed in Table 10 and Table 11. Mwuee, the calculated values [pfgiving the
same critical shear rate for the shear thinninggbage presented in Table 12. From Table 10
one can observe that Solution 2 has greater Nearnqgplateau viscosities and n index. This
means that it is more viscous, as already pointéd and slightly less shear-thinning than
Solution 1.

In all cases, £ is greater than n so the apparent shear-thinnghg\or is less pronounced
in the porous media than in the rheometer. Thelereinces are due to apparent wall slip
generated by the presence of a depleted layer thiogere walls, as explained in subsection
4.2.5. Besides, the two samples witk 1 (Samples 2 and 3) are also the only ones lfactw
Ho < Hoapp Moreover, |4 < Hoapp in all cases except for Sampldrbfact, Sample 5 is the less
permeable medium and the only one for whom the Nelh plateau is almost attained at
the highest flow rates imposed during the experisidhis highlighted that previous works in
the literature stated th@t> 1 in sandstone cores (Sorbie 1991). Howeverrahge of shear
rates imposed in the present experiments is unlydaaje, and that seems to have an impact
on the value of3. Also, the polymer solutions have an unusuallyhhapncentration and
viscosity as mentioned above.

Solution K, (Pas) 1, (Pas) A(S) n )
1 732 0.0078 181 0.109 0.43
2 1170 0.0092 347 0.138 0.26
Table 10: Carreau parameters of the solutions injeed through the analyzed porous media.
Sample u-Oapp (Pa S) uooapp (Pa S) Aapp (S) Mapp
1 361 0.020 130 0.177
2 2350 0.064 510 0.175
3 2030 0.024 1450 0.193
4 568 0.038 240 0.200
5 142 0.0063 286 0.249

Table 11: Apparent Carreau parameters obtained for he injection of xanthan gum solutions through the iferent
porous media used in the present study.

Sample B
1 0.72
2 1.47
3 4.18
4 0.69
5 0.83

Table 12: Values offf corresponding to the injection of xanthan gum soltions
at C, = 7000 ppm through the analyzed porous media.
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Figure 65: Apparent (in porous media) viscosity compared to effective (rheometer) viscosity for eachare.

The apparent viscosities using the calculdieaie compared to the effective viscosities in
Figure 66. Also, the range of apparent shear rateach case is listed together with the onset
of shear-thinning in Table 13. As in the precedaxgperiments, it is henceforth possible to

ensure that the scanned shear rates interval ipdheus medium is similar to that in the

rheometer.

4.3.6. PSDs obtained with YSM

The method presented in Section 3.2 was appli¢glaettQ;, VP,) raw data presented in Figure
63 resulting from the injection of Solution 1 thghuSample 1 and from the injection of
Solution 2 through samples 2 to 5. The procedure th@ same as in the preliminary
experiments. The corresponding PSDs expressedns tef relative volume of pore classes
of representative radit, p,(r;), are displayed in Figure 67. Besides, the PSDairndd in the

5 cases are regrouped in Figure 68 for comparigdso, the corresponding” and the
average pore radius predicted by Eq. (2.2) aredigh Table 14. It is remarked that, apart
from Sample 2, these PSDs are coherently arrangiedr@spect to such average pore radius
(Figure 68). Moreovery™ is not permeability-dependent as can be seenbieTal.
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Figure 66: Effective (red) rheology and apparent (geen) corresponding to the injection experiments foa) Sample 1;
b) Sample 2; c) Sample 3; d) Sample 4; e) Sample 5.

Sample 1/ A (S) Ymin(s-l) Ymax(s-l)
1 0.00553 0.00247 109
2 0.00289 0.00363 363
3 0.00289 0.0143 1430
4 0.00289 0.00365 365
5 0.00289 0.0232 2320
Table 13: Onset of shear-thinning 1/A), minimum (ynin) and maximum (y,.x) @pparent shear rate for each porous
medium.
Sample o r (Eq. 2.2) (um)
1 1.2 12.6
2 1.2 6.9
3 1.3 8.4
4 1.2 4.9
5 1.3 1.2

Table 14: Obtaineda”™ and r from Eqg. (2.2).
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Figure 67: PSDs obtained with YSM. a)Sample 1; b)®aple 2; c)Sample 3; d)Sample4; e)Sample 5.
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Figure 68: Comparison of the PSDs obtained with YSM

4.4. Complementary laboratory measurements

Several additional measurements were conductedamllel to those presented in the
preceding section. The goal of these complemertestg is to provide evidence about the
importance of polymer retention, mechanical degiadaand adsorption of the molecules in
the porous media. Firstly, the BTC (breakthrougtveuresulting from the injection of brines
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with different concentrations through the porousdimm is compared to that coming from
injection of xanthan solutions. By this way, andidagng the possible plugging in the very
small pores, comparison of such BTC may give inftion about polymer adsorption and
other possible phenomena. Moreover, the viscositii@effluent during saturation and at the
end of experiments is presented so as to drawiadditconclusions on the polymer retention
and polymer mechanical degradation.

4.4.1. Dispersion tests in porous media

After saturation of Samples 2 to 5 with brine aredobe their saturation with xanthan gum
solution, a dispersion test was performed in ortercharacterize the dispersion of the
injection front through these porous media. Thet t®nsisted in injecting a tracer (brine with
different NaCl concentration) through each porowsiimm and in measuring the evolution of
the fluid density at the outlet. To do so, two N&@hes at concentrations of 5000 and 20000
ppm respectively were prepared. At the initial titkee media were fully saturated with 5000
ppm brine. Then, the 20000 ppm brine was injectedhbans of a piston pump with a flow
rate corresponding to a Pe = 1 (Eq. 4.2) so asuéwmagtee homogeneous fluid penetration,
taking D. = 5 10°m?s. During this injection, the density of the oltgp fluid was
continuously measured with a density meter (AntaarPDMA 512) until the density reached
a plateau value corresponding to the density ofrtjeeted brine (typically after injection of 3
pore volumes). At that time, 5000 ppm brine wa®dted through the 20000-ppm-brine-
saturated porous medium and the density of theiesffl was measured. These BTC are
presented in Figure 69, where D is the densityhefdffluent, R is the density of the influent
brine and 3 is the density of the fluid saturating the porausdium. The pore volume in this
figure represents the total pore volume as detethithrough the saturation procedure
described in subsection 4.3.3 instead of the eWfe@ore volume visited by the tracer.
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Figure 69: Density evolution of the effluent as auihction of the number of pore volumes of tracer ingcted through the
core. The flow rate corresponds to Pe = 1. a) SanegpR; b) Sample 3; c) Sample 4; d) Sample 5.
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The simplified equation for dispersion of a movilhgd in porous media, assuming a semi-
infinite homogeneous isotropic medium with a plaoeirce at z = 0, unidirectional flow,
constant average velocity throughout the lengththef flow path and without any mass
transfer between solid and liquid phases is (OgathBanks 1961):

oC aC 0%C (4.6)

at V% Voz
where C is the concentration of the tracer, z ésltdmgitudinal coordinate) is the average
interstitial velocity,d = Q/ A), andy is the longitudinal dispersion coefficient. Théusion

of Eg. (4.6) in the case of our experiment is egxped as (Ogata and Banks 1961; Sheng
2011):

C—-C, 1 (z - 8t> 4.7)
— =~ —erfc
Cinj—Co 2 yNAL:
with C, being the concentration at t = 0 ang; Being the injected concentration. Given that
densityD is proportional to concentration, we can wH s% = D00 The 7 coordinate

Cinj—Co D¢—Dog
considered is the outlet of the porous medium sd.zAccordingly, Eq. (4.7) is rewritten as:

D - D, 1 <L - 19t> (4.8)
~ — erfc
D¢—=Dy 2 2./t

Therefore, the data presented in Figure 69 wetedfito the complementary error function
given by Eqg. (4.8) with t = (Number of pore volumiegected x pore volume)/Q, thus
obtaining ¢ for each experiment. The resulting fits are presstnn Figure 70 (only the

injection of 5000 ppm to 20000 ppm is presentecbse of symmetry).

The obtained] are listed in Table 15. As can be deduced from Tlaible, Sample 5 (Berea
Sandstone) is the more dispersive medium, which tmaythe consequence of a more

dispersed PSD (Perkins and Johnston 1963). Alsm Eq. (4.8), it can be seen thaEL =

inj—Co
0.5 when a pore volume of tracer has been injectéde sample (Sheng 2011). However, in

Figure 69—

i = 0.5 slightly occurs before a pore volume hasibegcted. It is explained
inj— %0

by the fact that, as already said, the total paeimae has been considered in the axis of
abscissa instead of the effective pore volumeeddity the tracer.

Sample Y (m°/s)
2 1.0 10/
3 3.8 10
4 1.1 10
5 1.0 1¢°

Table 15: Longitudinal dispersion coefficients for eah porous sample in these experiments.
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Figure 70: Measures corresponding to the density elution of the effluent when using a 20,000 ppm Na®rine as a
tracer (blue points) and fit by Eq. (4.8) (pink line). a) Sample 2; b) Sample 3; c) Sample 4; d) Saraf@.

4.4.2. Effluent density measurements during satur&n with xanthan gum
solution

Similar experiments as those presented in the gimegesubsection were performed during
saturation of the porous media with xanthan guratsm (Samples 2, 3 and 5). Each medium
was initially saturated with 5000 ppm brine. Theég xanthan gum solution (Solution 2) was
injected with a flow rate corresponding to Pe = @@% explained before. The resulting
measurements of relative density in the effluefiiGBare presented in Figure 71.
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Figure 71: Density evolution of the effluent as auihction of the number of pore volumes of Solution Znjected through
the core. The injected fluid was Solution 2. a) Sang 2; b) Sample 3; ¢) Sample 5.
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It is noticed that the density of the effluent eittaa stable plateau in all cases. Therefore, it
can be deduced that polymer retention does notsigsificantly over time. Indeed, pore
blocking or formation of a thick adsorption layeowld lead to a large diminution of the
section available for flow and, as a consequemeerdte of polymer retention would increase
over time. That increase of retention rate wouldurn, imply a decrease in the density of the
effluent, which is not observed in our experimemtssides, it is remarked that the error bars
are relatively large because the difference of idghetween the brine and the xanthan gum
solution is only 7000 ppm.

An interesting comparison between the BTCs usingeband xanthan solution as injected
fluids is presented in Figure 72. The position atle BTC with respect to the other one is
determined by the cumulated effects of polymer gutgm, depleted layer and inaccessible
pore volume (see Sorbie 1991; Sheng 2011 for dgtdn the case of Sample 3, the BTC
corresponding to brine saturation is delayed waspect to that corresponding to saturation
with xanthan solution, which may be explained bg #xistence of an inaccessible pore
volume (when dimensions of polymer macromolecuteslade same order as that of the pores)
and a depleted layer close to pore wall. The effe€the preceding phenomena on BTC may
hide those of adsorption. In contrast, for samglesd 5, the BTCs of xanthan solution are
delayed with respect to those of brine, clearlglemcing the existence of polymer adsorption.
Indeed, the amount of adsorbed polymer can be elyamsstimated (assuming linear

adsorption and neglecting inaccessible pore voleffiects) from the difference in pore

volume between both curves when evaluateg—_%t”— = 0.5. This polymer quantity is then
f—vYo

divided by the solid skeleton of porous medium kimgwits apparent density. Xanthan
adsorption is found to be of approximately 240 figaymer per gram of solid for Sample 2
and 90 ug of polymer per gram of solid for Sample 5

For comparison, it is remarked that similar flonpexsments with less concentrated HPAM
solutions through Bentheimer Sandstone have beeducted in our laboratory, leading to
retention of approximately 50 pg of polymer perngraf solid. Other values reported in the
literature are 50 pg/g for HPAM solutions contagipolyacrylate through Berea sandstone
(Mungan 1969),~400 pg/g for HPAM solutions through sandpacks and65 ng/g for
xanthan gum solutions through sandpacks (&¥ail.2014). In anyway, it is noted that even if
adsorption exists, xanthan gum macromolecules lateeried onto the surface so that the
adsorbed layer is thin and its effects on permaglalre often negligible (see subsection
2.3.3), in contrast to HPAM and other flexible polrs. This was one of the main reasons
leading to the choice of xanthan solutions as tegduid in our application.
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Figure 72: Measures corresponding to the density elution of the outgoing fluid using 20000 ppm NaCbrine (blue
line) and Solution 2 (green line) as injected fluis. The samples were initially saturated with 5000gm brine.

4.4.3. Effluent viscosity measurements during satation with xanthan gum
solution

In addition to the density measurements performeohd saturation of the cores with xanthan

solution, the viscosity of the effluent was alsoasiered. For that purpose, a fraction collector
(Gilson, FC 203B fraction collector) was installéownstream of the density meter so as to
collect 4ml fluid samples during the saturationteMvards, the whole lot of fractions was

characterized with a stress-controlled rheometeZRMB02 from Anton Paar).

The viscosity of each sample was measured at tWereit shear rates. In fact, what was
sought with this operation was to study the disgaent of brine by the xanthan solution by
measuring viscosity instead of density. The redolteach porous medium (Samples 2 to 5)
are presented in Figure 73 to Figure 76 togethtr thie viscosity of the injected solution.

It is noticed that a significant increase of visgpsccurs only when more than a pore volume
is injected, in contrast with what was observed density measurements (Figure 73) for
which half of the rise was attained when less thgmore volume had been injected. The
reason is that whereas density is proportionabtaentration, viscosity follows a power law.
As a conseqguence, the increase in viscosity isymem only once the concentration of the
injected fluid in the effluent is close to 100%.

Another aspect that has to be highlighted is thatviscosity of the effluent reaches a stable
value as it happened with its density. Howevess thalue is to some extent lower than the
viscosity of the fluid at the inlet of the porougdium in almost all cases. The explanation of
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this fact is the presence of moderate polymer gdigor that still continues even once a large
number of pore volumes have been injected. Indeedldw final slope of viscosity as a

function of pore volume may reflect the slow adsiorp kinetics produced by continuous

detachment of xanthan molecules in the adsorbedr lapd their replacement by other
xanthan molecules with higher molecular weight (@teeau and Lecourtier 1988).

One can also put forward that retention or mecl#rdegradation may be other sources of
such observation. These phenomena will be furtisrsdd in the next subsection. In any
way, the final value of effluent viscosity duringtsration is very close to the viscosity of the
fluid before injection through the porous media,owimg that polymer mechanical
degradation is not significant.
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Figure 73: Sample 2: viscosity of the effluent atifferent shear rates as a function of the volume dbolution 2 injected
(blue rhombi). The red lines represent the viscositgf Solution 2 before injection through the porousnedia.
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Figure 76: Sample 5: viscosity of the effluent atifferent shear rates as a function of the volume dolution 2 injected
(blue rhombi). The red lines represent the viscositpf Solution 2 before injection through the porousmedia.

4.4.4. Evolution of the viscosity of the effluent aring the different stages of
a typical test

As already pointed out, xanthan gum solutions fltgthrough porous media may experience
retention, adsorption and are subjected to elooigads xanthan macromolecules pass
continuously from pore bodies to pore throats. Aghhflow rates, such elongation may
become so important that macromolecules may bresldtmg in polymer degradation. Also,
some particles detached from the porous mediunbearansported by the fluid, changing its
rheology.

In the preceding subsection it has been seen ththat the density and the viscosity of the
effluent attained a stable value during the satmattage, which shows that in the event of
pore blocking, adsorption or degradation their &fere limited. Moreover, the viscosity of
the fluid at the outlet of the porous medium wagssel to that at the inlet. However, a
completely different situation arose after the vehQVP) measurements sequence. Indeed,
during the QVP) measurements that are exploited with YSM, tlwav frate is steeply
decreased from 1000 ml/h to 0.01 mi/h. One may woifdhe rheology of the outgoing fluid

is still the same after that operation.

In order to answer that question, a 4 ml fractidnootgoing fluid from Sample 2 was
collected after the Q(P) measurements and its viscosity was measurexiatas shear rates,
as presented in Figure 77. For the sake of compsate, the rheology of the fluid entering
the porous medium is also presented in that figAeeit is observed, the outgoing fluid is
clearly less viscous. Such a difference cannoxp&aaed by mechanical degradation, since a
pore volume of fluid at the highest flow rate wagcted during the saturation stage without
producing any decrease in viscosity. In this sulizec we will present successive
experiments that have been conducted so as toiexpé viscosity drop.
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Figure 77: Rheogram of Solution 2 before injectiorompared to the rheogram
of the outgoing fluid after the YSM measurementsn Sample 2.

As a consequence of the results with Sample 2,a8 decided to determine whether the
viscosity drop was due to the imposition of lowwiloates during Q{P) measurements.
Indeed, xanthan gum molecules are not orientelardirection of flow at low shear rates, so
retention is more likely to occur under these ctiads. 12 ml of fluid were injected at the
highest flow rate (1000 ml/h) after the WX) measurements on Sample 3 and three fractions
of outgoing fluid, each of 4 ml, were collected asubsequently characterized with the
rheometer. The results are presented in Figurel'fi8.first 4 ml fraction presents a similar
viscosity drop as that in Sample 2. However, it wasced that by flooding at high flow rate,
the viscosity of the effluent is increased. In effehe second 4 ml fraction was found to be
slightly more viscous than the fluid before injectisuggesting that the retained molecules
were swept when flooding, leading to an increas¢hefconcentration of the effluent and
therefore its viscosity. Finally, the viscositytbe third 4ml fraction was closer to the original
viscosity. Therefore, it can be concluded from #ngberiment that the origin of the viscosity
drop is the polymer retention at low flow rates.

Additional experiments were carried out so as gpoad to the remaining questions. In that
respect, the rheology of the outgoing fluid aftee saturation of Sample 4 was measured.
Besides, another fraction was collected from thdebud2 h later, just before the J®)
measurements, and then characterized with the reteorwithout observing any significant
change in viscosity as shown in Figure 79. After @VP) measurements, 8 ml were injected
at 1000 ml/h and two 4 ml fractions were collectedl characterized (see Figure 79). The
same behavior than in the experiment with Sampl&a8 observed, thus reinforcing the
preceding conclusions.

A similar experiment was conducted with Sample &hwa flushing step of 16 ml at 1000
ml/h after the QYP) measurements. The corresponding results arergessin Figure 80,
confirming the same behavior as in the more perteeahterials. The occurrence of polymer
retention may explain the deviation of theV®] measures at low flow rates from the general
trend as viewed in Section 4.3.4.
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Figure 78: Rheogram of Solution 2 before injectiomompared to the rheograms of successive
fractions of effluent after the YSM measurementsri Sample 3.
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Figure 79: Sample 4: a) rheogram of Solution 2 befe injection compared to the rheograms of the outdag fluid after
saturation of the sample and just before YSM meas@ments. b) Rheogram of the outgoing fluid just befe the YSM
measurements compared to the rheograms of successivactions of outgoing fluid after the YSM measurenents.
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Figure 80: Sample 5: a) rheogram of Solution 2 befe injection compared to the rheograms of the outgag fluid after
saturation of the sample and just before YSM meas@ments. b) Rheogram of the outgoing fluid just befe the YSM
measurements compared to the rheograms of successivactions of outgoing fluid after the YSM measurenents.
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4.5. Modified YSM for laboratory experiments

It was shown in Section 3.3 that the quality of tiiained PSDs was strongly affected by the
presence of random noise in theV®] measures. On the other hand, the precisioneof th
Q(VP) measures at low flow rates was questioned inpileeeding section due to the
existence of polymer retention. Here, we will expla modification of YSM aiming to limit
the effect of noise and polymer retention on thalitpiof the obtained PSDs.

It is reminded that the apparent rheology of a €&arrfluid (or a pseudd yield stress fluid)
flowing through a porous medium can be represeyediefining an apparent viscosity and an
apparent shear rate (Eqs. 2.41 and 2.42). Moretlveryalues o3 corresponding to each
experiment were calculated in the preceding sestidherefore, it is possible to transform the
Q(VP) data intqu,p, (Vapp) data and then fit these data to a Carreau model2E5). This is
shown in Figure 81 and Figure 82 for the experimemesented in Sections 4.2 and 4.3
respectively.
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Figure 81: Apparent viscosity as a function of thepparent shear rate resulting from experiments
presented in Section 4.2 (red points) and fit to €arreau model (blue lines).
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Figure 82: Apparent viscosity as a function of thepparent shear rate resulting from experiments presnted in
Section 4.3 (red points) and fit to a Carreau modglblue lines).

It is observed that the quality of these fits iso@o so the apparent viscosity is well
approached by a Carreau model. Besides, the nlaxiorecan be obtained from Egs. (2.15),
(2.41) and (2.42):

n-1 (4.9)
Q BN
VP = KA Il + <A_\/E Q) l (P-Oapp - Uooapp) + Hooapp

Therefore, it is possible to use the precedingticeiao fit the QYP) measures, as shown in
Figure 83 for one of the experiments (see AnnerrBHe other experiments). One can obtain
smooth QYP) data through evaluation of this continuous fiom;twhich will reduce the
effects of random noise. Moreover, this fit willroect the measures corresponding to low
flow rates that are affected by polymer retentind do not follow the general tendency.

The smooth Q{P) data resulting of this fitting step as well las PSDs calculated from them
through application of YSM are presented in AnnexN\Bvertheless, it has to be noted that
this modified YSM has not been fully assessed caieg the exploitation of smooth data to
obtain the PSD. Therefore, only the PSDs calculatedhe preceding sections will be
considered for further analysis in this work.
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Figure 83: Measured pressure gradient as a functioof flow rate (blue points) and fit (blue line) coresponding to the
experiment at G, = 7000 ppm presented in Section 4.2.

4.6. Conclusions

On the basis of preliminary experiments, an expenital procedure to characterize the PSD
of porous media with YSM has been proposed in thspter. The fabrication and
characterization of these solutions have beenlddtand it has been shown that by using a
simple experimental setup one can obtain the Y@) measures needed to characterize the
PSD of a core with YSM.

A first set of experiments consisted in injectimgefxanthan gum solutions with differen C
through analogous samples of Al1l0 sintered silicateerefore, the rheograms of these
solutions have been obtained and fitted to a Hetdghlkley model for each  The Q¥P)
measurements resulting from the injection of thH#edknt solutions have been used to
calculate the corresponding PSDs with the presemthod, showing that higher
concentrations lead to PSD which are closer toetliesiuced from MIP. Moreover, the same
Q(VP) measurements have also been used to charadtexiapparent viscosity in each case.
This apparent viscosity represented as a functi@napparent shear rate has the same form
as the effective one, but presents a less prondustuear-thinning behavior due to the effects
of apparent slip. Also the influence of the ran§®amnp has been studied.

In Section 4.3., we have presented several floneexgents which consist in injecting
xanthan gum solutions with,G= 7000 ppm through different types of porous mediae
special features of these experiments, namelyahger of flow rates, the high concentration
of the solutions and the range of permeabilities permitted to analyze new aspects of the
apparent rheology (e.g. the connection betwand the range of Q). The ®) measures
have been exploited so as to obtain the PSDs ofdhneples, resulting in PSDs that are
coherently arranged with regard to the averageisaetimated from Eq. (2.2).

It has been remarked that the valuexbprovided by the E-criterion presented in Secticgh 3
is almost constant for every experiment. Its valioesll concentrations and all porous media
considered are comprised between 1.2 and 1.4.
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Another series of experiments aiming to evaluae ithportance of polymer adsorption,
retention, mechanical degradation and other facffecting the rheology of the fluid have
been carried out and exploited. We can concludedhen if polymer adsorption has been
observed, its effects are not expected to be ilmpbihsomuch as the rigid macromolecules
are flattened onto the pore surface and the demsitly viscosity of the effluents attain a
plateau value during saturation. Mechanical dedrawnlehas been shown to be negligible
given that the viscosity of the effluent is onlyghtly inferior to that of the fluid before
injection. That small difference can be due to matéeretention. The most important issue
concerns polymer retention at the lowest flow rateben the macromolecules are not
oriented in the direction of flow.

Finally, a Carreau-type fit has been presented thighobjective of providing smooth (JP)
data and reducing the impact of random noise ahgn@y retention. This fitting function has
been shown to correctly adjust W) measures, which was not achieved through thetuse
polynomials. However, the potential of the modiflé8M may be much more important than
what has been presented here. In particular, thsilpbties offered by a continuous function
that can be extrapolated to flow rates that cabeaimposed with the current equipment are
promising, but would demand a specific study tdubg assessed.
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5. Comparison of YSM with other porosimetry
methods

We have seen that PSD is an elusive characteoisporous media whose definition depends
on the method used for its determination. Neveed®l a comparison between methods is
presented here with the purpose of explaining sdifferences in how the results provided by
each technique should be interpreted. Moreover,irtftgmation that one can obtain from
each method will be illustrated through this conmgar.

5.1. Results obtained by Mercury Intrusion Porosimey (MIP)
and comparison with those of YSM

Given that MIP is the reference porosimetry methbdhakes sense to begin this chapter by
comparing the results of YSM with those deducednfmdlIP. Different materials will be
analyzed with both techniques and the resultsrimngeof PSDs and capillary pressure curves
will be compared. Moreover, we will present a testheck whether the cores characterized
with YSM are reusable.

5.1.1. PSDs obtained by MIP

In the preceding chapter, five different materiakre analyzed with YSM. Subsequently, an
analogue sample of each material was charactebyeIP with an automated mercury
porosimeter (Autopore IV 9500 v1.09, MicromeriticBhotos of some of these samples are
displayed in Figure 84. Besides, Figure 85 andrei@6 show the results obtained from MIP
in terms of PSD for all these materials. As cambsgerved in this figure, although most of the
pore volume is composed of pores whose size ikarrdnge 1 - 40 um for all samples, the
PSDs of these porous media are sufficiently diffete be distinguished.

The extrusion cycle is not considered here anthallPSDs come from the injection test. All
the presented PSDs result from direct applicatioBg (2.10) with a contact angle of 140°,
which is a commonly used value (Giesche 2006)s ltvorth noting that more elaborate
exploitation methods are often used to deduce PfEiws MIP tests. Nevertheless, they
require additional information supplied by othecheiques. Therefore, a basic exploitation
method is preferred here in order to avoid any kmpentary input. In any way, it is essential
to recall that the PSDs obtained by MIP are mas#ysitive to the radii of the largest
entrances or openings towards the pore volumes.
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Figure 84: Some of the samples characterized with .
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Figure 85: PSDs obtained with MIP for the 5 materi¢s analyzed in this work. a) Sample 1; b) Sample Z) Sample 3;
d) Sample 4; e) Sample 5.



5. Comparison of YSM with other porosimetry methods 121

0.9
0.8
0.7
0.6
=>&=Sample 1
=05 P
~ =>&=Sample 2
o 04
03 =3&=Sample 3
0.2 =>&=Sample 4
0.1 ) =>&=Sample 5
0 4
0.001 0.01 0.1 1 10 100
ri (um)
0.9
0.8 T\
0.7 \
0.6
— \ =>&=Sample 1
~—05
~ \\ =>&=Sample 2
o 0.4
03 3 \\ =3&=Sample 3
0.2 \ =>&=Sample 4
0.1 )( =>&=Sample 5
0
1 10 100
ri (umy

Figure 86: Comparison of the PSDs obtained with MIFor the 5 materials analyzed in this work.

5.1.2. Different representations of a PSD obtainedith MIP

Different ways to represent the PSD coming fromea &f MIP measures may lead to
contradictory conclusions. To illustrate this, wél wonsider the case of the MIP measures
obtained with a sample analogous to Sample 4 (&g Sandstone). The raw data, i.e.
imposed pressunrgersusmercury saturation, are presented in Figure 8@.dbntact angle of
140° is assumed, the cumulative percentage of dhene corresponding to each pore radius
is shown in Figure 88 (the pressure-to-radius foangation is given by Eq. (2.10)).
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Figure 87: Mercury saturation in the porous mediumas a function of the applied pressure during the MP test with a
sample analogous to Sample 4.
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Figure 88: Cumulative percentage of the volume cogsponding to each pore radius. This curve representhe
percentage of the pore space (in volume) which i®mposed of pores whose radius is greater than thdassa value. It
corresponds to a sample analogous to Sample 4.

An important element to note is that the densitglaa points in the smaller pores region is
much greater than that of the larger pores regimueed, while the difference of radii is of
almost 170 um between the first and the seconduneathat difference is of only 0.2 nm in
the end limit of the interval. Consequently, thelabilities corresponding to pore classes
defined as; = —20cos6/P;, where Ris the imposed pressure for each measure, wilelog
low for the smallest pores since the density of susaments is very high. The PSD
corresponding to the classes so defined is presemtéigure 89. Analyzing that PSD, it can
be incorrectly concluded that there are almostarepwith radii below 4 pm.

However, if equidistant pore classes are defineel [ RSD presented in Figure 90 is obtained.
It is evident now that there is a significant prdfmm of pores whose radius is inferior to 4
pm. The PSDs resulting from definition of equidndtpore classes for the other materials are
presented in Figure 91. Moreover, the choice deght values of the contact angle will shift
the resulting PSD, as shown in Figure 92 for Sample
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Figure 92: Effect of the choice of the contact anglen the obtained PSD for a sample analogous to Salapt.

5.1.3. Comparison of the PSDs obtained by YSM and IH.

PSDs obtained through different techniques caneotlibectly compared due to two main
reasons. The first one is that, as already explaithe represented pore dimension depends on
the considered technique. The second one is thgidte classes obtained in each case are not
the same. In our particular comparison, the dipeee classes are ¥ —2ocos6/P; for MIP
whereas they are defined as= a*2t,/VP, for YSM. Consequently, a preliminary step when
comparing PSDs of both methods consists in caloglahe equivalent probabilities for the
same classes. Figure 93 shows the PSDs suppliddiByand YSM for the 5 materials
analyzed here. The PSDs obtained by YSM have bdspted to correspond to the same pore
classes represented by MIP.

It is noticed that the YSM vyields smaller poresnthIP. However, PSDs from YSM are
correctly arranged when compared with MIP resudicépt for Sample 2) and their shape is
Gaussian in both cases. Furthermore, Eq. (2.29ad to determine the average pore radius of
a bundle of capillaries. This average pore radias then calculated and compared with the
average radius obtained by MIP and YSM for our daes)pms presented in Figure 94. YSM
average radius is always closer than MIP averadjasdo the one predicted by Eqg. (2.2). The
reasons will be discussed in the next chapteradh, there is very good accordance between
YSM average radius and the average radius preditdeq. (2.2), apart from Sample 2 and
Sample 5 (whose measure of K may be affected bylisg®f clays), which is not the case
for MIP.

5.1.4. Capillary pressureversus saturation for MIP and YSM

Capillary pressure (P is one of the most commonly quantified propertiedien
characterizing a core of porous medium in the petra industry. In fact, Pcontrols the fluid
distributions in a reservoir rock and affects a@kcaovery. In laboratory experiments, the
capillary pressure curve is obtained by displa@ngetting fluid with a non-wetting fluid and
representing the saturation of the rock with the-netting phase, as a function of the
imposed pressure. The most used methods to metmuE@pillary pressure curve are MIP
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and centrifugation (Tiab and Donaldson 2004; CA€R8). In the case of MIP the couple of

fluids are mercury and air.
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Figure 93: PSDs obtained with YSM compared with thee obtained with MIP for the 5 materials. a) Sampld; b)
Sample 2; ¢) Sample 3; d) Sample 4; e) Sample 5.
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Figure 94: Comparison between the average radii obined using YSM, MIP and Eg. (2.2).

Figure 95 presents the capillary pressure curvesddh MIP and YSM, where S is the
percentage of saturation in non-wetting phase (amgyclt has to be borne in mind that while
this R(S) curve is directly measured in MIP tests, ibidained by transforming the PSD in
the case of YSM. The procedure for YSM consistassociating a /o each pore size class
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through application of Eq. (6.1). Then, the satarais calculated through the cumulated
volume probability for each pore size class (E):6.

B 2ocos0 (6.1)
Pci = _I‘—i
6.2
S(Pci) = Z py(ri) (6.2)
vri2 ZO'C:.SO

0 is assumed to be 140°, ands the surface tension of the mercury-air coupée,0.485 N
-l
m" at 25°C.

2) p_(MPa) b) P (MPa)
t : : — : : : : L : :

olErLﬁ

0.01

L S(%)

10 20 30 40 50 60 70 8 90 100 100 20 30 40

S(%)

50 60 70 8 9 100

© P, (MPa) d P (MPa)
1000 T T 7 T 1000 —

S(%)

10 20 30 40 350 60 70 8 90 100 S(%)

10 20 30 40 S50 60 70 80 90 100

€ P.(MPa)

1000

S(%)

10 20 30 40 50 60 70 80 90 100

Figure 95: Capillary pressure as a function of thesaturation of mercury measured with MIP compared wth those
calculated from the PSDs obtained with YSM by usin@ = 140°, ands = 0.485 N .

By considering the consequences of directly transifog the PSDs obtained with YSM into
P.(S) by using this procedure one can draw the falgveonclusions:

- The pore size classeg calculated through YSM are intimately linked toeth
constrictions of porous media. In effect, the mdtie based on the measureAd?,
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which is dominated by pore constrictions. Therefone consider here in first
approximation that the flow of a yield stress fltimough a pore will occur only when
the pressure gradient is high enough to produce ftoough a cylinder having the
same length as the pore and the same radius aerikgiction.

- As a consequence, when using Eq. (6.1) to obtgin iB implicitly assumed that the
whole pore volume will be only saturated once thpliad pressure is greater than the
one required to penetrate its narrowest constrictio

- Hence, the capillary pressure corresponding tovangsaturation must be greater in
the case of YSM than in the case of MIP. It is schtcally shown in Figure 96,
where an idealized porous medium with only threeepas considered. For the same
reasons, PSDs calculated from MIP yield larger ptinan those resulting from YSM.

MIP YSM

Figure 96: Representation of an ideal porous mediurwith only 3 pores showing the interpretations of aturation by
both methods. Grey regions represent the solid volme. Non-grey regions represent the volume of the pes saturated

. . 26c0s0 206c0s0 20c0s0 .
with a capillary pressure of P, = — === (green),P,, = ——“t‘" (orange),P., = — === (red) in each case.
2

rp r3

Returning to Figure 95, it is remarked that fortatse materials there is a critical value of P
above which S increases abruptly. This criticaleamneasured by MIP is of the same order,
although lower than the one calculated from PSsided by YSM. It is consistent with the
arguments above. Besides, while in MIP capillargsgure curves a further increase pfsP
needed to attain the highest saturations afteplditeau, this is not the case for YSM. In fact,
these high capillary pressures are due to the sstadbres, which are not scanned with YSM.
The reason is that their analysis with YSM wouldjuiee the imposition of very high
pressures and flow rates which are not possible thi¢ current experimental setup. In fact,
mercury porosimeters contain a number of pressemeass adapted to the several orders of
magnitude of pressure imposed during a test.

In view of the objective of replacing MIP for; BFletermination, it is important to obtain
relationships between the PSD delivered by YSM thedR curve. It implies finding a link
between the pore radius classes obtained with YBd#/tlae pore radius classes associated to



128 5. Comparison of YSM with other porosimetry methods

the pressures needed to saturate a porous meditlmawon-wetting fluid. A first approach
to achieve that objective is addressed here. Lebaggn by assuming as before that the
pressure drop along a percolating path is locatetusively in its narrower constriction. In
this case, we can notice that the PSD (in numbdrrant in volume) delivered by YSM
represents the numbey of percolating paths whose narrower constrictias & radius;. The
total number of percolating paths Y$n;. However, the volume of the constrictions is not
representative of the whole volume of the percotptpaths, s@;n; mr? < emR2. Let us
assume now that all percolating paths have the samene, which are completely contained
in “pore bodies” of length L whose volumesknR?/ ¥}; n;. Therefore, the radius of the “pore

bodies” will bery,qy, = y/€R?/ ¥;in;. A percolating path whose pore body radius,g, and
whose minimum constriction has a radiyswill be saturated with a non-wetting fluid at

pressures ranging fro(rr ch—ose> to (—26(;—059) As a first approximation, we consider that a
body i

percolating path will be saturated with non-wettithgidd when pressure of—(ri%(y’i?i)
2

applied. By taking into account these consideratimme may transform the PSDs obtained
with YSM in its equivalent “Capillary-pressure PSSy using the next expressions:

. _ Tbody tTi (6.3)
=7
— N 4
p(r;) = Z_;l (6.4)
111

where t; is the “capillary-pressure-equivalent” pore radilass andp(r;) its volume or
number equivalent probability.

The “Capillary-pressure PSDs” corresponding to ekperiments performed in Section 4.3
and their resulting Pcurves are presented in Figure 97 and Figure g8tter with MIP
results. Good agreement is found between both rdsthespecially for natural media
(Samples 3-5). In particular, the horizontal plateaf F., is well predicted. Further
information can be obtained through interpretaidrthe PSDs obtained by YSM. Indeed,

Y.in; is an estimation of the total number of percolgatpaths and = ZiMi%i is the average

inj
constriction radius. Therefore,,q,/T can be used as an estimator of the pore to tisipat
ratio (listed in Table 16).

Our assumptions will be more realistic in the catere the pore to throat size ratio is high
because we have supposed that all the volume tsioed in the bodies and all the pressure
drop is produced by the constrictions. It is effexdly observed that better agreement between
MIP and YSM is found when the pore to throat se#oris high. In anyway, it is only a basic
interpretation and further analysis will be reqdi® as to provide reliable relationships by
using other means.
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Figure 97: Capillary-pressure PSDs deduced from YSMorresponding to a) Sample 1; b) Sample 2; ¢) Sarep3; d)
Sample 4; e) Sample 5 compared to the PSDs delivaray MIP.
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Figure 98: Capillary pressure as a function of thesaturation of mercury measured with MIP compared wth those
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Sample Pore to throat size ratio

1.26

1.19

2.10

2.7

G WIN|F

4.20

Table 16 Pore to throat size ratio calculated usinySM.

5.1.5. Are the samples of porous media analyzed WiY SM reusable?

As indicated in subsection 2.1.4, one of the méwwvg of MIP is that residual mercury
remains trapped in the analyzed porous medium afterst. Consequently, the question is
whether an YSM test alters the internal structuréhe porous sample or not. In order to
answer that question, the following procedure vadi®ved: two typical YSM tests as those
described in Section 4.3 were conducted on a saaff@®rea Sandstone and in a sample of
Aerolith A10 respectively. After the test, the Alilo A10 was flushed with more than 20
pore volumes of demineralized water so as to rentlegexanthan gum solution from pores.
Then, the Hassler core holder was disassembledhancbre was extracted and placed into a
laboratory oven for 24 hours at 80°C. Flushingightilow rates with water was not possible
in the case of Berea sandstone because of highagedgoressures (low-permeability core).
Instead, the Hassler core holder was directly devabled and the Berea sample was cleaned
up by using a solvent extractor (Dionex™ ASE™ 3&adlerated Solvent Extractor, Thermo
Scientific). Once cleaned, it was also placed ataboratory oven for 24 hours at 80°C. After
the drying stage, the cores were placed into acdair for 6 hours. Finally, a MIP analysis
was performed on each sample and the obtained R®Escompared to the PSDs of native
cores (see Figure 99).

It is noticed that no significant modification dfet PSD obtained by MIP is produced after
performing YSM tests on the samples. This suggésiisthe samples may be reusable in an
experiment aiming to characterize the PSD.

a) 05 b) 03
045 T T
- 04 A0.25 T
£ g
2 035 2 02 +
2 o3 2
= =
E 0.25 E 0.15 +
g o2 g
8015 ® o1
e e
& 01 & 005 4
0.05
0 S 0 -
0001 0.01 0.1 1 10 100 1000 0001 0.01 01 1 10 100 1000
Pore radius (um) Pore radius (um)

Figure 99: PSDs corresponding to the same sample @drous medium before (blue continuous line) and &r (black
dashed line) performing an YSM test with it. a) AlGsintered silicate; b) Berea Sandstone.
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5.2. 3D microtomoqgraphy

Two of the materials analyzed with YSM in the piciog chapter were also studied with 3D
microtomography at the CSTJF (TOTAL S.A.). Here, wi#t present some images of these
materials as well as a first analysis aiming toudedtheir PSDs. However, it should be
recalled that obtaining PSDs from micro tomographige a complex task, as explained in
Chapter 2. Therefore, only a crude exploitationl wi¢ presented with the objective of
drawing general conclusions about the advantageéslewbacks of this technique. Also, the
obtained results will be compared to those commgfMIP in terms of PSDs and capillary
pressure curves.

The porous media analyzed were an Al0 sinteredatdliand a Berea Sandstone. The
dimensions of the samples were approximately 8 nfirdimmeter and 15 mm of length.
During the experiments, a big set of 2D imagesesmponding to different slices along the
axis of symmetry of the core were obtained withXaray microscope (520 Versa, Carl Zeiss
X-ray Microscopy). It is worth recalling here thiese images represent a volume (with a
depth of 1 pixel) even if they are called 2D imadassimplicity. Afterwards, 3D images
were also constructed in both cases from combinatidhese 2D views.

5.2.1. Analysis of single 2D images obtained withianotomography

A first image of the A10 silicate was obtained wilie full section of the sample in the field
of view (Figure 100). Its resolution was 4.29 umébi No filtering was used in that image.
From the observation of the image one can deduateirthspite of dealing with a synthetic
rock, the pore space is far from being composeégilar forms. Also, small pores cannot be
observed at that resolution. Consequently, andthage (Figure 101) was taken at higher
resolution (3.2@m/pixel) from a (3 x 3 x 6) mfvolume. As explained before, grey pixels
represent solid matter whereas black pixels coomdpo void space. However, the color
range is wide and it is not always evident to me distinction in a raw image. Therefore,
the image was segmented by defining a grey levekhold, giving the binary image shown
in Figure 102. As already stated in Chapter 2 ed#ift criteria can be used to define the grey
level threshold, so the resulting binary imageamewhat arbitrary. Then, it is possible to
calculate the porosity from a 2D binary image byrdng the number of void pixels over the
total number of pixels. This provides a first egttran of the porosity of the sample which
does not take account of heterogeneities alongxfseof the sample. The porosity calculated
from the A10 image was approximately 45%, which whase to the porosity as previously
measured by other means.

A 2D image obtained for Berea Sandstone with aluésa of 1.5um/pixel is presented in
Figure 103. An important feature of this imagehs presence of large white regions whose
nature is not easy to determine but that probatyespond to clays. Indeed, Berea Sandstone
is a natural porous medium with more constituehéntthe A10 sintered sandstone. Figure
104 shows the result of choosing different greyeldlresholds to filter the raw image and
noticeable differences are easily visible betwe@th bimages. Moreover, the porosity
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corresponding to each grey level threshold is ficantly different, as indicated in the legend
of the figure. Also, these porosities were infetimithe porosity measured in our experiments
(close to 22%), indicating that a part of the pa@yos not seen in the image because of its
limited resolution.

1000 pm

Figure 100: Microtomography of the sintered A10 sitate with the full section of the sample in the éld of view. 4.29
pm/pixel resolution.

Figure 101: Microtomography of the sintered A10 sitate with higher resolution (3.2@m/pixel) from a (3 x 3 x 6) mni
volume.
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200 pm

Figure 102: Segmented image of the sintered A10is#te resulting from the image presented in Figurd01. Red color
corresponds to solid matter whereas black color coesponds to void.

Figure 103: Microtomography of the Berea Sandstonwith a resolution of 1.qum/pixel.
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Figure 104: Binary images corresponding to the sameriginal image. Different grey level thresholds wee chosen in

each case. The resulting porosities are 17% for thHeft image and 8% for the right image.

5.2.2. Comparison of the PSDs obtained with microtbography to those

obtained with MIP.

Calculation of the PSD from a 2D image is a compésk. The basic and simple procedure
followed in this section is described here: fitsie binary image was analyzed with the free
software ImageJ so as to determine the isolateapgroontaining only black pixels in contact
(void space), labeled as particles. Then, the heitsn particles were filled with the protocol

sketched in Figure 105. Afterwards, the area tistion of the particles was calculated. In
this simple procedure, the pore size classes wacallated by assuming circular particles, so

the radius of a given particle i&r\/%, with A, being its area. The left image of Figure 104

was analyzed as explained, providing the PSD iquieacy terms (number of pores with a
given radius divided by the total number of porekjch is shown in Figure 106.

It has to be noted that the most frequent pora cadrespond to the minimum resolution of
the image, suggesting that smallest pores are e&t 81 the image because of resolution
limits. This PSD was expressed in terms of volume s displayed in Figure 107 together
with the PSD obtained with MIP for comparison. Anportant difference between the pore
sizes given by each technique is thus evidenced.Pl3Ds coming from images of the pore
space, such as those obtained by microtomograppyesent the “optical” dimensions of all
sections contained in the image. Therefore, botistrmtions and pore bodies are considered
in contrast with MIP method which is more sensitivgoore throats, demonstrating that PSD
determination is method-dependent. These resulezagth those previously presented in the
literature for other imaging methods, e.g. thosesented in Figure 108 (Dullien and Dhawan
1975). In fact, the PSD resulting from MIP are fiosied in the “left tail” of the PSD derived
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from microtomography just as the PSDs obtained wi8M overlap the “left tail” of the
PSDs coming from MIP.
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Figure 105: Protocol to fill the holes within the @rticles and to refine their edges: The original biary image a) is
analyzed so as to determine the edges of the palés through the “Find edges” command of ImageJ. Thastep results
in image b). Then the command “Skeletonize” is app#id so as to reduce the edges of the elements totwidf a single
pixel, resulting in c). Finally, the “Fill holes” command is used, obtaining the image d).
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Figure 106: PSD in frequency (not in volume) for te 2D image of Berea Sandstone.
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Figure 107: PSDs obtained from the 2D image (micromography) of Berea Sandstone compared with the PSD
delivered by MIP.

1

n SAMPLE + CLEAR CREEK 118 (FWP)

N~ MERCURY POROSIMETRY CURVE
PEAK 8 microns

o

PORE VOLUME DISTRIBUTION, [ xm] x10

O==0 PHOTOMICROGRAPHY CURVE
(SPHERE MODEL)

""':.""WMMM’ g » WP MDA .
] 20 40 0 80 - -

D or De, um

Figure 108: Comparison of the PSDs from MIP and fran photomicrography for a sandstone (Dullien and Dhavan
1975). D is the pore diameter.

5.2.3. Analysis of 3D images obtained with microtoography

Up to now we have focused on the analysis of 2Dgesaobtained from microtomography.
Nevertheless, a 3D image can be reconstructed éambination of the acquired 2D image
series. The information provided by a 3D image @encomplete and representative of the
sample. Figure 109 shows the PSD obtained from &otomography of the A10 sintered
silicate compared with that obtained by MIP. Thi8OPwas provided by TOTAL S.A. and
obtained following a procedure similar to the piho®e proposed by Sheppagtial. (2005).
Two different PSDs are presented: Pore Throat &imdribution and Pore Body Size
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Distribution. It is observed that the Throat SizistBbution is in good agreement with MIP,
even if the smallest pores are not observed usimgotomography. It is essential to
understand that different definitions of pore I¢adlifferent PSDs for microtomography. It is
clear that in the most basic version of MIP, PSBgresent the size of the constrictions
(throats) that permit access to a given portiothefpore volume. That happens because MIP
PSDs are obtained from,(B) measurements. One can notice that in the PlreaT Size
Distribution from microtomography presented in kgl 09, the pore geometries have been
defined in such a way that they reproduce the tedubm MIP, at least for the material
considered here. That implies that the resultin® Sconvenient to calculate,(8) curves.
Other definitions of pore would indeed result imgetely different PSDs.
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Figure 109: PSDs of the A10 sintered silicate obta@d using MIP compared to those obtained using
microtomography.

Further information may be obtained from 3D micombgraphies. As an example, the
tortuosity distribution for the analyzed A10 silieas presented in Figure 110. Tortuosity is
defined here as the total length of the throatddigl by the Euclidian distance between the
centers of the pore bodies. The mean value ofdsitlyiin this case is 1.13. It is reminded
here that tortuosity has been ignored in YSM. let,féortuosity would reduce the effective
pressure gradient, which will entail increasingpofe sizes in the obtained PSD. In this case,
the calculated pore sizes should be multiplied HyB1resulting in a PSD closer to that of
MIP.

0 0.5 1 1.5 2 2.5 3
Tortuosity

Figure 110: Tortuosity distribution of the A10 sintaed silicate obtained from microtomography.
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5.2.4. Capillary pressureversus saturation for microtomography, MIP and
YSM

As already done in subsection 4.3.4 dealing wittMy 8e R(S) curves corresponding to the
Pore Throat Distribution obtained by 3D microtorreqgry have been calculated and are
presented in Figure 111. Good agreement is fouddam the critical pressures in both
cases. Smallest pores are not observed with tbmitgue, so the final increase in pressure
needed to attain the highest saturations is naligiezl as happened with YSM. However, the
reasons of that behavior are different. Indeed llgmoaes are not observed with tomography
because of resolution limitations while higher floates imposed in YSM experiments should
allow us to scan these pores. And even if thealizke xanthan molecules in the fluid and the
slip effects are limiting factors in YSM, xantharolecules are highly oriented with flow at
the highest flow rates.

In any way, what can be concluded here is thatatoonography is a useful technique to
characterize ¥S) provided that the definition of pores is appiaje. Nonetheless, this is
precisely the unanswered question (in spite ofnepeogress): how to define pores so as to
reliably calculate the petrophysical properties ioterest (permeability, &5), etc.).
Plougonven (2009) studied the relations betweenmgéical parameters of the porous
microstructure extracted from micro tomographiesl germeability to produce a pore
network that can be used in numerical simulations.
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Figure 111: Capillary pressure as a function of thesaturation of mercury measured with MIP compared wth those
calculated from the PSDs obtained with microtomogrphy by using® = 140°, ande = 0.485 N .
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6. Discussion, conclusions and prospects

Yield Stress fluids Method (YSM) includes some asgtions and modelling that have not
been fully discussed so far. This final chaptewvmtes the occasion to address in more detail
some of the questions previously exposed. Moredusl conclusions will be drawn from
the results presented in this thesis and the goekelfor future work on this topic will be
proposed in the last section.

6.1. Discussion

Three main issues will be treated here: the pertieeof the bundle-of-capillaries model in
YSM, the appropriateness of the Herschel-Bulkleydetdo approach the rheology of real
yield stress fluids and the definition of pore simeolved in each porosimetry method. This
discussion takes up again some of the ideas pezkénta recent paper of Rodriguez de
Castroet al. (2014).

6.1.1. Concerning the modelling of the pore space

Let us begin by recalling that, as stated in sac#id .2, the geometry of the pore space is so
complex that any description implies the introdoictof assumptions and simplifications. In
effect, real porous media are of course not bundiesapillaries and it is obvious that this
model is not the most realistic one and is theeefanable to take into account nonlinear
opening up of pores especially in the vicinity bétyield pressure gradient (Balhaf al
2012). This is the result of a complex percolapattern only predictable by solving the pore-
level physics (Balaet al. 2011). The use of more complex models for poroadiansuch as
pore networks would imply the necessity of knowingre details regarding the pore
geometry and connectivity (coordination numberepoody-to-pore throat aspect ratio, etc.).
This information is not available unless other teéghes such as microtomography and image
analysis are used, as has already been emphagizatidr authors (Rouqueret al. 2012).
Moreover, in simulations with pore networks a laftg#t finite value of the viscosity is
considered so as to emulate the yield stress (Stxl0; Talon and Bauer 2013). Despite
recent efforts to simulate yield stress fluids flthwvough pore networks (Sochi and Blunt
2008; Balhoff and Thompson 2004), resolution of gwe-level physics is not possible
without knowing ‘a priori” the pore topology.

The way to extend the present method to more reptasve models of pore space is to
develop a relationship between the applied presguagient and the pore radius class joining
the flow at this pressure gradient. In the casa dundle of capillaries, this relationship is
given by Eq. (2.33). Other relationships could twenid for pore networks through simulation
as suggested by the results of Sochi and Blunt§R0the goal of the present work was to
propose a simple method that allows determinatibnepresentative PSDs of real porous
media without any input of topological parametessning from other techniques. Besides,
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without “a priori” knowledge of the structure, some geometrical patars can be assumed
fixed and an iterative process can be imaginedh®determination of their value.

Finally, and as explained previously, the bundlecapillaries is also used in mercury
porosimetry, so the present method will be at mMosty” as bad as mercury porosimetry

concerning the representativeness of pore morpkolog

6.1.2. Concerning the rheoloqgy of the fluids used ithe experiments

Concerning vyield stress fluids, they are generathynplex media in which the dispersed
objects are not negligibly small compared with destl pores. So even if concentrated
monosized emulsions can be considered as gooddzdeslj the minimum pore size that can
be probed is typically of a hundred nanometers (NMabt al. 2000). Also, it is noticed that
yield stress fluids such as Carbopol dispersiosiartiet al. 2004; Kimet al. 2003; Tiuet al.
2006), alumina suspensions (Zhu and Smay 2011;taHiea al. 2010), or bentonite
suspensions (Ambrose and Loomis 1933) are not memoded because of their inherent
thixotropy and viscoelasticity. Besides, other diiithan xanthan gum solutions should be
used to investigate porous media whose pore siz®fathe same order of magnitude as
xanthan gum macromolecules in order to avoid ptugging phenomenon.

As presented in Chapter 2, some authors stateyigdtstress does not truly exist and is just
an idealization due to limited measurement timed knw experimental resolution. Long
measurement times allow to observe a continuougase in viscosity at the lowest flow
rates, as argued by Mgllet al. (2009) and verified for the fluids used here (Fegil2).
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Figure 112: Evolution of the viscosity of Solution 2ver the time for a shear rate of 0.5 Pa (below éapparent yield
stress). It is noted that no upper limited is attaied after 1000 seconds.

Careful inspection of the rheograms of xanthan gattions at low shear rates shows that,
strictly speaking, there is no such yield stresatstne involved time scale it is reasonable to
consider that the rheology of xanthan gum solutisrisetter represented by a Carreau model
featuring a low shear viscosity plateau. Howeverd as it has been put forward before,
unfortunately no rigorous analytic relation expnegsQ versusVP in a capillary can be
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obtained for this kind of fluid. Therefore, the usfean asymptotic rheological law (truncated
power law) should result in errors of the same oaelarger than those introduced using
Herschel-Bulkley model to fit the rheological dakdoreover, to apply this model in the
present method, it is necessary to define a “aflitiziscosity above which a particular pore
size class contributes only negligibly to the olleifaw, and such “critical” viscosity would
be analogous to a pseudo-yield stress. In any wag, important that the shear-thinning
character of the used fluid is sufficiently pronoed so that the fluid can be assimilated to a
yield stress one (Sochi 2010). To our knowledges th best accomplished in the case of
concentrated solutions of rigid polymers.

6.1.3. Concerning the apparent viscosity of the uddluids

In this work, as in the literature (Sorbie 1991 has been observed that the apparent viscosity
of xanthan gum solutions flowing in porous medi@roeluced its bulk behavior when
represented as a function of the shear rate, usi@gempirical shift factop. p has been
calculated in each case as being the value thdupea the same onset of shear-thinning both
in the porous medium and in the rheometer. Howewar,important questions remain: 1) is
there actually an onset of shear-thinning for appiaviscosity in porous media? 2) And is the
apparent viscosity as defined by Eqg. (2.41) repteswe of the viscosity in the porous
medium in the event of permeability reduction?

Before trying to answer these questions, let usstiren two special characteristics of the
experiments presented above. The first of thenhas the concentration of the fluids used
here is higher than those usually used for floweexpents in porous media. In effect, most
studies in the literature are limited to typically = 1000 ppm whereas,Gs considerably
greater here. The other particularity is the widege of flow rates imposed during the
experiments.

With respect to the first question above, it isedbthat even if several authors (Chauveteau
and Zaitoun 1981; Sorbie 1991) have shown thatrappaiscosity followed a Carreau model
with a visible Newtonian plateau at low shear ratiesir flow experiments were performed at
low C, (~ 500 ppm). Other authors, e.g. Canneataal (1988), whose experiments were
carried out at a higher concentration {000 ppm) have shown that no Newtonian plateau
actually exists for apparent viscosity at low shedes and that shear thinning behavior is
observed also at lowest shear rates. More rece@dyightet al. (2010), proved that the
observed shear-thinning behavior at low shear rstesaused by retained high molecular
weight polymer species and is an experimentalaattifrising in short porous cores. In fact,
this retention mostly produced in the region clasé¢he inlet and does not penetrate deeply
into the core, so the Newtonian plateau can bereedeby measuring the pressure drop
between intermediate regions of the sample. Retgrto our experiments, Figure 66 shows
that the only sample for which a Newtonian platesaabserved is Sample 1, whose length is
twice that of the other samples. As a consequancenot totally convenient to fit apparent
viscosity to a Carreau model, given that low shede viscosities may be affected by
retention. Indeed, the “extra” apparent viscosityoa shear rates comes from the pressure
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drops induced by a filtration cake instead of tiexesity of the fluid. That is proved by the
fact that even if the viscosity of the outgoingidiat the end of the experiments was lower
than the one of the fluid before injectionpgwas still higher at the lowest flow rates.

With respect to the second question, it has besonasd that permeability was constant
throughout the polymer flow experimen®g(= 1). Nevertheless, retention has been proved
to exist at the lowest flow rates, so not only gty but also permeability depend on flow
rate to some extent. Therefore, it is not stricthyrect to use apparent viscosity as defined by
Eq. (2.41) to represent the viscosity of the polynmethe porous medium. Alternatively,
resistance factoRy (Eq. 2.43) can be used to take into account betmeability reduction
and viscosity increase (Sheng 2011, Seright e2@10). Permeability reduction due to
polymer adsorption is also considered by usinRgf even ifRx has been reported to be
close to unity in the case of xanthan solutionpm@sented in subsection 2.3.3. From Eq.
(2.43.) we can write:

Kwat Kwater (7'1)
e er/ Hwater / Hwater
Ry. = =
M Kpolymeri/ i
llpolymeri AVP;

where Kpolymeri is the permeability to polymer solution correspogdto the pressure
gradient VP, at the flow rateé);, and A is the cross area of the core.

Following the same procedure as Seright (2010) résestance factor corresponding to our
experiments in different porous media has beenesgmted as a function of the mean
capillary bundle number (see Figure 113), whictidBned as:

% (7.2)
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Figure 113: Resistance factor as a function of theapillary bundle parameter.
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It is concluded that resistance factor correlatay well with capillary bundle parameter and
the only deviation is observed for Sample 5 (BeBaadstone). This deviation may come
from the measurements &, ..., iN Berea Sandstone, which are strongly affectedlay
swelling.

6.1.4. Concerning the pore size determined by eacmethod: are they
directly comparable?

From a fundamental point of view, one may wonderctwitharacteristic size of the actual
pores is determined using the present method arad thk relevance of the use of the PSD
deduced from MIP or microtomography is as referd8®s. To address these questions it is
firstly recalled that the experiments carried oetehare essentially fluid transport experiments
and, consequently, the pressure loss is mainlyitsento hydrodynamic size of pore throats
rather than size of pore bodies (Chauveteau 198@&)sequently, the present method is not
appropriate when one is interested in determiningracteristics such as specific surface.
Besides, the PSDs obtained from mercury intrusieasurements are also dominated by pore
throats, whereas pore bodies dominate in those R@Iesllated from mercury extrusion
measurements. It is not then surprising that thB P&culated with the present method are
closer to those coming from mercury intrusion.

In general, PSD obtained by different methods matybe directly comparable. This aspect
has to be kept in mind when comparing MIP resulith vother techniques such as
tomography, whose results make a distinction betweere bodies size distribution and
throats size distribution. Wardlaet al. (1988) compared MIP distributions on carbonates
with those obtained by means of an optical micrpsdinding poor agreement between them,
especially with regard to the small pores. Vergésal. (2011) applied two numerical
(computed-based) methods to 3D micro-tomographresorider to obtain virtual pore
representations of the pore network. They calcdl#te PSDs from these pore networks and
compared them with the results obtained from MiRdihg significant differences between
both methods in the region above the images rasnlut

Chauveteauet al. (1996) studied the relationship between the edgmtahydrodynamic
diameter of a porendthe minimum pore throat diametegdand pore throat diameters
derived from MIP tests\g. d, is the diameter of a cylindrical capillary havitige same pore
length and giving the same pressure drop for thsidered flow rate. g, is the minimum
pore throat diameter ang,gds the pore throat diameter derived from MIP aaldulated from
the pressure required to invade 50% of pore volumeorous media where pore throats are
much smaller than pore bodies (pore body-to-pam@atiradiusc 3 to 5 in common cases), it
can be supposed that viscous dissipation is lamlanly in pore throats, sg, & the throat
diameter. As a consequencgy & d, > dynin. dy is related to permeability,qg is related to
capillary pressure andnd is important when dealing with particles retenjibilration, etc. In
the same paper, the authors stated thgtah only in unrealistic porous media in which all
throats had the same diametesy d 1.2 d, for bead packs andygl~1.9 d, for sandstones
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consolidated by deposit (Figure 114). It is remdriteat if the pore size classes obtained with
the present YSM method are transformed in this esetieey agree quite well with MIP.
Moreover, the synthetic rock of Sample 1 possedsesarrowest PSD and is therefore the
porous medium for which MIP is closely approachifgM. Also, the authors obtained that
dng= 3 t0 4 Ghin and @d= 2 thin.

100 — T T

dgg/dy = 1.9

Characteristic pore diameters (um)

l aasl PR | A P— Al | —h

0.001 0.01 0.1 1 10
Permeability (um2)

Figure 114: Characteristic pore throat diameters fo Fontainebleau sandstones showing
0.25 power law dependence between,diy, an K (Chauveteauet al. 1996).

The use of MIP as a reference method when PSDdem@ted to calculate (5) is justified,
because ¥S) is directly measured with this technique. HoarevMIP should not be
considered as the reference method for all apphicat even if it is often the case simply by
tradition or because it is a routine technique. stated by Lassept al. (2008): “Unless
mercury use for porosimetry is regulated, it iselk that the further development and
implementation of alternatives will be slow. Theaserement of pore characteristics is based
on analysis standards, and establishment and a wsdeand acknowledgement of new
standards usually take time. Also, the alternathethods do not measure exactly the same
characteristics as the mercury porosimeter, angfine a change in methods will require the
users to carry out research on comparability batwbe methods”. Therefore, the present
work should be considered as a contribution toviaisiobjective.

In other respects, it is important to emphasize tiia range of pore sizes that can be scanned
with each porosimetry technique is restricted. T&isf major importance when dealing with
sedimentary rocks, whose pores differ in size byesd orders of magnitude. In that case,
Radlinskiet al. (2004) showed that the use of several technicgieseded to cover the whole
range of pore radii from 20 A to 50@m in a sandstone from an oil reservoir in central
Australia. The smallest pore size observable witbratomography is limited by technical
resolution. However, MIP can be used to analyzeda wange of pore sizes. It is also true for
YSM, provided that a yield stress fluid with appragely small particles is used. The

pressure P to be imposed for the analysis of angpae radius;rwith MIP is given by

p =200 Orﬂ The pressure needed to characterize pores afisradivith YSM is

Ty i
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P = ZTrOL zrl (with T,=10 Pa and L = 0.05 m). Consequently, the requmexssures on

i

laboratory scale are of the same order of magnitutéeth methods.

6.2. Conclusions

A new porosimetry method to characterize PSD obpsmedia has been presented in this
thesis, in a context of international consensughenneed to develop alternatives to toxic
mercury porosimetry. It is based on flow experinseot yield stress fluids through porous
media. A procedure that permits to calculate th® BR®m QVP) measurements has been
developed and numerically validated throughsilico” experiments. Moreover, the influence
of several fluid and measurement parameters ofigtneity” of the obtained PSD has been
studied. It has been shown that errors in flow xnded random noise in the Q) measures
appear to be the most influencing sources.

An appropriate protocol for experimental impleméotaof YSM has been determined on the
basis of conclusions drawn from preliminary expemts. Aqueous xanthan solutions have
been selected as “yield stress” fluids. Then, &eseaf experiments have been carried out so
as to analyze the effect of polymer concentratiorttee calculated PSD. It has been shown
that the more the solutions are concentrated, ¢tterthe ideal behavior of yield stress fluids
is approached and the closer the obtained PSOs #nese derived from MIP. Other series of
experiments have been carried out with the sameé élnd different porous media in order to
study the influence of the type of porous mediuntlenobtained PSD. PSDs have been found
to be coherently arranged with respect to the @eeradius from Eq. (2.2). Hence, it can be
concluded that YSM is valid as a technique to memasepresentative PSDs.

Moreover, the apparent viscosity of the used “yislicess” fluids in the porous media has
been characterized and compared to the effectiseosity measured with a rheometer. In
accordance with published literature, both rheasgire similar apart from a shifting facfor
that scales the shear rate in porous media. Howd#wer factorp, which was traditionally
linked to the pore geometry, has been proved tentkpn the range of apparent shear rates
experienced by the fluid in the porous medium. Albe global behavior of the fluid in the
porous medium has been observed to be less sheamth than in the rheometer. These
observations have been attributed in part to theswally wide ranges of flow rates imposed
during the experiments.

The importance of polymer adsorption, polymer reg¢enand mechanical degradation has
been also assessed by means of complementary meesus of density and viscosity of the
ingoing and outgoing fluids in the porous media.eMas no sign of important adsorption and
mechanical degradation has been observed, polhetention has been shown to be important
at the lowest flow rates due to the random oriémmadf the polymer molecules at these flow
rates. That poses a concern regarding the chaeatten of small pores, so additional stages
such as intermediate flushing should be investjaBesides, a modified YSM aiming to
obtain smooth Q{P) data, reduce the effect of random noise ance@asa accuracy at low
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flow rates has been proposed, even if its apptioatind potential still have to be further
analyzed.

YSM has been compared to other porosimetry methadsMIP and microtomography. The
PSDs obtained by these methods do not coincidi cases as expected and the main reasons
of that have been explained (represented pore dimesn are not the same). Due to its
industrial interest, §S) curves corresponding to each method have betined through a
simple procedure. Evidently, MIP is the more appaipd method to obtain ) curves
because they are directly measured during the. thstgertheless, a right definition of the
correspondence between the pore dimensions chazactdy each technique may lead to
good estimations of £5) curves using the other methods. Results fronrmBfPotomography
have also been used to illustrate that it is higbdynplex to find a definition of pore
geometries able to reproduce the PSDs charactebyesther methods. In fact, “optically”
observed pore dimensions may greatly differ from thsults of other techniques if only
intuitive criteria are used for such interpretatadrmicrotomographies.

Definitely, YSM experiments are very simple. Onhetmeasure of @) is required to
characterize PSD, which is a routine task in mostrgphysics laboratories. As a
consequence, the operators do not need any spéaiiing and the experiments can be
easily assembled. Besides, it is inexpensive becaasspecial equipment is necessary as is
the case for other porosimetry techniques (merpargsimetry, microtomography). In fact,
this advantage is not negligible if we take intoamt that the prices of an X-ray microscope
and a mercury porosimeter are around 1,000,000d€58r000 € respectively. Furthermore,
YSM can be applied to a wide range of porous meslia flexible technique and is nontoxic.

Finally, a discussion on the modelling of the pspace and the fluid rheology has been
presented. It has been highlighted that the comgtc geometries of pore space combined
with the complexity of non-Newtonian behavior, aspecially of yield stress fluids, impose
the use of simplifying assumptions to describefltv of these fluids through porous media.
The precise pore dimensions that are charactebyezhch method have also been discussed.
It is worth insisting on the fact that a broadefidgéon of PSD is essential. PSD must be
conceived as a set of application-oriented prolighiiinctions, each of them being pertinent
only for a particular use.

Summarizing, it can be concluded that a comprekieresiploratory work on the experimental
feasibility of a new porosimetry method based amith)ection of yield stress fluids has been
presented. Numerous aspects of such a method lesre discussed and its trickiest points
have been identified, raising some yet unresolgsdeas. However, YSM has big potential as
a porosimetry method, not only to calculate PSed to permeability but also to obtain P
curves if a right relationship between the detesdipore dimensions is used. Moreover, an
undeniable advantage of YSM is the simplicity opesiments and the fact that they are
inexpensive and easy to set up. Also, YSM is nanfoxersatile and can be used to
characterize different types of porous media. Fwstance, YSM would be useful to
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characterize unconsolidated porous media for wM&R and other currently used methods
are not efficient.

6.3. Prospects

As already explained, even if the method preseinté¢iis thesis has been shown to have a big
potential, it must still be consolidated, and aBability has to be improved. Some guidelines
proposed for future work are presented here.

The modified YSM for laboratory experiments presenin Section 4.5 has not yet been fully
explored. The effect of increasing the number dadhrough evaluation of fitting functions
may be assessed, as well as extrapolation of dataattainable flow rates. That may result in
an increase in the robustness of the method.

One of the main assumptions in YSM is no slip cbadion solid pore walls. Consequently,
it is necessary to check the validity of that hyjsis with the used fluids. One of the
approaches that have already been explored butdsbeuully achieved is to conduct YSM
tests in model porous media with known PSDs. Soossipilities that are being currently
assessed are experiments in micro models and mgr@s in porous media produced through
3D printing. The main obstacle is the difficulty fabricating porous media having pores
smaller than typically 10 um with regular forms.séudy in this respect was presented by
Malvault (2013). Nevertheless, the use of a difieftuid and large pore dimensions of the
porous media in those experiments do not permrapgtation to our method. Other aspects
that may be explored with model porous media aeeetffiect of the irregular shape of the
pores and their connectivity. Experiments in migrodels will be useful to achieve that goal
and to adapt the present YSM to more complex maafepore space. Also, by using model
porous media with increasing complexity going franbundle of capillaries to 2D micro
models, the assumption of simple shear rate mayakiated.

Xanthan gum aqueous solutions have been selectedgaseveral candidate “yield stress”
fluids because of their more convenient behaviopanous media: reduced viscoelasticity,
non-thixotropic, limited adsorption, etc. Nevertss, other fluids are needed in the cases in
which the size of the xanthan molecule is not gl with respect to the size of the pores.
A protocol to produce quasi mono disperse oil-inea@mulsions with a size of typically 1
pum was developed and the rheology of these fluids wharacterized (see Annex C).
However, the lowest size of the droplets that watsiaed is not as low as needed as stated
before. Therefore, formulation and fabrication othges of fluids can be considered as an
important research theme in relation with this rodth

Given that (S) curves are of great industrial interest, itmgortant to study their link with
the pore dimension characterized by YSM. A key peater that might help to achieve that
goal is the body-to-pore throat radius. In face thmensions characterized with YSM are
related to pore throat radii, which are in turratet to the pressure to overcome in order to
access a given pore volume. However, the magnibidiee pore volume accessed once the
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throat has been penetrated (increase in saturaodgtermined by the pore body radii.
Knowledge of the body-to-pore throat radius maynthe very useful. In fact, a procedure that
has not yet been fully explored is estimation cdttparameter from the ratio between
measured porosity and the one provided by the PBfaired through YSM. The ratio

between measured and calculated permeabilitiesl @sib be analyzed.

Now that polymer retention has been shown to eagistlow flow rates, a modified
experimental protocol has to be adopted so asdiaceeits impact. A possibility would be to
include intermediate flooding at high flow ratedsd\ the installation of pressure sensors to
measure the pressure drop between intermediat®rsealong the sample will permit to
localize the zone of polymer retention and anatizeenature of the filtration cake.



7. References 149

7. References

Abidin, A.Z., Puspasari, T., Nugroha, W.A., Polyméor enhanced oil recovery technology. Proc. Chgrhl—
16 (2012).

Adamson, A. W., Physical Chemistry of Surfacesn)dhiley & Sons, New York, 349 (1982).

Ahmed, U., Crary, S.F., Coates, G.R., Permeabd#ymation, the various sources and their inteticziahips.
JPT, 578.Trans., AIME 291 (1991).

Al-Kharusi, A.S., Blunt M.J., Journal of Petrolei8uience and Engineering 56, 219-231 (2007).

Ambari, A., Benhamou, M., Roux, S., Guyon, E., Bimttion des tailles des pores d‘un milieu poreux
déterminée par I'écoulement d‘un fluide a seuiRCAcad. Sci. Paris t.311 (ll), 1291-1295 (1990).

Ambrose, H. A., Loomis, Loomis, A. G., Fluiditie$ Bhixotropic Gels, Bentonite Suspensions, Phy4ic265
(1933).

Balan, H.O., Balhoff, M. T., Nguyen, Q.P., Ross@hR., Network modelling of gas trapping and mobilit
foam enhanced oil recovery. Energy Fuels 25 (9§438987 (2011).

Balhoff, M. T., Lake, L.W., Bommer, P.M., Lewis, R, Weber, M.J., Calderin, J.M., Rheological aneldi
stress measurements of non-Newtonian fluids usiddassh funnel. J. Petrol. Sci. Eng. 77 (3-4), 3924
(2011).

Balhoff, M. T., Sanchez-Rivera, D., Kwok, A., MehmgaY ., Prodanovic, M., Numerical algorithms fortwerk
modelling of yield stress and other non-Newtoniaidé in porous media. Transp. Porous Media 983379
(2012)

Balhoff, M. T., Thompson, K. E., A macroscopic mbder shear-thinning flow in packed beds based on
network modelling, Chemical Engineering Science@8-719 (2006).

Balhoff, M.T., Thompson, K.E., Modelling the steafigw of yield-stress fluids in packed beds. AICAE50
(12), 3034-3048 (2004)

Barnes, H. A, Hutton, J. F., Walters, K., An Imtuztion to Rheology, Elsevier, Amsterdam, (1989).
Barnes, H., Walters, K., The yield stress myth?dRiAeta 24, 323-326 (1985).

Baudracco, J., Aoubouazza, M., Permeability varegiin Berea and Vosges sandstones submitted ti cyc
temperature percolation of saline fluids, Geothesn24, 661-677 (1995).

Benmouffok-Benbelkacem, G., Caton, F., Baravian,SRali-Lami, S., Non-linear viscoelasticity andnjgoral
behavior of typical yield stress fluids, Carbop¢nthan and Ketchup, RheolActa 49, 305-314 (2010).

Bensoussan, A., Lion, J.L., Papanicolaou, G., Adptepanalysis for periodic structures, North-Hotlan
Publishing Compagny, Amsterdam, The Netherlandgg)L9

Bird, R., Armstrong, R. C., Hassager, O., Dynanatpolymeric liquids 1, Wiley (1977).
Blando, J. D., Singh, D., Controlling Metallic Meny Exposure in the Workplace: A Guide for Emplmsyer
revised ed., New Jersey Department of Health andnioSe Services, Trenton, NJ (2004).

<http://www.state.nj.us/health/surv/documents/menegdf>, Accessed 14 Feb 2014.

Boudreau, B. P., The diffusive tortuosity of fineamed unlithified sediments, Geochimica et Cosnmdaa
Acta 60, 3139-3142, (1996).



7. References 150

Brinson, H. F., Brinson, L. C., Polymer Engineerigience and Viscoelasticity, An Introduction, Roér
Engineering Science and Viscoelasticity, 327-3#irger (2008).

Burlion, N., Bernard, D., Chen, D., X-ray microtognaphy, Application to microstructure analysis of a
cementitious material during leaching process, Gerard Concrete Research 36, 346—-357 (2006).

Cannella, W. J., Huh, C., Seright, R. S., Predictaf xanthan rheology in porous media. SPE 18089,
Proceedings of the SPE"6annual Fall Conference, Houston, TX (1988).

Carman, P.C., Fluid flow through granular bedsnsrdnst. Chem. Eng. 15, 150 (1937).

Carnali, J. O., A dispersed anisotropic phase eotlygin of the weak-gel properties of aqueous kamtgum,
Journal of Applied Polymer Science 43, Issue 5;929 (1991).

Carreau, P.J., Rheological equations from moleméawork theories, Trans. Soc. Rheol. 16 (1972).

Carrier, W. D., Goodbye, Hazen; Hello, Kozeny-Cammaournal of Geotechnical and Environmental
Engineering, ASCE? (2003).

Carrier, X., Marceau, E., Lambert, J.-F., Che, Mansformations of alumina in aqueous suspensiimgnal of
Colloid and Interface Science 308, 429-437, (2007).

Chaplain, V., Mills, P., Guiffant, G., Cerasi, Rlpdel for the flow of a yield fluid through a por®medium, J.
Phys. Il France 2, 2145-2158 (1992).

Chauveteau, G., Rodlike Polymer Solution Flow tigtouFine Pores: Influence of Pore Size on Rheoldbgica
Behavior, Journal of Rheology 26 (2), 111-142 ()982

Chauveteau, G., Kohler, N., Influence of microgelsKanthan polysaccharide solutions on their fldwotigh
various porous media, S. P. E. 9295" 8. Techn. Conf. and Exhib., Dallas (1980).

Chauveteau, G., Lecourtier, J., Propagation ofpelyslugs through adsorbent porous mediaVater Soluble
Polymers for Petroleum Recovergds. Stahl, G. A. and Schulz, D. N., Plenum @ilig Corp, New York
(1988).

Chauveteau, G., Nabzar, L., El Attar , L., Jacq@n, Pore structure and hydrodynamics in sandstds€s
Conference Paper Number 9607 (1996).

Chauveteau, G., Zaitoun, A., Basic rheological bareof xanthan polysaccharide solutions in pormedia:
effects of pores size and polymer concentratiomc&edings of the First European Symposium on EOR,
Bournemouth, England (1981).

Chen, M., Rossen, W., Yortsos, Y. C., The flow aiigblacement in porous media of fluids with yietdess,
Chemical Engineering Science 60, 4183-4202 (2005).

Cheng, D. C.-H., Yield stress: A time-dependenpprty and how to measure it, Rheological Acta 22-554
(1986).

Chevalier, T., Chevalier, C., Clain, X., DuplaCl], Canou, J., Rodts, S., Coussot, P., Darcy'sdawield stress
fluid flowing through a porous medium, Journal aiiNNewtonian Fluid Mechanics 195, 57-66 (2013).

Chhabra, R. P., Richardson, J. F., Non-NewtonianwFind Applied Rheology (Second Edition), Enginegri
Applications, Elsevier (2008).

Choppe, E., Puaud, F., Nicolai, T, Benyahia, L.e®bgy of xanthan solutions as a function of terapee,
concentration and ionic strength, Carbohydrate fiaehg 82, 12281235 (2010).

Clain, X., Etude expérimentale de l'injection dgédks d'Herschel-Bulkley en milieu poreux, PhD theBaris-
Est, Champs-sur-Marne, (2010).



7. References 151

Clarkson, C.R., Solano, N., Bustin, R.M., BustinMAM., Chalmers, G.R.L., Hec, L., Melnichenko, Y,B.
Radlinski, A.P., Blach, T.P., Pore structure chtmazation of North American shale gas reservoising
USANS SANS, gas adsorption, and mercury intrustarel 103, 606—616 (2013)

Cossé, R., Techniques d'exploitation pétroliere@isement, Institut Francais du Pétrole et Editideshnip,
Paris (1988).

Coussot, P., Tocquer, L., Lanos, C., Ovarlez, Gacidscopic vs. local rheology of yield stress fijid. Non-
Newtonian Fluid Mech. 158, 85-90 (2009).

Cross, M. M., Rheology of non-Newtonian fluids: enfluid equation for pseudoplastic fluids, New joal of
colloid sciences 20, 417-437 (1965).

Darcy, H. J., “Les Fontaines Publiques de la Vu®ien.” Libraire de Corps Impériaux des Ponts éadsées
et des Mines, Paris, 590-594 (1856).

Dario, A. F., Hortencio, L. M. A., Sierakowski, NR., Neto, J. C. Q., Petri, D. F. S., The effectaltium salts
on the viscosity and adsorption behavior of xantiZarbohydrate Polymers 84, 669-676 (2011).

De Gennes, P.-G., Scaling Concepts in Polymer BiySiornell University Press (1979).

Dullien, F. A. L., Porous Media: Fluid TransportdaRore Structure (2nd edition), Howard Brenner, d&taic
Press (1991).

Dullien, F. A. L., Characterization of porous medigore level, Transport in Porous Media 6; 581-@®®1).

Dullien, F. A. L., Dhawan, K., Bivariate Pore-Sifgstributions of Some Sandstones, Colloid Interf&z.
52(1), 129-135 (1975).

Epstein, N., Chemical Engineering Science 44(3J-779 (1989).
European Chemicals Agency, Committee for Risk Assesnt (RAC) and Committee for Socio-economic
Analysis (SEAC), Background document to the opirsi@m the Annex XV dossier proposing restrictions on

Mercury in measuring devices (2011).

Galaup, S., Liu,Y., Cerepi, A.,, New integrated 2D-®hysical method to evaluate the porosity and
microstructure of carbonate and dolomite porousesysMicroporous Mesoporous Mater. 154, 175-184.220

Garcia-Ochoa, F., Santosa, V.E., Casash, J.A., @0me Xanthan gum: production, recovery, and prigs
Biotechnol. Adv. 18, 549-579 (2000).

Giesche, H., Mercury Porosimetry : a General (ReatOverview, Part. Part. Syst. Charact. 23, 120D6).

Gomez, F., Denoyel, R., Rouqueroal, J., Determirtimgg Contact Angle of a Nonwetting Liquid in Pores b
Liquid Intrusion Calorimetry, Langmuir, 2000, 16)(9p 4374-4379.

Hirata, Y., Matsushima, K., Matsunaga, N., Sameshi®., Viscoelastic properties of flocculated aluani
suspensions during pressure filtration, JournghefCeramic Society of Japan 118, 977-982 (2010).

Hunt, A., Ewing, R., Percolation Theory for Flow Rorous Media, Lect. Notes Phys. 771 (SpringerlifBer
Heidelberg (2009).

lijima, M., Shinozaki, M., Hatakeyama, T., TakahasNhl., Hatakeyama, H., AFM studies on gelation
mechanism of xanthan gum hydrogels, Carbohydralygri®es 68, 701-707, (2007).

INRS, Maladies professionnelles causées par le uneret ses composés, http://www.inrs-mp.fr/mp/cgi-
bin/mppage.pl?state=1&acc=5&gs=&rgm=2, Accessefdld 2014 (2003).



7. References 152

INRS, Valeurs limites d'exposition professionnellex agents chimiques en France : Aide-mémoire tqukn
http://www.inrs.fr/accueil/produits/mediatheque/fadlications.html?refINRS=ED%20984, Accessed 14 Fe
2014 (2012).

Islam, M. T., Rodriguez-Hornedo, N., Ciotti, S., kkemann, C., Rheological Characterization of Tadpica
Carbomer Gels Neutralized to Different pH, Pharmiéical Research 21, No. 7 (2004).

Jones D. M., Walters, K., The behavior of polymalugons in extension-dominated flows with applioas to
Enhanced Oil Recovery, RheolActa 28, 482-498 (1989)

Kate, J.M., Gokhale, C.S., A simple method to eatencomplete pore size distribution of rocks. Eagol. 84,
48-69 (2006)

Kim, J.-Y., Song, J.-Y., Lee. E.-J., Park, S.-KheRlogical properties and microstructure of Carthaps
network systems, Colloid PolymSci 281, 614-623 @00

Khodja, M., Les fluides de forage: tude des perfomoes et considerations environnementales. PhDsthes
Institut National Polytechnique de Toulouse (2008).

Klein, J., The Onset of Entangled Behavior in Sélutie and Concentrated Polymer Solutions, Macroculks
11, (1978).

Kohler, N., Chauveteau, G., Polysaccharide plugdielgavior in porous media: Preferential use of éaration
broth, S. P. E. 7425, 53th An. Techn. Conf. andiExiHouston (1978).

Kolodzie, S., Jr., Analysis of pore throat size ars® of the Waxman-Smits equation to determine O@IP
Spindle field, Colorado, SPE-9382 in"55PE annual technical conference proceedings: §oafePetroleum
Engineers, 4 p (1980).

Kozeny, J., Ueber kapillare Leitung des Wasser8aden. Sitzungsber Akad. Wiss., Wien, 136(2a), 306-
(1927).

Larson, R. G., The Structure and Rheology of Complaids, Oxford University Press (1999).
Lassen, C., Andersen, B. H., Maag, J., Maxson,(ptions for reducing mercury use in products and
applications, and the fate of mercury already ¢ating in society, European Commission, Directof@gneral

Environment (2008).

Leal-Calderén, F., Shmitt, V., Bibette, J., Emutsi®cience, Basic Principles, Second Edition, Spring
Science+Business Media, LLC (2007).

Lindquist, W. B., Venkatarangan, A., Pore and thrsize distributions measured from synchrotron X-ra
tomographic images of Fontainebleau sandston@eaphys. Res. Solid Earth 105(B9), 21509-21527QR00

Lopez, X.,Valvatne, P. H., Blunt, M. J., Predictimetwork modelling of single-phase non-Newtoniaowflin
porous media, Journal of Colloid and Interface Sw#e264, 256—265 (2003).

Lépez, X., PhD Thesis, Department of Earth Sciefadengineering Petroleum Engineering & Rock Mechanic
Group, Imperial College, London (2004).

Lubick, N., Malakoff, D., With Pact’'s Completionh& Real Work Begins, Science 341 (2013).

Mabille, C., Schmitt, V., Gorria, P., Calderon, E.[Faye, V., Deminiere, B., Bibette, J., Rheologiand
shearing conditions for the preparation of monoslisp emulsions. Langmuir 16, 422—429 (2000).

Malvault, G., Détermination expérimentale de Idréisition de taille de pores d'un milieu poreux pafection
d'un fluide a seuil ou par analyse fréquentielleDRhesis, Arts et Métiers ParisTech—Centre AngBesjs,
(2013).



7. References 153
Marrucci, G., Greco, F., lanniruberto, G., Rheologfy polymer melts and concentrated solutions, Gurre
Opinion in Colloid & Interface Science 4, 283-28D99).

Micromeritics, Methods in Fine Particle Technol®@§4, Norcross (1997).

Milas, M., Rinaudo, M., Properties of the ConcetgidaXanthan Gum Solutions, Polymer Bulletin 10,2723
(1983).

Miller, B., Tyomkin, 1., Liquid Porosimetry: New Miodology and Applications, Journal of colloid and
interface science 162, 163—-170 (1994).

Miller, J., A complex fluid exhibits unexpected @eigeneous flow, Physics Today 63, Issue 7 (2010).

Mgller, P. C. F., Fall, A., Bonn, D., Origin of agment viscosity in yield stress fluids below yieigj EPL, 87
(2009).

Mgller, P. C. F., Mewis, J., Bonn, D., Yield stresgl thixotropy: on the difficulty of measuring Mestresses in
practice, Soft Matter 2, 274-283 (2006).

Mongruel, A., Cloitre, M., Axisymmetric orifice fls for measuring the elongational viscosity of seigid
polymer solutions. J. Non-Newton. Fluid Mech 11923 (2003).

Morrow, N. R., Interfacial Phenomena in Petroleuat®ery, Surfactant Sciences Series 36 (1990).

Moussatov, A., Ayrault, C., Castagnéde, B., Pomaserial characterization ultrasonic method for estimation
of tortuosity and characteristic length using aob@&tric chamber, Ultrasonics 39, Issue 3, 195-2021).

Mungan, N., Necmettin, Rheology and Adsorption gudous Polymer Solutions, Technology (1969).
Nelson, P.H., Permeability—porosity relationshigédimentary rocks. Log. Anal. 35 (No. 3), 38 (1994
Nguyen, Q., Boger, D., Direct yield stress measer@mwith the vane method. J. Rheol. 29 (3), 335+(3983).

Nimmo, J. R., Porosity and Pore Size DistributionHillel, D., ed. Encyclopedia of Soils in the Eronment:
London, Elsevier, vol. 3, 295-303 (2004).

Nooruddin, H. A., Hossain, M. E., Modified Kozenyaithen correlation for enhanced hydraulic flow unit
characterization, Journal of Petroleum Sciencekngineering 80, 107-115 (2012).

Ogata, A., Banks, R. B., A solution of the diffetiahequation of longitudinal dispersion in porausdia, Fluid
Movement in Earth Materials, Geological Survey Bssfonal Paper 411-A, United States GovernmentiRgin
Office, Washington (1961).

Okabe, H., Blunt, M.J., Pore space reconstructengumultiple-point statistics. J. Petrol. Sci. EA§, 121-137
(2005).

Oliveira, P. D., Michel, R. C., McBride, A. J. AMoreira, A; S., Lomba, R. F. T., Vendruscolol, C, T
Concentration Regimes of Biopolymers Xanthan, Tand, Clairana, Comparing Dynamic Light Scatterind a
Distribution of Relaxation Time, PLOS ONE 8, Is€ué013).

Omari, A., Ecoulement en milieu poreux de solutidespolyacrylamide en présence d’'une couche adsprbé
PhD thesis, Univeristé de Bordeaux 1 (1982).

Omari, A., hydrodynamique des polymeéres a l'integfaolide-liquide. Influence de la dépletion. Theser
obtenir le grade de Docteur ES Sciences Physidi@sy].

Omari, A., Moan, M., Chauveteau, ®Vall effects in the flow of flexible polymer solotis through small pores,
Rheol Acta 28:520-526 (1989).

@ren, P.-E., Bakke S., Journal of Petroleum SciamckEngineering 39, 177-199 (2003).



7. References 154

Oukhlef, A., Détermination de la distribution délés de pores d‘un milieu poreux, PhD thesis, Atdétiers
ParisTech—Centre Angers, Paris (2011).

Oukhlef, A., Ambari, A., Champmartin, S., DespeywpA., Détermination de la distribution de taillds pores
d‘un milieu poreux par la méthode des fluides dls20éme Congrés Francais de Mécanique, Besara@iri .

Oukhlef, A., Champmartin, S., Ambari, A., Yieldesds fluids method to determine the pore size digion of a
porous medium, Journal of Non-Newtonian Fluid Metbs 204 87-93 (2014).

Padhy, G. S., Lemaire, C., Amirtharaj , E. S., lndis ,M. A., Pore size distribution in multiscglerous media
as revealed by DDIF-NMR, mercury porosimetry aratigical image analysis, Colloids and Surfaces A:
Physicochem. Eng. Aspects 300, 222—-234 (2007).

Palaniraj, A., Jayaraman, V., Production, recowery applications of xanthan gum by Xanthomonas esmnig.
J. Food Eng. 106, 1-12 (2011).

Pascal, H., Nonsteady flow of non-Newtonian fluidough a porous medium, Int. J. Eng. Sci. 21198-210
(1983).

Paterson, M. S., The equivalent channel model @meability and resistivity in fluid saturated rook re-
apparaisal, Mechanics of Materials 2, 345-352 (1983

Perkins, T.-K., Johnston, O.-C, A review of diffoisiand dispersion in porous media, Society of Raro
Engineers Journal 3, 70—83 (1963).

Pittman, E. D., Relationship of porosity and perhil#g to various parameters derived from mercurjection-
capillary pressure curves for sandstone: Americaso8iation of Petroleum Geologists Bulletin 762n191-
198 (1992).

Plougonven, E., Lien entre la microstructure desénesux poreux et leur perméabilité. Mise en évaedes
paramétres géométriques et topologiques influamt les propriétés de transport par analyses d'images
microtomographiques. PhD Thesis, Ecole DoctorageStgences Chimiques, Université de Bordeaux 19200

Prodanovic, M., Lindquist, W. B., Seright, R. Sqr@us structure and fluid partitioning in polyethyé cores
from 3D X-ray microtomographic imaging. J. Colldiderface Sci. 298, 282—-297 (2006).

Prodanovic, M., Lindquist, W. B., Seright, R. SD 8nage-based characterization of fluid displacemniera
Berea core. Adv. Water Resourc. 30, 214-226 (2007).

Putz, A. M. V., Burghelea, T. I., The solid-fluidahsition in a yield stress shear thinning physigel,
RheolActa 48, 673-689 (2009).

Quintard, M., Whitaker, S., Convection, Dispersiand Interfacial Transport of Contaminants: Homagers
Porous Media, Advances in Water Resources 17, Z81(1994).

Radlinski, A.P., loannidis, M.A., Hinde, A.L., H&aochner, M., Baron, M., Rauch, H., Kline, S.R., Atigm to
millimeter characterization of sedimentary rock mgtructure. J. Colloid Interface Sci. 274, 607—61@04).

Rao, M. A., Rheology of Fluid and semisolid Foods&iples and Applications, Food Engineering Series
Springer (2007).

Richardson, R. K., Ross-Murphy, S. B., Non-line@scuelasticity of polysaccharide solutions. 2: Xeant
polysaccharide solutions, Int. J. Biol. Macromo(1987).

Riche, F., Schneebeli, M., Tschanz, S.A., Desigsetastereology to quantify structural propertiesnificial
and natural snow using thin sections. Cold Reg. Bhnol. 79-80, 67-74 (2012).



7. References 155
Rochefort, W. E., Middleman, S., Rheology of Xamh&um: Salt, Temperature, and Strain Effects in
Oscillatory and Steady Shear Experiment, J. RI8491337 (1987).

Rodd, A. B, Dunstan D.E., Boger, D. V., Charactien of xanthan gum solutions using dynamic light
scattering and rheology, Carbohydrate Polymerd 82174 (2000).

Rodriguez de Castro, A.,, Omari, A., Ahmadi-Sénidhai., Bruneau, D., Toward a New Method of
Porosimetry: Principles and Experiments, TransjpoRtorous Media 101, Issue 3, 349-364 (2014).

Rouquerol, J., Avnir, D., Fairbridge, C. W., Evér&. H., Haynes, J. H., Pernicone, N., Ramasay, F., Sing,
K. S. W., Unger, K. K., Recommendations for therabterization of porous solids, Pure & Appl. Ché&®, No.
8, 1739-1758 (1994).

Rouqueroal, J., Baron, G., Denoyel, R., GiescheGtlaen, J., Klobes, P., Levitz, P., Neimark, A. Rigby, S.,
Skudas, R., Sing, K., Thommes, M., Unger, K., Lijjintrusion and alternative methods for the charédtion
of macroporous materials (IUPAC Technical Repdtt)ie Appl. Chem. 84, No. 1, 107-136 (2012).

Schith, F., Sing, K. S. W., Weitkamp, J., HandbobRorous Solids, WILEY-VCH Verlag GmbH (2002).
Scott Blair, G. W., J Applied Phys 4, 133 (1933).

Seright, R.S., Fan, T., Wavrik, K., Balaban, RMew Insights into Polymer Rheology in Porous Mediaper
SPE 129200 presented at the SPE Improved Oil Reg@yenposium, Tulsa, Oklahoma, 24-28 April (2010).

Seright, R.S., http://baervan.nmt.edu/randy/, Asedsl0 May 2014, (2010).
Sheng, J. J., Modern Chemical Enhanced Oil Recovdrgory and Practice, GPG, Elsevier (2011).

Sheppard, A. P., Sok, R. M., Averdunk, H., Techeigfor image enhancement and segmentation of t@pbygr
images of porous materials, Physica A. 339, 145{2604).

Sheppard, A. P., Sok, R. M., Averdunk, H., Improvpdre network extraction methods, International
Symposium of the Society of Core Analysts held amohto, 21-25 August (2005).

Skelland, A.H.P., Non-Newtonian Flow and Heat TfansViley, New York (1967).
Sochi, T., Non-Newtonian flow in porous media, Poér 51, 5007-5023 (2010).

Sochi, T., Yield and Solidification of Yield-Stredglaterials in Rigid Networks and Porous Structures,
University College London, Department of Physic&&ronomy, Gower Street, London (2013).

Sochi, T., Blunt, M.J., Pore-scale network modejlof Ellis and Herschel-Bulkley fluids, Journal Bétroleum
Science and Engineering 60, 105-124 (2008).

Song, Y.-Q., Novel NMR techniques for porous medisearch, Cement and Concrete Research 37, 325-328
(2007).

Song, K.-W., Kim, Y.-S., Chang, G.S., Rheology ohcentrated xanthan gum solutions: steady shear flo
behavior. Fibers Polym. 7(2), 129-138 (2006).

Sorbie, K. S., Polymer-Improved Oil Recovery, Bliacknd Son Ltd (1991).

Sorbie, K. S., Rheological and Transport Effectshi@ Flow of Low-Concentration Xanthan Solutionctingh
Porous Media, Journal of Colloid and Interface Boc#el45, No. | (1991).

Southwick, J. G., Jamieson, A. M., Blackwell, Jua®i-Elastic Light Scattering Studies of SemidilMtnthan
Solutions, Macromolecules 14, 1728-1732 (1981).

Steffe, J.F., Rheological Methods in Food Procesgirieering, Second Edition. Freeman Press, Eagihgn
Michigan (1996).



7. References 156

Sun, Z., Tang, X., Cheng, G., Numerical simulatfontortuosity of porous media. Microporous Mesan
Mater. 173, 37-42 (2013)

Sweerts, J.-P. R. A, Kelly, C., A., Ruud, J. W., Mlesslein, R., Cappenberg, T. E., Similarity ofoleh
sediment molecular diffusion coefficients in frestter sediments of low and high porosity, Limnologyd
Oceanography 36(2), 335—-341 (1991).

Talon, L., Bauer, D., On the determination of aeyalized Darcy equation for yield-stress fluid orgus media
using a Lattice-Boltzmann TRT scheme, Eur. PhyE. 36, 139 (2013).

Tiab, D., Donaldson, E. C., Petrophysics. Theony Bractice of Measuring Reservoir Rock and Fluidnsport
Properties, Gulf Professional Publishing (2004).

Tiu, C., Boger, D. V., Complete rheological chaesiztation of time-dependent food products, Jouwial
Texture Studies 5, Issue 3, 329-338 (1974).

Tiu, C., Guo, J., Uhlherr, P. H. T., Yielding belay of viscoplastic materials. J. Ind. Eng. Chd(5), 653—
662 (2006).

Torskaya, T., Shabro, S., Torres-Verdin, C., Saldia, Revil, A.,, Grain Shape Effects on Permeaili
Formation Factor, and Capillary Pressure from FRrale Modelling, Transp Porous Med 102, 71-90 (2014

Tropea, C., Yarin, A. L., Foss, J. F., Springer ¢faook of Experimental Fluid Mechanics, SpringerQ20

United Nations Environment Programme (UNEP), Mint@ma convention on  mercury.
http://www.mercuryconvention.org/Convention/tab#l28/Default.aspx (2013). Accessed 25 Oct 2013.

Vergés, E., Tost, D., Ayala, D., Ramos, E., Gray,3® pore analysis of sedimentary tocks, Sedinmgnta
Geology 234, 109-115 (2011).

Volfkovitch, Y. M., Bagotzky, V. S., Sosenkin, V,BBlinov, I.A., The standard contact porosimetrgllGids
Surf. 349, 187-188 (2001).

Wadhai, V.S., Dixit, A.N., Production of Xanthanmglby Xanthomonas campestris and comparative stéidy o
Xanthomonas campestris isolates for the selectigrotential Xanthan producer. Indian Streams Re§, 1-4
(2011)

Walsh, J.B., Brace, W.F., The effect of pressureporosity and the transport properties of rock,rdaliof
Geophysical Research: Solid Earth (1984).

Wardlaw, N. C., McKellar, M., Mercury Porosimetrpcathe Interpretation of Pore Geometry in Sedintgnta
Rocks and Artificial Models, Powder Technology. PAr-143 (1981).

Wardlaw, N.C., McKellar, M., Yu, L.: Pore and thtaize distributions determined by mercury porosignand
by direct observation. Carbonates Evaporites 3611288).

Weilbeer, M., Efficient Numerical Methods for Fratal Differential Equations and Their Analytical
Background. Papierflieger (2005).

Wei, B., Romero-Zeron, L., Rodrigue, D., Mechanieabperties and Flow Behavior of Polymers for Erdeah
Oil Recovery, Journal of Macromolecular Sciencet BaPhysics, 53:4, 625-644 (2014).

Wildenschild, D, Sheppard, A. P., X-ray imaging amhlysis techniques for quantifying pore-scalecstre
and processes in subsurface porous medium syséeiwances in Water Resources (2012).

Withcomb, P. J., Macosko, C. W., Rheology of Xantum, Journal of Rheology 22, 493, (1978).

World Health Organization, Environmental Healtht€ia 1: Mercury, Geneva, ISBN 92-4-154061-3 (1976)



7. References 157

Yanuka, M., Percolation Theory Approach to Transpdtrenomena in Porous Media, Transport in PoroutidMe
7, 265-282, Kluwer Academic Publishers (1992).

Zhu, Ch., Smay, J. E., Thixotropic rheology of cemitated alumina colloidal gels for solid free form
fabrication, Journal of Rheology 55 (2011).






Annex A: Q(P) measurements 159

Annex A: Q(VP) measurements

The values of th&(VP) measures corresponding to the injection of xantiian solutions
through porous media which have been presentecepldited in the thesis are detailed in
this Annex.

Preliminary laboratory experiments (Section 4.1)

Xanthan solution 6000 | Xanthan solution 7000
ppm Aerolith A10 ppm Aerolith A10
Q(ml/h) AP (bar) Q(ml/h) AP (bar)
0.05 0.124 0.07 0.081
0.067 0.191 0.092 0.135
0.088 0.246 0.12 0.182
0.12 0.3 0.16 0.234
0.16 0.329 0.21 0.273
0.21 0.366 0.27 0.303
0.28 0.401 0.36 0.338
0.37 0.409 0.47 0.377
0.49 0.438 0.62 0.403
0.65 0.462 0.82 0.424
0.87 0.502 1.1 0.465
1.2 0.544 14 0.496
1.5 0.573 1.9 0.534

2 0.608 2.4 0.564
2.7 0.648 3.2 0.602
3.6 0.689 4.2 0.641
4.8 0.73 5.6 0.683
6.4 0.771 7.3 0.728
8.5 0.809 9.6 0.772
11 0.849 13 0.822
15 0.894 17 0.871
20 0.938 22 0.92
27 0.986 29 0.976
35 1.03 38 1.03
47 1.09 50 1.1
63 1.15 65 1.16
83 1.22 86 1.25
110 1.28 110 1.31
150 1.36 150 1.4
200 1.44 190 1.5
260 1.53 260 1.6
350 1.64 340 1.72
460 1.77 440 1.84
610 1.91 580 1.99
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Xanthan solution 6000 | Xanthan solution 7000
ppm Aerolith A10 ppm Aerolith A10
AP (bar) Q(ml/h) AP (bar) Q(ml/h)
820 2.09 760 2.19
1000 2.39
1300 2.63
1700 2.93
2300 3.32
3000 3.45

Sensitivity of the obtained PSD to the polymer commtration (Section 4.2)

Xanthan solution 4000
ppm Aerolith A10

Xanthan solution 5000
ppm Aerolith A10

Xanthan solution 6000
ppm Aerolith A10

Q(ml/h) AP (bar) | Q(mi/h) AP (bar) Q(ml/h) AP (bar)
0.476 0.25 0.05 0.17 0.05 0.23
0.488 0.26 0.07 0.22 0.07 0.28

0.5 0.24 0.092 0.24 0.092 0.32
0.529 0.26 0.12 0.26 0.12 0.37
0.549 0.26 0.16 0.29 0.16 0.42
0.570 0.26 0.21 0.34 0.21 0.44
0.593 0.27 0.27 0.35 0.27 0.49
0.617 0.27 0.36 0.39 0.36 0.54
0.643 0.28 0.47 0.41 0.47 0.59
0.671 0.29 0.62 0.45 0.62 0.65
0.701 0.29 0.82 0.49 0.82 0.69
0.733 0.29 1.1 0.52 1.1 0.74
0.768 0.3 1.4 0.55 1.4 0.78
0.806 0.3 1.9 0.59 1.9 0.85
0.847 0.3 24 0.63 24 0.92
0.892 0.31 3.2 0.67 3.2 0.97
0.942 0.31 4.2 0.71 4.2 1
0.996 0.31 5.6 0.75 5.6 1.06
1.06 0.31 7.3 0.8 7.3 1.12
1.12 0.34 9.6 0.84 9.6 1.21
1.20 0.35 13 0.89 13 1.25
1.28 0.35 17 0.96 17 1.35
1.37 0.36 22 1 22 1.39
1.47 0.37 29 1.06 38 1.49
1.59 0.38 38 1.11 50 1.65
1.73 0.38 50 1.18 65 1.74
1.89 0.4 65 1.25 86 1.85
2.07 0.41 86 1.32 110 1.93
2.29 0.43 110 1.36 150 1.98
2.55 0.44 150 1.39 190 2.11
2.86 0.45 190 1.47 260 2.27
3.24 0.47 260 1.61 340 2.45
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Xanthan solution 4000 | Xanthan solution 5000 | Xanthan solution 6000
ppm Aerolith A10 ppm Aerolith A10 ppm Aerolith A10
Q(ml/h) AP (bar) | Q(mi/h) AP (bar) Q(ml/h) AP (bar)
3.73 0.48 340 1.71 440 2.58
4.35 0.51 440 1.81 580 2.7
5.17 0.54 580 1.94 760 2.85
6.29 0.57 760 2.1 1000 3.09
7.91 0.6 1000 2.24 1300 3.35
10.4 0.65 1300 2.45 1700 3.59

14.6 0.7 1700 2.6 2200 4
22.9 0.75 2200 2.85
44.3 0.84

161 1.15

190 1.19

260 1.24

340 1.34

440 14

580 1.53

760 1.56

1000 1.69

1300 1.85

1700 1.98

2300 2.29

3000 2.42

Xanthan solution 7000
ppm Aerolith A10

Xanthan solution 8000
ppm Aerolith A10

Q(ml/h) AP (bar) Q(ml/h) AP (bar)
0.05 0.27 0.05 0.37
0.07 0.37 0.07 0.45
0.092 0.4 0.092 0.54
0.12 0.48 0.12 0.6
0.16 0.53 0.16 0.7
0.21 0.56 0.21 0.73
0.27 0.61 0.27 0.78
0.36 0.68 0.36 0.83
0.47 0.74 0.47 0.93
0.62 0.75 0.62 0.95
0.82 0.84 0.82 1

1.1 0.87 1.1 1.08
14 0.9 14 1.12
1.9 0.99 1.9 1.19
2.4 1.04 2.4 1.29
3.2 1.1 3.2 1.33
4.2 1.19 4.2 141
5.6 1.22 5.6 1.45
7.3 1.28 7.3 1.58
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Xanthan solution 7000 | Xanthan solution 8000
ppm Aerolith A10 ppm Aerolith A10
Q(ml/h) AP (bar) Q(ml/h) AP (bar)
9.6 1.37 9.6 1.63
13 1.42 13 1.72
17 1.5 17 1.78
22 1.55 22 1.88
29 1.69 29 1.98
38 1.76 38 2.08
50 1.84 50 2.19
65 1.91 65 2.28
86 2.05 86 2.42
110 2.13 110 2.5
150 2.16 150 2.65
190 2.29 190 2.75
260 2.45 260 2.99
340 2.6 340 3.17
440 2.74 440 3.37
580 2.92 580 3.54
760 3.06 760 3.82
1000 3.28 1000 4.15
1300 3.56 1300 4.51
1700 3.81 1700 4.86
2200 4.23 2200 5.37

Sensitivity of the obtained PSD to the type of porss medium and its permeability

(Section 4.3)

Sample 1 Sample 2 Sample 3
Q(ml/h) AP (bar) Q(ml/h) AP (bar) Q(ml/h) AP (bar)
2200 4.23 1000 10.7 1000 4.55
1700 3.81 760 9.55 760 4.05
1300 3.56 580 8.65 580 3.7
1000 3.28 440 7.9 440 34
760 3.06 340 7.25 340 3.1
580 2.92 260 6.7 260 2.8
440 2.74 190 6.2 190 2.55
340 2.6 150 5.85 150 2.35
260 2.45 110 54 110 2.15
190 2.29 86 5.15 86 2.05
150 2.16 65 4.85 65 1.9
110 2.13 50 4.55 50 1.8
86 2.05 38 4.35 38 1.7
65 1.91 29 4.1 29 1.6
50 1.84 22 3.9 22 1.5
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Sample 1 Sample 2 Sample 3
Q(ml/h) AP (bar) Q(ml/h) AP (bar) Q(ml/h) AP (bar)
38 1.76 17 3.7 17 1.42
29 1.69 13 3.5 13 1.35
22 1.55 9.6 3.35 9.6 1.28
17 1.5 7.3 3.2 7.3 1.23
13 1.42 5.6 3.05 5.6 1.18
9.6 1.37 4.2 2.9 4.2 1.12
7.3 1.28 3.2 2.8 3.2 1.06
5.6 1.22 2.4 2.65 2.4 1.02
4.2 1.19 1.9 2.55 1.9 0.97
3.2 1.1 14 2.4 14 0.91
2.4 1.04 1.1 2.25 1.1 0.86
1.9 0.99 0.82 2.1 0.82 0.8
14 0.9 0.62 1.95 0.62 0.74
1.1 0.87 0.47 1.8 0.47 0.68
0.82 0.84 0.36 1.7 0.36 0.62
0.62 0.75 0.27 1.6 0.27 0.59
0.47 0.74 0.16 1.55 0.21 0.56
0.36 0.68 0.12 14 0.16 0.55
0.27 0.61 0.09 14 0.12 0.51
0.21 0.56 0.07 1.4 0.09 0.5
0.16 0.53 0.05 14 0.07 0.51
0.12 0.48 0.05 0.53
0.092 0.4 0.01 0.44

0.07 0.37
0.05 0.27
Sample 4 Sample 5
Q(ml/h) AP (bar) Q(ml/h) AP (bar)
1000 12.74 1000 36.59
760 10.95 760 31.74
580 9.6 580 26.34
440 8.45 440 22.24
340 7.61 340 19.39
260 6.85 260 17.09
190 6.1 190 14.79
150 5.7 150 13.34
110 5.15 110 11.75
86 4.8 86 10.7
65 4.45 65 9.75
50 4.2 50 8.95
38 3.93 38 8.3
29 3.7 29 7.65
22 3.5 22 7




Annex A: Q(P) measurements

Sample 4 Sample 5
Q(ml/h) AP (bar) Q(ml/h) AP (bar)
17 3.26 17 6.4
13 3.08 13 5.9
9.6 291 9.6 54
7.3 2.75 7.3 5.06
5.6 2.61 5.6 4.73
4.2 2.46 4.2 4.4
3.2 2.32 3.2 4.14
2.4 2.18 2.4 3.87
1.9 2.05 1.9 3.63
1.4 1.89 1.4 3.37
1.1 1.73 1.1 3.13
0.82 1.61 0.82 2.88
0.62 1.42 0.62 2.63
0.47 1.31 0.47 2.38
0.36 1.17 0.36 2.11
0.27 1.07 0.27 1.95
0.21 1.02 0.21 1.82
0.16 1 0.16 1.76
0.12 0.94 0.12 1.55
0.09 0.94 0.09 1.51
0.07 0.95 0.07 1.51
0.05 0.96 0.05 1.5
0.01 0.85 0.01 1.32
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Annex B: PSDs obtained with the modified YSM for
laboratory experiments

The (Q, VP) raw data corresponding to the experiments predeimt Sections 4.2 and 4.3
were fitted following the procedure presented ict®a 4.5. (see Figure B 1 and Figure B 2).
After that, Eq. (4.9) was used to obtain the vaiéP corresponding to each @Qiving a new
set of smooth (QVP,) data wherd/P, is theVP provided by Eq.(4.9) evaluated at @inally,

the procedure presented in Section 3.2 was apfdigite (Q, VP, data, resulting in the PSDs
anda* presented in Figure B 3 and Table B 1 respectiwly can notice that the dependence
of o on K is very weak. Also, the PSDs are coherentlgraged (excepting Sample 2) with
respect to the average radius predicted by Eq) é&&.2een in Figure B 4, even if the shape is
the same for almost all of them (apart from Sandpléhere are nonzero probabilities below
the peak).

Q) Pressure gradient (Pa/m) b) Pressure gradient (Pa/m)
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Figure B 1: Pressure gradient as a function of flowate for the experiments presented in Section 4 (®lue points) and
fit (blue line) obtained by following the procedureexplained in Section 4.5. a) Sample 1; b) Sample® Sample 3; d)
Sample 4; d) Sample 5.
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Q) Pressure gradient (Pa/m) b) Pressure gradient (Pa/m)
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Figure B 2: Pressure gradient as a function of flowate for the experiments presented in Section 4 (®lue points) and
fit (blue line) obtained by following the procedureexplained in Section 4.5. a) Sample 1; b) Sample®@ Sample 3; d)
Sample 4; d) Sample 5.
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Figure B 3: PSDs of the samples analyzed in SectidrB obtained by exploiting the smooth (QVP;) data obtained with
the fit presented in Section 4.5. a) Sample 1; bp&ple 2; c) Sample 3; d) Sample 4; d) Sample 5.
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Table B 1: a* corresponding to the experiments of Section 4.3. The values ofx* were obtained by exploiting the

Sample o K (mD)
1 1.2 9000
2 1.3 2400
3 1.3 2200
4 1.4 750
5 1.4 38

smooth (Q, VP;) data obtained with the fit presented in Section 4.

Pv (ri)
0.3

0.25

0.2

0.15

0.1

0.05

Figure B 4: Comparison of the PSDs of the samplesialyzed in Section 4.3. These PSDs were obtained dxploiting

I (pum)
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36
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the smooth (Q, VP;) data obtained with the fit presented here.
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Annex C: Quasi mono disperse oil-in-water
emulsions.

Other fluids than xanthan gum solutions were carsid as yield stress fluid candidates. The
procedure to prepare and characterize concentrgigmbi monodisperse oil-in-water
emulsions is presented here.

Formulation

A sensitivity analysis of the rheological parameter the concentration of oil was carried out,
concluding that 70% volume fraction is the mostwament for our purposes. Our emulsions
were composed of 2 phases: continuous and disp&rse.continuous phase itself was
composed of water and nonionic surfactant (Triteh(00) at mass concentration of 30%. The
disperse phase was light mineral oil (Sigma-Aldyich

Preparation

The continuous phase was first prepared by slodtiirey the nonionic surfactant to the water
under magnetic agitation. Then, the oil was pragivesy added to the continuous phase, drop
by drop, while gently agitating with a spatula, ibanh oil concentration in volume of 85%
was attained. Once all the oil had been addedneertrated premix was obtained, which is
an emulsion containing oil droplets of differerges. The premix was then put into a Couette
machine with a gap of 100 um between the fix arel rtiobile cylinders. The fluid was
subjected to an almost constant shear stress ponéisig to 500 rpm of the mobile cylinder.
As a result, a concentrated mono disperse emwsgasnproduced. Then, water was added to
the concentrated emulsion until 70% volume fractidmoil was obtained. Afterwards, the
emulsion was degassed and the size of the dropsobserved with a microscope (the
emulsion is diluted before observation), as shawhigure C 1.

Figure C 1: Image of a quasi mono disperse oil-in-ater emulsion taken by an optical microscope.
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Characterization of the size of the oil droplets

The size of the droplets in the emulsion was chearaed by laser granulometry as seen in
Figure C 2. As can be observed, a quasi mono dispdistribution centered at 1.4 um was
obtained
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Figure C 2: Droplet size distribution of an oil-inavater emulsion obtained by laser granulometry.

Rheology

The rheology of the prepared emulsion was chainaetkrusing the same protocol as for
xanthan solutions, resulting in the measures listéhble C 1 and represented in Figure C 3.
The corresponding Herschel-Bulkley parameterstgre 8.10 Pa, k = 2.24 Pd and n =
0.589. It is noticed that no Newtonian plateau isteosity is attained at low shear rates and
that the decrease in viscosity is more drastic ttlas presented by xanthan solutions.
Therefore, a best approximation to an ideal yie¢tdss fluid is obtained with this type of
fluids. However, other complications arise, sucltsi@bility of the emulsions or viscoelastic
behavior.

Oil-in-water emulsion
Y (s?) T (Pa)
8.27E-05 1
0.08458 4.414
0.2719 7.828
1.181 11.24
4.097 14.65
10.02 18.07
17.24 21.48
25.93 24.89
36.91 28.3
49.69 31.72
Oil-in-water emulsion
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Shear stress (Pa)
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V(s7) T (Pa)
64.16 35.13
80.02 38.54
97.37 41.95
115.8 45.36
135.6 48.77
156.2 52.18
178.1 55.59
201.3 59
224.6 62.41
249.2 65.82
275.8 69.23
302.5 72.63
331.2 76.04
358.8 79.45
388 82.86
418.5 86.27
453.5 89.68
479.7 93.09
511.8 96.49
542.7 99.9

Table C 1:t(y) measures corresponding to the oil-in-water emulsio
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Figure C 3: Shear stress and viscosity as a functiof shear rate for the oil-in-water emulsion.
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1. Introduction générale

pY

A T'heure actuelle, la porosimétrie & mercure esttéchnique la plus répandue pour
déterminer les distributions de taille des pore$RPdes milieux poreux. En effet, il s’agit
d’'une méthode bien établie et la référence pouactériser les DTP. Cependant, cette
technique présente plusieurs inconvénients tels lgutoxicité du fluide utilisé. Malgré
'existence d’autres méthodes de porosimétrie mamsques, aucune parmi elles n’est
suffisamment performante pour remplacer la porosismé& mercure. De plus, la nouvelle
|égislation qui sera mise en place a la suite datification de la Convention de Minamata
sur le Mercure en Octobre 2013 vise a bannir outdmfortement cette technique, qui est
'une des principales sources d'utilisation du nueec D’ailleurs, il est toujours souhaitable
de remplacer une méthode toxique comme celle-ci ypa méthode respectueuse de
'environnement et qui en plus ne menace pas &g |l'utilisateur. C’est pour cette raison
que I'lUPAC (International Union of Pure and Appli€hemistry) a fait rfecemment appel a
la communauté scientifique internationale (Rouquetral.2012) en remarquant I'intérét et le
besoin de développer des méthodes de porosiméigefficaces et non toxiques.

Dans ce contexte, I'objectif de la présente thestede proposer une nouvelle méthode
expérimentale pour la caractérisation des miliearepx en termes de leur distribution de
taille des pores basée sur l'utilisation de fluidesseuil et réunissant les criteres de
performance et de non toxicité.

La base théorique d’'une nouvelle méthode pour abtes DTP en mesurant le débit Q a
plusieurs gradients de pressi@R pendant l'injection de fluides a seuil en milgareux a été
proposée dans la littérature par Ambatial. (1990). Sur la base de ces considérations
théoriques, une approche intuitive pour calculerD@P a partir de @) est présentée dans
ce travail. Elle consiste a considérer I'augmeatatadditionnelle de Q quantP est
augmenté, comme conséquence des pores plus pdtitsirgcorporent a I'écoulement. Le
principe sous-jacent de ce comportement est ldabi&odes fluides a seuil en milieu poreux.
La procédure est d’'abord testée et validée numémgat. Ensuite, elle est appliquée a
I'exploitation des données provenant des expéreedeelaboratoire et les DTP obtenues sont
comparées avec celles fournies par porosimétrieegcure, et dans certains cas avec des

résultats de microtomographie 3D.

L’écoulement a travers les milieu poreux des flaid®n-Newtoniens en général, et des
fluides a seuil en particulier, est de spécial rigttédans des applications comme la
récupération améliorée de pétrole, la dépollutiersals, la filtration, la propagation du sang
dans les reins, etc. En plus, il faut souligner dear modélisation, simulation et

implémentation expérimentale est trées complexe. Pamséquent, méme s'il s’agit

actuellement d’un sujet de recherché trés activeé&he si beaucoup de progres a été fait, il
n’existe pas encore de modéle macroscopique cartaiides simulations numériques ne sont
pas capables de prédire les mesures expérimen@assde nombreux cas. Dallleurs, il y a
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un manque de travail expérimental dans ce domawmmme signalé par plusieurs auteurs
(Chevalieret al. 2013), qui signalent également la difficulté pobtenir des résultats fiables.
Pour cette raison, un objectif complémentaire déediése est de fournir des procédures
rigoureuses ainsi que des résultats expérimentalxpgissent étre comparés avec les
simulations numériques et les modeles macroscopique
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2. Etat de l'art

Ce chapitre est divisé en quatre sections. Il contegar une étude bibliographique des
milieux poreux, focalisée sur la caractérisationlalgéométrie de I'espace poreux. Ensuite,
guelques aspects de la rhéologie des fluides namon&ns et leur écoulement en milieu
poreux sont présentés, avec une attention spéaialéype de fluides utilisés dans les
expériences qui seront présentées par la suité,He$ idées théoriques qui sont a l'origine
de la méthode développée dans ce travail sontqrigas.

Milieux poreux et caractérisation de la Distribution de Taille des Pore

Les milieux poreux et I'écoulement en milieux porgueuvent étre observés ou décrits a
plusieurs échelles. L'échelle macroscopique cooedpaux dimensions de I'échantillon.
Parmi les principales propriétés caractériséedta éehelle se trouvent la porosité (ratio entre
le volume des pores et le volume total), la pernfié@alfcapacité d’'un milieu poreux pour
conduire des fluides), la tortuosité et la surfapécifique. A I'’échelle microscopique, aussi
appelée échelle du pore, les dimensions caraagiest sont du méme ordre que celles des
pores ou des grains. Méme si I'espace poreux egincp la structure poreuse est souvent
discrétisée comme étant une succession de «voluleepore» et de « constrictions ».
Pourtant, une représentation trés utilisée de despporeux consiste en un faisceau de
capillaires droits avec de différentes tailles anivune fonction de densité de probabilité
appelée couramment Distribution de Taille des P@DEEP). La définition de DTP est tres
élusive et dépend de la méthode utilisée pour isectEaisation.

Méme si une diversité de modéles de complexité@udifite est disponible pour modéliser
'espace des pores, aucun parmi eux ne proportitmregérité absolue » et le choix dépend
de l'application a étudier. Le modele de faisceautubes est trés populaire grace a sa
simplicité et son utilisation dans linterprétatiafes résultats de techniques comme la
porosimétrie & mercure. De plus, le faisceau desyermet d’obtenir des relations treés utiles
comme celle qui donne la taille moyenne des perefonction de la perméabilité K et de la

porositée :

(1)

=i
Il

D’autres modeéles plus compligués comme les «r&sadml pores » permettent une
représentation plus réaliste de I'espace poreux,is maécessitent d’informations
supplémentaires (inter connectivité des pores) etire la taille des constrictions et la taille
des volumes de pore, etc.) qui ne sont pas facileaceessibles.
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La porosimétrie a mercure (MIP) est la techniqueliss utilisée pour déduire la DTP des
milieux poreux. Elle est fondée sur la mesure dilume de mercure qui pénétre un
échantillon poreux en fonction de la pression ap@e. La pression appliquée doit vaincre la
pression capillaire pour que le mercure pénetres dies pores. Par conséquent, les résultats
bruts de la MIP sont des courbes de pression aapil{pression capillaire en fonction de la
saturation en mercure). C’est pour cette raisonl’qbéention de la DTP par la MIP nécessite
d’'une interprétation qui est faite en général moyh un modele de faisceau de tubes et
I'équation de Washburn :

2ocos0 2
p= (2

Ipore

ou AP est la difference de pression imposée au meramrest la tension de surface
mercure/airf est I'angle de contact mercure/airgs,. est la taille des pores pénétrés a cette
différence de pression.

La MIP présente I'avantage de pouvoir caracténser large gamme de taille de pores avec

des tests courts. Pourtant, le choix de 'angleatdgact est arbitraire dans la plupart des cas,
les échantillons ne sont pas réutilisables etri@dsion des pores caractérisée n’est pas facile
a interpréter : taille des constrictions donnartéaca une proportion du volume des pores

depuis la surface extérieure de I'échantillon. Erspson inconvénient le plus important est la

toxicité du mercure, qui présente un probléme enviemental et un risque pour la santé. Des
nombreux pays ont déja interdit ou limité cettenteque et d’autres obstacles a son utilisation

seront introduits a la suite de la Convention dadvhiata sur le Mercure.

Parmi les autres techniques de porosimétrie, it famarquer la microtomographie, qui
permet une visualisation de I'espace poreux donpeurt tirer des nombreuses informations
mais qui est limitée notamment par la résolutios ideages et par les critéres de segmentation
et de traitement postérieur pour la génération dasgeau poreux.

Fluides complexes

Les fluides non newtoniens sont ceux pour lesqglaelgscosité n'est pas constante a une
température donnée, mais elle dépend des conditieni®coulement. Dans ce travail, on
s’intéressera aux fluides a seuils qui présentastvaleur de contrainte de cisaillement en
deca de laquelle ils ne s’écoulent pas. Le moaefsus répandu pour les fluides a seuil est le
modéle d’Herschel-Bulkley :

{r =1, + ky" pour T=Tp (3)
y=0 pour T< Ty

ou T est la contrainte de cisaillemefitest le taux de cisaillement, est la contrainte de seuil
du fluide, k est sa consistance et n est son irdi@mulement.
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Pourtant, la contrainte de seuil est une idéatisapiuisque sa détermination requerrait des
temps de mesure infinis. Pour cette raison le neodél Carreau qui présente un plateau de
viscosité trés élevé mais finie a des faibles talex cisaillement est en général plus
représentatif des pseudo» fluides a seuil réels. Cespseudo» fluides a seuil réels
possédent un comportement fortement rhéofluidifetnine chute brusque de la viscosité a
partir d'une valeur particuliere du taux de cisailent. Un tel comportement peut étre
assimilé a celui des fluides a seuil dans certaapgdications en considérant une contrainte de
seuil « apparente ». Parmi lepseudo» fluides a seuil qui ont été comparés, les smhsti
agueuses concentrées de gomme xanthane présemteamportement le plus simple en
milieu poreux tout en ayant une contrainte de saplarente, ce qui les rend les plus adaptés
a notre application.

Ecoulement d’un fluide d’Herschel-Bulkley dans un &isceau de tubes

Pour comprendre I'écoulement laminaire stationndase fluides a seuil a travers un milieu
poreux, la notion de rayon critique est essentidlie effet, sous un gradient de pression
donnéVP et en supposant I'hypothése de non-glissemenlasparoi des pores, le fluide a

seuil s’écoulera seulement a travers les poresldaaton soit supérieur a une valeur critique
r. donnée par :

21, (4)

e = 7p

Par conséquent, si I'on considére que le milielepompeut étre modélisé par un faisceau de
capillaires, le débit total a travers le milieu gax est donné par :

Q(VP) = NP x f ooq(VP]-,r) p(r)dr ©)
0

ot Q(VP) est le débit total traversant le faisceau a udigra de pressidiP, q(VP, r) est le
débit d'un fluide d’Herschel-Bulkley s’écoulant eaters un capillaire de taille sous un
gradient de pressidnp, p(r) est la DTP et NP est le nombre de pores danssieetu.

L’inversion de la relation précédente pour obtemir) est a l'origine des méthodes de
porosimétrie actuelles par injection de fluidesagils Ces méthodes ont été testées dans des
expeériences numériques et de laboratoire avec diésuxnporeux modeles. Les résultats
numeriques ont été satisfaisants dans les cadussspnples, mais des erreurs importantes
sont obtenues dans les cas plus complexes (fluidlersthel-Bulkley avec g 1). Quelques
milieux poreux modeles ont été également caraé®revec succes, mais la procédure
d’exploitation n’est pas clairement détaillée evabdité dans des milieux poreux naturels n’a
pas été testée.
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3. La Méthode des Fluides a Seuil (YSM

Une nouvelle méthode intuitive pour déduire la Ddréh milieu poreux a partir des données
brutes obtenues lors des expériences de laboraistifgrésentée dans ce chapitre. D’abord, la
base de la méthode est détaillée ainsi que la guoeépour obtenir la DTP. Ensuite, la
méthode est validée numériquement moyennant deérierpes n silico». A la fin du
chapitre, le dimensionnement des expériences dedttdire est abordé.

La base de I'YSM: principe physique

Tout comme dans la porosimétrie a mercure, le mitiereux es modélisé comme étant un
faisceau de tubes dont les rayons sont distribeiés sine fonction de densité de probabilité
p(r) et par conséquent, le débit total a traversalasse de pores de rayon représentatitin

gradient de pressiofP, qWVP, r), est donné par :
VP\n,  27p\n*! 2
G () e e 2

2Tp 2T 2T
1-=2 rVP) rVP( rVP)
1 1
q(vp‘ r) — — ; +1 2k rvP

—+3 —+2
| 21
k 0 for VP < T

(6)

avecr =y

Lors d’'une expérience type, un fluide a seuil danthéologie est bien décrite par le modele
d’'Herschel-Bulkley est injecté a travers le miligoreux a analyser et N+1 donnéeg @)
brutes sont récupérées et ordonnées de facon astendla gamme des données doit étre
telle que le débit le plus faible soit proche deozt le débit maximum soit dans l'intervalle
ou QEP) suit une loi du typ&P avec y proche de 1/n. En plus, il est supposéQjuest
suffisamment faible pour qu’aucun pore ne particlpes I'’écoulement en deca 9B;. Par
ailleurs, chaqu&P; définie une classe de pores de rayon représentative

On peut exprimer que le débit mesuré a une pre§spest superieur g = aé—;‘: (r1>r>- -

> Iy ) oua est un facteur supérieur a I'unité dont la valeusicise sera discutée apres. En
plus, le débit & une pressi@R; est supérieur ou €gal a la somme des contributierteus les
pores dont le raton est plus grand quélors, nous pouvons écrifg = Z’;i niq(VP]-,ri) ou
n; représente le nombre de pores de la classe i. ¢ldanir la DTP, les N inconnues n
doivent étre déterminées en ressoudant le systénégjdations ci-dessous :

( Q2 = n;q(VP,,1y)
Q3 = n;q(VPs,11) + n,q(VPs,17)

’ 7
Q= nlq(VP]-,rl) + nzq(VP]-,rz) + -4 n]-_lq(VP]-,r]-_l) (1)

\Qn+1 = n1q(VPy4q,11) + 02q(VPy4q,12) + -+ + nyq(VPy4q, Ty)
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Le systeme d’inéquations précédent exprime lediaé le débit mesuré a un gradient donné
VP, doit étre supérieur ou égal a celui calculé sieseant les pores de rayon plus grand gue r
étaient involucreés.

Détermination de la DTP

Dans la routine utilisée pour calculer unaiblé, et en commencant pay, rdes valeurs
positives successives sont scannées jusqu’a céumeedes inégalités est violée et alors la
valeur maximum est affectée adne fois queini =1, ... ,N) ont été calculés, la probabilité
en termes de fréquence relatp4g;) est obtenue avec:

(8)

n.
p(r) = Nl for i=1--N
j=1 1

De plus, la probabilité en termes de volume refgiff;) est déterminée avec :

py(r;) = NHLFIZZ for i=1:N ©)
j=1 Iy T
Tel que I'on a dit précédemment, le rayon repredént d’'une classe de pores donnée est lié
a VP a traversr; = a%‘:, a étant un facteur supérieur ou égal a l'unité. lagsan
fondamentale est que pour un gradient de presgdonné, Qest di aux pores dont les
rayons sont strictement plus grands éﬁe C’est-a-dire VP, représente seulement le seuil a

partir duquel les pores de ray%ié‘?—.commencent a participer dans I'écoulement. Afin de

calculer la valeur appropriée dequi sera désormais nome&g des valeurs croissantes seront
testées pour résoudre le systeme d’inéquationer(ommencant par = 1. Pour chaque
valeur dex, la conformité de la DTP aux données expérimentade évaluée moyennant :

N+1 2
_ (Q(VR) — Q)
b- ; [ Qi l

ouQetVP aveci=(1,... N+1)sontles données expenitales de débit et de gradient de
pression eQ(VP,) est calculé avec I'équation (®).est alors la valeur de minimisant E.

(10)

Validation numérique de I'YSM

Un fluide a seuil dont la contrainte de seuil, dstasice et indice de I'écoulement son
respectivement, = 10 Pa, k = 1 Pasind n = 0.60 a été injecté numériquement a travers
faisceau de 1.000.000 capillaires dont les rayoms$ gistribués selon la fonction de densité
de probabilité bimodale suivante :

p(r) =

_ 2
w1 - =1 ) >
e 1 +

2mo? \2mo3

__(r—zmg)z (11)
e %2
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avecm; = 12um, m, = 24um, o; = 3 um, o, = 6 um, w; = 2/3 etw, = 1/3. Cette
distribution est appelée distribution originell®. gradients de pression différents (N + 1 = 50)

_ (Zmax—Zmin)

N
Zmax = My + 30, ont été considérés et les débitg&3ultants ont été calculés avec I'équation

(5) (Figure 1)

s 2 . .
donnés parvp, =% avec i = (0, . . ., N)z; = Zpax i, Zyi, =My — 304,
1

"max radius "min
6.x107 |
5.x107% |
~ 4.x1075 ¢
Mﬁ
g
S 3.x107 ¢
2.x107% |
1.x107% | ! -
1) SN L Ll | L | | | |
0 1x105 2x10° 3x10° 4x105 Sx10° 6x105 7x10°
VP (Pa/m)

Figure 1: Données (QVP;) correspondant a I'injection numérique d’un fluide a seuil avecry= 10 Pa, k = 1Pd%®t n =
0.60 a travers un faisceau de 1.000.000 capillairdent les rayons sont distribués selon p(r).

Ensuite, 'YSM a été appliguée aux donnéesV@) eta* a été trouve égal a 1,07. La DTP
calculée en termes de (mombre de pores de rayoi est en tres bon accord avec la DTP
originelle (Figure 2). Il a été prouvé égalemene guarmi un ensemble deconsidéréso”
produit manifestement le meilleur accord entre T&Pxalculée et I'originelle. Pour aller plus
loin, plusieurs DTP originelles différentes ont &étées et la méthode a donné des tres bons
résultats dans tous les cas paue o*. En particulier, il a été observé que= 1 fourni des
résultats qualitativement pires et que I'accordestd DTP originelle et celle calculée par
I'YSM est pire quand la valeur dediverge dex* (1.01 — 1.08).

Une étude de sensibilité de la DTP obtenue auxxathes paramétres de mesure, aux erreurs
dans les propriétés du fluide et aux erreurs demsnlesures a été réalisee. Il a été prouvé que
l'influence des valeurs de, et k sur la DTP calculée est faible ou sans ingme.
Cependant, les écarts dans la valeur de n ont dgégaences plus importantes car elles
déforment la région des petites tailles de pore enpaur des erreurs faibles. La position de la
DTP sur I'axe horizontal est préservée dans tauisds. Par ailleurs, la fagon d’échantillonner
les VP, lors des mesures de WX) ne joue pas sur la DTP calculée sauf dans lewdssQ;
générés sont équidistants. Enfin, il a été remaouesi bien les erreurs systématiques dans
les mesures de (@P) n‘ont pas des conséquences trop notables suilR dlculée, les
erreurs aléatoires en « zigzag » se sont avérégsnftuents. Une solution visant a réduire
I'importance de ces erreurs sera proposée darmafatee suivant.
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n;
90000 -
SR
70000 » R
& *
50000 | X =
30000 | | | o |
& =
R Zmzam&azx
10000 - x ! ! ! ! ggxz ! ! ]
X Zx
- . - . - . Peases: r; (um)
5 100 15 20 25 30 35 40 45

Figure 2: DTP calculée par I'YSM (cercles) comparéavec la DTP originelle (croix).

Dimensionnement des expériences de laboratoire

Le montage expérimental est classique : le flugtergecté a travers le milieu poreux a l'aide

d’'une pompe volumétrique et la chute de pressiwawrs I'échantillon est mesurée pour une
gamme de débits imposés. Dans cette section, ftestéestiques techniques des éléments
constituant I'expérience seront liées aux typeBdPE ciblées.

On commence par définir le type de DTP standaryl qu{e I'on souhaite caractériser avec
notre systeme. Le débit total en fonction du gnaidike pression est donné par I'équation (5) :

eR?

Q(Vp) = m

fooq(VP]-, r) p(r)dr = NP x jooq(VP]-,r) p(r)dr

Afin de dimensionner I'expérience, il a été considsuffisant d’analyser les tailles de pore
dont la probabilité cumulée est comprise entre 5%9%0. Par conséquent, les rayons des
pores dont la probabilité cumulée est de 5% et 88%n p(r) sont NOMM&s,;, et rmax
respectivement. Il est aussi supposé que les pEggrus grands ont un rayon 2ie, ., mais
que leur fréquence est aussi faible pour que liéeir gur le débit total soit négligeable au-dela
de la pression a laquelle les pores de raygpcommencent a conduire.

Comme nous avons expliqué avant, la gamme des asedoit étre tel que le débit le plus
fort soit dans la région ol @P) suit la loi de puissande® avec y proche de 1/n. Il est
supposé que la difféerence de pression a laquellpone de rayomr,,;,/2 commencerait a
conduire est suffisamment élevée pour satisfaimftalition précédente. Cette différence de
pression esAP, .« = 4toL/rmin OU L est la longueur de I'échantillon.

Si la pompe a utiliser fournit une gamme de débitre Qin et Qnax les conditions a
respecter sont les suivantes :
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2I'max erO n ) 12
Qs NP [ 60 ) () v p) 12)
'min min
2I'max T, % ,
Quin SNP [ £y (0t ) () % pa)er (13)
max

I'max

avec

2
(1 _ rmin) min 1—
2r 2r

f, (r, rpip,n) =41 —2 T

f,(r, rpax,n) =31 —2 T

ou R est le rayon de I'échantillon.
Il est supposé que la pompe peut travailler a desspns comprises entrgifet Rhax avec

Pmin < 2TOL/rmax (14)

Pmax = 4'TO]-'/rmin (15)

Les conditions (12) et (13) sont réécrites comme:

2r 1" (16)
To n max 2+l
k > =[NP X ( ) X £, (1, Topin, DT 0 p(r)dr
Qmax I'min I'min

_n 17
To 1 n 2I'max oyl ( )

k < =[NP x ( ) X f f,(r, rpax, DTr 0 p(r)dr

min max I'max |

Les conditions (14) et (15) sont réécrites aussemant:

rmamein < < I-minpmax (18)

2L =T gp
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Les inéquations (16), (17) et (18) peuvent étrisags pour borner les propriétés du fluide
nécessaire pour caractériser une DTP standardumeepompe donnée. De fagcon analogue,
les mémes inéquations peuvent étre utilisées petimer les propriétés de la pompe
nécessaire pour caractériser une DTP standarduaviigide donné.
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4. Expériences de laboratoire

Dans ce chapitre, la méthode présentée dans leit@hapest testée dans le cas de solutions
de gomme xanthane injectées a travers un silicaté flont la DTP est inconnue. D’abord,
des expériences préliminaires sont présentées ldamst d’établir la base de la procédure
expérimentale qui sera adoptée par la suite. Apnesis étudierons linfluence de la
concentration du polymeére en solution sur les d¢éarestiques de la DTP obtenue avec I'YSM.
Ensuite, 'YSM sera appliguée a de difféerents tygesnilieux poreux afin d’étudier la qualité
de la DTP obtenue dans chaque cas et évaluerfits e la rétention, I'adsorption et la
dégradation du polymere. En plus, une modificatien’YSM sera proposée sur la base des
conclusions tirées des expériences.

Expériences préliminaires de laboratoire

Deux solutions de gomme xanthane a des concemsatie polymeére (§ de 7000 ppm et
6000 ppm respectivement, et contenant 400 ppm & Mbectéricide) ont été préparées pour
ces expeériences préliminaires. Ces solutions @ntcatactérisées a l'aide d’'un rhéometre a
contrainte imposée équipé avec une géométrie clanefputes les mesures rhéologiques ont
ete effectuées a 20°C. En effet, il a été obsenelgur rhéologie était bien approximée par
un modele d’Herschel-Bulkley méme si, tel que l'anexpliqué dans le Chapitre 2, la
contrainte de seuil était seulement apparente.rbeéplure pour ajuster les mesurest
fonction dey au modele d’Herschel-Bulkley consiste a minimlaesomme

PNCARESE? )

ou t(y) est donné par I'équation (3) eg;,(t;) sont les mesures expérimentales. Cette
procédure permet d'obtenir les valeurstde n et k pour chaqueCll a été observé que,
comme prévu, la solution la plus visqueuse reptdduinieux le comportement décrit par le
modéle d’Herschel-Bulkley.

Par ailleurs, le milieu poreux a analyser étaitgilicate fritte synthétique (Aerolith®10,
PALL Corporation, USA) avec porosité et perméabilide € = 0.40 et K = 5 D
respectivement. Une représentation schématiqueahiage expérimental est présentée dans
la Figure 3. De gauche a droite il y a (1) une perdp type pousse-seringue (PHD Ultra,
Harvard Apparatus), chargée alternativement avesdéutions de polymere ou avec de I'eau
distillée et déminéralisée, qui assure l'injectamfluide a débit contrélé, (2) le milieu poreux
a analyser (échantillon cylindrique L = 10 cm; R,5 cm), (3) un récipient pour collecter les
effluents. Un capteur de pression Rosemount 308%sBre Transmitter) est aussi connecté
aux extremités du milieu poreux.
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La procédure suivie pour préparer le milieu poreugté la suivante. Les deux bouts de
I’échantillon ont été mis en contact avec des magdiinjection en aluminium. Ensuite, les

surfaces en contact avec le milieu poreux ont &étues de Téflon pour éviter 'échange
ionique entre le métal et I'échantillon. Enfin,darface latérale de I'échantillon a été revétue
avec une résine époxy non mouillante enveloppdibende verre et couverte a son tour avec
de la résine époxy pour assurer la étanchéitélatét la tenure mécanique.

pompe a débit Milieu
imposé poreux
—>— Q
o
A
v
AP
fluide a
seuil capteur de pression effluents

Figure 3 Représentation schématique du montage exjp@ental.

D’abord, le milieu poreux a été saturé avec duw, @Qur éviter la présence de bulles de gaz
pendant les expériences. Apres, I'échantillon asatéré avec de I'eau déminéralisée, filtrée
et dégazée et laissé en repos pendant environut2shé\lors, la perméabilité et porosité de
I’échantillon ont été mesurées avant l'injectiors gelutions de xanthane dégazées. 2 volumes
de pore de solution de xanthane ont été injectés @bit intermédiaire. Un volume de pores
additionnel a été envoyé au débit le plus fort sprait imposé pendant les expériences pour
assurer gue la solution saturait toutes les cladsgsre. Une fois saturé, I'échantillon a été
laissé en repos pendant 12 heures. Dans ces exgEgipréliminaires, le débit a été imposé
de facon croissante et la perte de charge staiil@naaté relevée. La température de la salle a
été consignée a 2@ * 0.1 pendant toutes les expériences.

La méthode présentée dans le chapitre précédetd appliquée aux mesurdf; VP,)
obtenues lors de ces expériences préliminaires pbtanir les DTPs, qui sont comparées
dans la Figure 4 avec la DTP déduite par la MIPmi&i la MIP ne doit pas étre utilisée
comme référence pour évaluer la qualité de la Doterme par I'YSM, il est remarqué que
I'accord est meilleur avec I'expérience a concditmaplus élevee (C= 7000 ppm). Une
étude pour évaluer I'influence dea montrée que la correspondance entre la MIPY&M
est optimum pour des valeurs @@roches dex*.

Conformément a I'objectif de cette section, les evbations réalisées lors ces tests
préliminaires nous ont permis de décider sur lexdunures a suivre dans des expériences
postérieures. En effet, I'applicabilité de I'YSM xawexpériences de laboratoire a été
démontrée et le critére de sélectionades’est avéré performant. Afin de minimiser les &ffe
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de I'éventuelle rétention de polymére aux faiblébits, il a été décidé désormais d’'imposer
les débits de fagon décroissante lors des mesar€V®) et d’utiliser un xanthane plus pur.
En outre, les temps de stabilisation d#% pourront étre estimés a partir des expériences
préliminaires.

pv(ri)
0.5;

MIP

0.4}

0.3} . | | . . YSM 6000 ppm

0.2}

YSM 7000 ppm

0.1}

o | . . — T; (num)
- 10 15 20 25 30 35 40

Figure 4: DTPs obtenues par I'YSM correspondant auwexpériences
préliminaires comparées avec la DTP déduite par IMIP.

Sensibilité de la DTP obtenue a la concentration daolymere

Tel que I'on a observé dans les expériences prétesida concentration de polymére semble
avoir un effet sur la DTP obtenue par I'YSM. Panséquent, dans cette section on présente
les expériences d'injection de 5 solutions aquedsesanthane ayant deg @e 4000, 5000,
6000, 7000 et 8000 ppm a travers 5 échantillondognas du méme silicate fritté
(Aerolith®10, PALL Corporation, USA).

Les rhéogrammes des 5 solutions ainsi que leusteapents par une loi d’'Herschel-Bulkley
obtenues de la méme maniére que dans la sectio@denmdte sont présentés dans la Figure 5.
Leurs viscosités en fonction du taux de cisaillensamt présentées dans la Figure 6 dans le
but d’illustrer que la chute de viscosité est plirestique pour les solutions les plus
concentrées.

Le protocole expérimental pour les mesuresQd@P) a été le méme que dans les tests
préliminaires, sauf pour I'imposition des débits fdgon décroissante et I'optimisation des
temps de chaque mesure stationnaire. A la suithague expérience, un ensemble d’environ
40 données (QVP) a été obtenu (Figure 7).
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Figure 5: Rhéogrammes des solutions de xanthane ligées dans les expériences.
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Figure 6: Viscosité en fonction du taux de cisaillment pour
les solutions de xanthane utilisées dans les exigéices.
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Figure 7: DonnéedQ;, VP;) expérimentales obtenues lors de I'injection de adions

de xanthane avec Gdifférentes a travers un silicate fritté A10.
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La viscosité effective des solutions obtenue loes anesures avec le rhéometre a été
comparée avec la viscosité apparente dans le npiieauxy,,, défini comme suit:

KAVP (20)
Happ = T

Le taux de cisaillement apparent considéré esi flarine :

. Q/A (21)
Yapp = Bﬁ

ou 3 est un parametre empirique dehift’ entre les rhéologies apparente et effective. A la
suite de cette comparaison, il a été observeé gtlaitee présente un comportement apparent
moins rhéofluidifiant que celui mesuré hors milgareux. De plus, la large gamme de débits
imposée dans nos expériences a permis de constetéorte dépendance enfret la gamme
des taux de cisaillement apparente.

Par ailleurs, les données;(@P,) obtenues lors des expériences ont été explgigesY SM

afin de calculer les DTPs correspondantes, qui poégentées et comparées a celle déduite
par la MIP dans la Figure 8. Dans cette figuressil remarqué que les DTPS obtenues par
I'YSM sont plus décalées vers les petits pores.i Gemble cohérent di a la nature des
expériences. En effet, elles sont basées sur larmees pertes de charge, lesquelles sont
dominées par les constrictions des pores. En plast observé que plus la concentration est
forte, plus les DTPs obtenues par I'YSM sont preathe celle déduites par la MIP (sayf€
8000 ppm). Il est rappelé ici que les DTPs corredpat aux ¢ les plus élevées sonta«
priori » les plus fiables puisque le comportement degtisok est plus proche de celui d’'un
fluide d’Herschel-Bulkley. Enfin, des valeurs siaifes dex* sont obtenues quelle que soit la
Cp.

p(7;
0.8( l)
—— MIP

0.7

0.6 YSM 4000 ppm

0.5
YSM 5000 ppm

0.4

YSM 6000 ppm
0.3

0.2 | & YSM 7000 ppm

0.1

& YSM 8000 ppm

ri(um)
40

30 35

Figure 8: DTPs obtenues par I'YSM comparées avec ¢eldéduite par la MIP pour le silicate fritté A10.
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Sensibilité de la DTP obtenue au type de milieu peux

Dans cette section nous présentons les expériatizgection de solutions aqueuses de
xanthane (¢ = 7000 ppm) a travers cing milieux poreux difféserPour ces expériences,
deux solutions de xanthane ont été préparées :

- Solution 1: G = 7000 ppm, concentration NaCl{G 0 ppm.
- Solution 2: G = 7000 ppm, concentration NaClg{G 5000 ppm.

Les cing milieux poreux analysés sont :

- Echantillon 1 : Aerolith®10 (PALL Corporation, USA)

- Echantillon 2: Aerolith®10 (PALL Corporation, USA).

- Echantillon 3: Bentheimer Sandstone (Kocurek Indest Inc., USA).
- Echantillon 4: Castlegate Sandstone (Kocurek Imisstinc., USA).
- Echantillon 5: Berea Sandstone (Cleveland Quard&s).

Les porosités et perméabilités mesurées ainsi egiéohgueurs (L) et diametres (D) de ces
cing échantillons cylindriques sont donnés dansalgleau 1 :

Sample K (mD) € L (cm) D (cm)
1 9000 0.45 10 5
2 2400 0.40 5 3.8
3 2200 0.25 5 3.8
4 750 0.25 5 3.8
5 38 0.22 5 3.8

Tableau 1: Porsosités, perméabilités et dimensiongsl échantillons.

Les rhéologies effectives des deux solutions oét aatractérisées avec des rhéometres a
contrainte imposée (géométrie cone-plat pour lat®ol 1 et «double gap» pour la solution
2) et leurs parametres d’Herschel-Bulkley ont éteaninés comme expliqué précédemment.
En plus, 'homogénéité des solutions a été veérif@asi que linexistence d’effets

thixotropiques importants.

Les expériences avec I'échantillon 1 ont été réatisavec la Solution 1, le reste d’expériences
ont été réalisées avec la Solution 2 (salée). Letage et le protocole expérimental utilisés
pour la saturation et I'acquisition des mesureQ@eP) lors de I'écoulement de la Solution 1
a travers I'échantillon 1 est le méme que celus@néé dans la section précédente. Cependant,
dd aux pressions plus élevées générées par lesurilnoins perméables, un montage
différent a été utilisé avec le reste d’échantdlonune pompe a piston trées robuste
(Composites & Technologies, T-Pump v 1.9.) capdblé¢ravailler a des fortes pressions a été
employée et les échantillons poreux ont été modess une cellule Hassler (Hassler
coreholder, Vinci Technologies, France) et confingsc de I'eau pressurisée. En outre, un
densimetre et un collecteur de fractions ont éstalles en aval du milieu poreux pour la
réalisation de mesures de densité et de viscasitgegont présentées dans la section suivante.
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Dans le cas des expériences avec les échantillans, 2a saturation du milieu poreux et les

protocole suivi pour les mesures dev®jf lors de l'injection de la Solution 2 est simiés a
ceux de I'échantillon 1 et la gamme de débits indpoa été de 1000 ml/h a 0.01 ml/h dans
tous les cas.

De la méme maniére que pour les expériences péesemtans la section précédente, la
viscosité effective a été comparée avec la viseagitparente, confirmant que la viscosité
apparente présente un comportement moins rhédituntdi Ce comportement moins
rhéofluidifiant est d0 avec toute probabilité adfes de la couche de déplétion proche des
parois du pore, qui se traduit en une viscosit@agye aux faibles débits.

Par ailleurs, les données i(YP,) obtenues dans ces expériences ont été explqies
I'YSM, et les DTPs obtenues sont présentées daffglae 9. Tel que I'on voit dans cette
Figure, les DTPs sont ordonnées de fagcon cohépamteapport au rayon moyen prédit par
I'équation (4), sauf pour I'échantillon 2. Il a et@ssi démontré que la valeurafene dépend
pas de la perméabilité du milieu poreux.

pv(ri)

0.5
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0.4

-

Sample2

0.3
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0.2

——@—— Sampled

0.1 !
i M ——&—— Sample5
= Iy (fum)

2 4 6 8 10 12 14 16 18

Figure 9: Comparaison des DTPs obtenues par I'YSM

Expériences complémentaires de laboratoire

Plusieurs expériences complémentaires ont ététeffes avec les échantillons 2 a 5 afin
d’évaluer les effets de I'adsorption, de la réemtét de la dégradation du polymére dans les
milieux poreux.

Le premier type d’expériences consiste a tracamligion de la densité des effluents en

fonction du nombre de volumes de pores injectésderla saturation en saumure et lors de la
saturation en solution de xanthane. La comparaiksndeux courbes permet d’estimer la
masse de polymere adsorbée a partir du décalage leatdeux courbes. A la suite de ces
expériences, I'adsorption de polymeére calculéedes240 pg par gramme de solide pour
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I'échantillon 2 et de 90 ug par gramme de soliderp@chantillon 5. Méme s'il existe de la
rétention, on prédit que ses effets sur la pernié@bésteront peu importants du fait que la
xanthane est une molécule rigide qui s’adsorbeah pk retard de la courbe de tracage
miscible de la saumure par rapport a celle de latisa de xanthane dans le cas de
I'échantillon 3 pourrait refléter le bouchage oextlusion des tres petits pores, ce qui
réduirait le volume balayé par la solution de paiyen

Le deuxieme type d’expérience consiste a faireragage de la viscosité des effluents lors de
la saturation en xanthane. La lente stabilisatienalviscosité du fluide sortant du milieu
poreux suggere une cinétique d’adsorption tréeldoe au détachement et réadsorption des
molécules de polymére. Cependant les effets desdigtion et de I'éventuelle rétention
restent modérés puisqu’une valeur stable de vigcesde densité des effluents est finalement
atteinte et maintenue. Il est aussi observé questasité des effluents a la fin de la saturation
est légerement inférieure a celle du fluide injec qui pourrait étre la signature d’'une trés
faible dégradation mécanique du polymeére.

Les derniers tests consistent a caractériser &ggrammes des effluents apres les mesures de
Q(VP) et a les comparer avec celles du fluide avagettion. Une forte réduction de la
viscosité du fluide sortant du milieu poreux enkeedébut et la fin des mesures a été
remarquée dans tous les cas. Néanmoins, un balayége débit permet de récupérer la
viscosité initiale. La conclusion est qu’il existee rétention de polymere due a I'orientation
aléatoire des molécules aux plus faibles débits.

Modification de I'YSM pour les expériences de labartoire

Dans le Chapitre 3 il a été montré que les erral@atoires du typezigzag dans les mesures
Q(VP) exercent une influence trés négative sur la Dbenue par I'YSM. En outre, la
rétention de polymeére joue sur la précision desunessaux faibles debits. Dans cette section,
on propose une modification de I'YSM qui consistetaoduire un ajustement des données
Q(VP) brutes afin de réduire I'effet des erreurs deureet de la rétention.

La viscosité apparente des solutions de xantharfienetion du taux de cisaillement apparent
est fréquemment représentée par un modéle de QarEga plus, la combinaison des
définitions de viscosité apparente et du taux dmilement apparent avec le modéle de
Carreau donnent la relation suivante eftireet Q :

Q BV -
VP = KA [1 + <A\/§ Q) l (IJOapp - Umapp) + Heoapp

La relation précédente a été utilisée pour ajusgedonnées (QVP) de nos expériences et
cet ajustement capture bien la tendance des mesHreslite, le gradient de pression
correspondant a chaque &été évalué avec cette fonction. Il en résulteauveau jeu de
données (Q VP,) ou VP, est le gradient obtenu avec I'équation (22). Lleiption de ces
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données pour obtenir la DTP demande d’'une étudafsp®e qui ne sera présenté dans ce
travail. Néanmoins des premiers résultats soneptés dans I'’Annexe B.
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5. Comparaison de I’YSM avec d’autres méthodes de
porosimétrie

Tel que 'on a expliqgué dans le Chapitre 2, la Da9® une caractéristique élusive dont la
définition dépend de la méthode utilisée pour dardénation. Néanmoins, on présente ici
une comparaison entre méthodes dans le but d'empliqquelques différences dans
l'interprétation des résultats et dans l'informataue I'on peut tirer de chaque technique.

Comparaison entre MIP et YSM

Des échantillons analogues a ceux utilisés dansmasipulations précédentes ont été

caractérisés par la MIP. Les résultats bruts ddiR sont des courbes de pression capillaire
qui peuvent étre interprétées en termes de DTR@mfsimple moyennant I'équation (2). Les

résultats sont présentés dans la Figure 10. Urcaspgortant dont il faut tenir compte quand

on représente des DTPs est la distance entreffésedies classes de taille de pores. DU a la
facon d'imposer les pressions lors des tests de, MIf? a souvent une grande densité de
mesures correspondant aux faibles tailles de pdesi entraine une fragmentation des
probabilités calculées dans de classes de ta@iefroches et cache lI'importance totale des
petits pores. Un autre aspect important est I'arilte sur la DTPs de I'angle de contact choisi
pour le couple mercure/air. Dans l'intervalle usde$ angles de contact utilisés, les tailles de
pores peuvent difféerer de 30% en fonction du chqix, reste arbitraire dans la plupart des

cas.
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Figure 10: DTPs obtenues par la MIP pour les 5 matéaux analysés dans ce travail. a) Echantillon 1
; b)Echantillon 2 ; ¢) Echantillon 3 ; d) Echantillon4 ; e) Echantillon 5.
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Les DTPs obtenues par de différentes techniqugsneent pas étre directement comparées
pour deux raisons principales. La premiére est lggedimensions de pore représentées
dépendent de la technique. La deuxieme est queldsses de taille de pore obtenues dans
chaque cas ne sont pas les mémes et il faut lesupggy pour qu’elles soient égales avant de
les comparer. Les DTPs obtenues par 'YSM ont éggaupées pour les faire correspondre

avec celles du MIP. Ensuite elles ont été compaxrees les DTPs déduites a partir de la MIP

comme présenté dans la Figure 11.

En plus, la taille moyenne donnée par les deuxnigales a été comparée avec les prédictions
de I'équation (1), basées sur un modele de faisdeamubes (Figure 12). On peut observer
que les tailles de pore obtenues par I'YSM sont gatites que celles de la MIP et plus
proches des prédictions de I'équation(1l). La raissh la méme qui a été expliquée
précédemment : les mesures de perte de charger8® Isont dominées par la taille des
constrictions tandis que pour la MIP la dimensiamactéristique est celle de la premiere
entrée vers une certaine proportion du volume despo

a) Py(T) b) Py(T3)
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Figure 11: DTPs obtenues avec I'YSM comparées aveelles obtenues par la MIP pour les 5 matériaux. &chantillon
1 ; b)Echantillon 2 ; c) Echantillon 3 ; d) Echantillon 4 ; e) Echantillon 5.
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Figure 12 Comparaison entre les prédictions de I'égation (1) et les rayons moyens calculés par la MIet YSM.

Par ailleurs, la courbe de pression capillaire agstgrande importance dans lindustrie
pétroliere entre autres. Elle représente la sabmrad’un milieu poreux en phase non-
mouillante en fonction de la pression appliquéee®la porosimétrie & mercure, on mesure
directement cette courbe, ce qui n’est pas le edsY&M. En effet, I'obtention d'une courbe
de pression capillaire mercure/air dans le casyd&M entraine une transformation de la DTP
fournie par cette méthode. La procédure consistssocier une pression capillairg &
chaque classe de taille de pore avec I'équatio. 28suite, la saturation S est calculée
comme étant la probabilité cumulée en volume pbaquoe classe de taille de pore (équation
24).

2ocosH (23)

i I

S(Pci) = Z py(ri) (24)

20co0s6
vVri2—m—
1 PCi

0 (angle de contact mercure/air) est considéré cotanet de 140°, ei est la tension de
surface du couple mercure/air (0.485 Na25°C).

En considérant les conséquences de la transfommaitiecte des DTPs obtenues avec I'YSM
en R avec cette procédure, on peut tirer les conclessoivantes :

- Les classes de taille de porecalculées par I'YSM sont intimement liées aux
constrictions de milieux poreux. En effet, la mébaest basée sur la mesureVig
laquelle est dominée par les étranglements de pbesslors, nous considérons ici en
premiere approximation que I'écoulement d'un fluadseuil a travers un pore ne se
produit que lorsque le gradient de pression edisaniment élevé pour produire un
ecoulement a travers un cylindre ayant la mémeueuagque le pore et le méme rayon
gue la constriction.
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- Il est donc implicitement supposé que tout le vauiun pore sera saturé seulement
une fois que la pression appliquée soit supéri@aucelle requise pour pénétrer la
constriction la plus étroite.

- Par conséquent, la pression capillaire correspdradame saturation donnée doit étre
plus grande dans le cas de I'YSM que dans le casMbi Ceci est représenté
schématiquement dans la Figure 13, dans laquelleoosidére un milieu poreux
idéalisé avec seulement trois pores. Pour les méasems, les DTP calculées a partir
de la MIP présentent des pores plus grands guesaahtenues par I'YSM.

MIP YSM

Figure 13: Milieu poreux idéalisé avec seulement ores pour montrer I'interprétation de la saturation avec les deux
méthodes. Les régions grises représentent le volureelide. Les régions non grises représentent le vol@nes pores

P . . . 2 (] 2 0 2 0
saturés aux pressions capillaires P, = — =~ (vert), P, =—=—— (orange) eP. = —g (rouge)
2 - 3

respectivement.

Le comparatif entre les courbes de pression capillabtenues par les deux techniques est
présenté dans la Figure 14. On remarque que posrdes matériaux, il existe une valeur
critigue de Rau-dela de laquelle S augmente brusquement. Ga#ar critique mesurée par
la MIP est du méme ordre, bien que plus faible, cplke calculée a partir des DTPs déduites
par 'YSM. Ceci est cohérent avec les argumentdessus. En outre, alors que dans les
courbes de pression capillaire de la méthode MIPy i une augmentation de; P
supplémentaire nécessaire pour atteindre les phissfsaturations apres le plateau, ce n'est
pas le cas pour I'YSM. Ces hautes pressions capslaont dues aux plus petits pores, qui ne
sont pas analysés avec YSM. La raison en est que dealyse avec YSM exigerait
I'imposition de pressions et de débits tres éleydisne sont pas possibles avec le dispositif
expérimental actuel. En fait, les prosimetres acomer comportent un certain nombre de
capteurs de pression adaptés aux plusieurs ordresadgnitude des pressions imposées lors
d'un test type.
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Figure 14: Pression capillaire en fonction de la $aration en mercure mesurée par la MIP comparée awecelles
calculées & partir des DTPs obtenues par I'YSMI= 140°, ands = 0.485 N .

Compte tenu de l'objectif de remplacer la MIP st important d'obtenir des rapports entre la
DTP délivrée par I'YSM et la courbe de. Eeci implique la recherche d'un lien entre les
classes de rayon de pore obtenues avec I'YSM kscatsociées aux pressions nécessaires
pour saturer un milieu poreux avec un fluide noruitent. Une premiére approche visant a
atteindre cet objectif est présentée ici.

Commencons par faire I'hypothése que la chute elsfan le long d'un chemin de percolation
se produit exclusivement dans sa plus petite dotistr. Dans ce cas-la, nous pouvons
remarquer que la DTP (en nombre et non pas en &ldg&livrée par I'YSM représente le
nombren; de chemins percolants dont la plus petite consiricéstr;. Le nombre total de
chemins percolants €5t n;. Cependant, le volume de ces constrictions na&srgprésentatif
du volume total des chemins percolants et par cuesé Y;n; r? « emR2. Supposons
maintenant que tous les chemins percolants onélaarvolume, qui est entierement contenu
dans les « volumes de pore » de longueur L dowblieme estLmR?/ Y n;. Alors, le rayon

des « volumes de pore » egfay = /eR?/ X n;.

Un chemin de percolation dont le rayon de porerggt, et dont la constriction minimum a

bY

un rayon der; sera saturé en fluide non mouillant a des pressiallant de

20c0s0\ . 20cosHO . . . N . .
5 B . En premiere apprOX|mat|on, on considéere qu umm:hepercolant sera
body i
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20cos0

saturé en fluide non mouillant lorsqu’une pressmﬂm est appliqguée. En tenant compte
)

de ces considérations, on peut transformer les bRues avec 'YSM en leurs« DTPs de
pression capillaire » équivalentes moyennant I@sessions suivantes:

_ rbody + 1 (25)
=—0b—
—_— n; 26
p0) =51 2
171

oU F; est la classe de rayon de pore « équivalente lpguression capillaire » gf(r;) est sa
probabilité équivalente en volume ou fréequence. keBTPs de pression capillaire »
correspondant aux expeériences réalisees dans asedifférents milieux poreux et leurs
courbes de Passociées sont présentées dans la Figure 1¥igule 16 ainsi que les résultats
de la MIP. Un bon accord est trouvé entre les deéthodes, surtout pour les milieux
naturels (échantillons 3 & 5). En particulier, ltgau horizontal decPest bien prédit.

De plus amples informations peuvent étre obtent@seca l'interprétation des DTPs obtenues
par 'YSM. En effet,}; n;est une estimation du nombre total de chemins fgertoa travers

.- 2 . .
le milieu poreux at, = % correspond au rayon de la constriction du chenertgdant au
1

plus faible gradient de pression. Une valeur rdeproche deryqq, signifie qu'aucune
constriction n’existe dans le chemin de percolafizgmiérement mobilisé.

Par ailleursy = % est le rayon moyen des constrictions. Par conséayg, /T peut étre
utilisé comme un estimateur du ratio rayon de v@ue pore — rayon de constriction. Nos
hypothéses seront plus réalistes dans le cas @licaest élevé parce que nous avons SUpposé
gue la totalité du volume est contenu dans lesmetude pore et toute la chute de pression est
produite dans les constrictions. Un meilleur accamtte la MIP et I'YSM est effectivement
obtenue quand le ratio rayon de volume de porgenrde constriction est élevé. En tout cas,
ce n'est qu'une interprétation de base et d'aatralyses seront nécessaires afin d'assurer des
relations plus fiables en utilisant d'autres moyens

Enfin, un test consistant a caractériser deux éitlans poreux analogues, I'un avant et

'autre apres réalisation des mesures de I'YSMéaeffectué. Les matériaux utilisés sont du
Berea Sandstone et de I'Aerolith A10. Dans les dmass aucun changement important de la
DTP n’est observé apres réalisation des tests Y&Na pourrait indiquer que les échantillons
sont réutilisables dans d’autres essais visantaciser les DTPs.
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Figure 15: « DTPs de pression capillaire »équivaleas déduites avec I'YSM correspondant aux différentsiilieux
poreux. a) Echantillon 1 ; b) Echantillon 2 ; b) Echatillon 3 ;b) Echantillon 4 ;b) Echantillon 5.
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Figure 16: Comparatif entre la pression capillaireen fonction de la saturation en mercure mesurée pda MIP et celle
calculée a partir des « DTPs de pression capillaireéquivalentes avec I'YSM.
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Comparaison entre YSM et Microtomographie 3D

Deux des matériaux analysés avec I'YSM dans leitregmrécédent ont également été étudiés
par microtomographie 3D au CSTJF (TOTAL SA). l@us allons présenter quelques images
correspondant a ces matériaux, ainsi qu'une prenaigalyse visant a déduire leurs DTPs.
Toutefois, il est rappelé que I'obtention de DTpaéir des microtomographies est une tache
complexe. Par conséquent, seule une exploitatigigbba sera présentée ici dans le but de
tirer des conclusions générales sur les avantages énconvénients de cette technique. En
outre, les résultats obtenus seront comparés a pewenant de la MIP et de I'YSM en
termes des DTPs et des courbes de pression capillai

Les milieux poreux analysés sont un silicate fitf® et un Berea Sandstone. Les dimensions
des échantillons étaient d’environ 8 mm de diametrd5 mm de longueur. Pendant les

expériences, un grand jeu d'images 2D corresporddifferentes tranches le long de I'axe de
symétrie de I'échantillon a été obtenu avec un osicope a rayons X (520 Versa, Carl Zeiss
X-ray Microscopy). Il faut rappeler ici que ces igea correspondent a un volume (avec une
profondeur de 1 pixel), méme si elles sont appeal@eges 2D pour simplicité. Ensuite, des

images 3D ont également été reconstruites par c@isioin de ces vues 2D dans les deux cas.

Une analyse de l'image 2D présentée dans la Fijimeété effectuée. La premiére étape est
la segmentation de I'image pour obtenir une noeviellage binaire. Ceci entraine le choix
subjectif d’'un seuil de gris. En fait, des porasitdmpletement différentes ont été calculées a
partir des images segmentées avec deux seuilssdeivgrs (8% ou 17% en fonction du seuil
choisi). Les régions noires de I'image segmentéeosespondent avec I'espace occupé par

. fox . /A N
les pores. Dans cette analyse basique, les rayppsré § ont eté calculés aveg ?" ou

A, est I'aire de chaque région noire isolée, ce gumet d'obtenir la DTP. On a remarqué

gue la taille de pores la plus fréquente est ogliese correspond avec la résolution de
image, ce qui suggere qu’une proportion imporeatés pores n'a pas été observée. La DTP
en volume relatif obtenue a partir de cette imagjepeésentée dans la Figure 18 et comparée
avec les résultats fournis par la MIP. Des DTPsmétament différentes sont obtenues par
chaque méthode, ce qui est expliqué par les dimessle pore considérées dans chaque cas.
Dans notre analyse de I'image, nous avons consiugnéseulement les constrictions mais
aussi les volumes de pore, ce qui n'est pas ldwcasIP.

Par ailleurs, les images 3D des deux milieux poruailysés ont été exploitées par TOTAL
S.A. suivant une méthode similaire a celle de Saepgt al. (2005). Ainsi, la distribution de

taille de constrictions, la distribution de tailtee volumes de pores et la distribution de
tortuosités ont été calculées. La distribution didles des constrictions obtenue par cette
procédure (Figure 19) est en excellent accord aee obtenue par la MIP dans les régions
observées par microtomographie (non limitées paédalution des images). Cela veut dire
gu’'une définition convenable de la géométrie deepalans I'étape d’analyse des images
segmentées peut mener a l'obtention d’'une DTP gproduise les résultats du MIP.

Néanmoins, celle-ci est précisément la questios s@ponse (malgré les progres récents):
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comment définir les pores afin de calculer de nrenfeable les propriétés pétrophysiques
d'intérét (perméabilité, KS), etc.) ?

Figure 17: Microtomographie du Berea Sandstone aveane résolution de 1,5 pm/pixel.
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Figure 18 : DTPs obtenues a partir de I'image 2D (rnarotomographie) du Berea Sandstone comparée avecDd P
obtenue par la MIP.
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Figure 19: DTPs du silicate A10 obtenues avec MIP awvec microtomographie 3D.
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6. Discussion, conclusions et perspectives

L'YSM inclue certaines hypothéses et modélisatigns n‘ont pas encore été entierement
examinées. Ce dernier chapitre offre l'occasiomadder & nouveau de facon plus large
certaines questions précédemment posées. En patretirerons aussi les conclusions finales
des résultats présentés dans cette these et da@shiare section nous proposerons des lignes
directrices pour les futurs travaux dans ce sujet.

Discussion

Trois questions principales seront traitées ici:pkrtinence du modele de faisceau de
capillaires dans I'YSM, la pertinence du modéle efsthel-Bulkley pour approcher la
rhéologie des fluides a seuil réels et la définitde la dimension de pore impliquée dans
chaque méthode de porosimétrie. Cette discusspyeméd certaines des idées présentées dans
un article récent de Rodriguez de Castral. (2014).

Commencons par rappeler que la géométrie de l'espaeux est si complexe que toute
description impligue l'introduction d'hypothésesdet simplifications. En effet, les milieux
poreux réels ne sont pas des faisceaux de cagdlatril est évident que ce modéle n'est pas le
plus réaliste. En plus, il ne prend pas en comesenon linéarités dans I'apparition des
chemins percolants aux alentours du gradient desjome de seuil de |'écoulement.
L'utilisation de modeles plus complexes tels quersseaux de pores impliquerait la nécessité
de connaitre plus de détails concernant la géoenddis pores et de leur connectivité (nombre
de coordination, ratio rayon de volume de poreyemadle constriction, etc.).Cette information
n'est pas disponible a moins que d'autres techsitplies que la microtomographie soient
utilisées.

Une voie pour étendre la présente méthode a deslesoflus représentatifs de I'espace des
pores est d’établir une relation entre le gradnpression appliqué et le rayon critique des
pores qui rejoignent I'écoulement a ce gradientpoession. Dans le cas d'un faisceau de
capillaires, cette relation est donnée par I'équai#). L'objectif de ce travail était de proposer

une méthode simple qui permette la déterminatioDTe représentatives des milieux poreux

réels sans l'introduction de paramétres topologquevenant d'autres techniques. Enfin, et
comme expliqué précédemment, le faisceau de capdlaest également utilisé dans la

porosimétrie a mercure, de sorte que la présentboa€ sera au pire "seulement" aussi

mauvaise que la porosimétrie a mercure conceraamprésentativité de la morphologie des

pores.

Comme présenté dans le Chapitre 2, certains ausdfinment que la contrainte de seuil
n'existe pas vraiment et qu’elle est simplement ig#alisation due aux temps de mesure
limités et a la basse résolution expérimentale. @agps de mesure tres longs permettent
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d'observer une augmentation continue de la vigeasik taux de cisaillement plus faibles. La
rhéologie des solutions de xanthane qui ont éféséds dans nos expériences est mieux
représentée par un modeéele du type Carreau. Malmsemeent aucun rapport analytique
rigoureux exprimant Q en fonction d& dans un capillaire ne peut étre obtenu pour pe ty
de fluides. Par conséquent, l'utilisation d'unerb@ologique asymptotique (loi de puissance
tronquée) devrait entrainer des erreurs du mémee @ plus grandes que ceux introduites
par l'utilisation du modele d’'Herschel-Bulkley poajuster les données rhéologiques. De
plus, pour appliquer ce modele dans la présentbadét il serait nécessaire de définir une
viscosité "critique" au-dela de laquelle une clgsadiculiere de tailles de pore ne contribue
que de fagon négligeable a I'écoulement total ettt oviscosité "critique" serait analogue a
une pseudo-contrainte de seuil. De toutes manigkesst important que le caractére
rhéofluidifiant du fluide utilisé soit suffisammeprononcé pour que le fluide puisse étre
assimilé a un fluide a seuil. Ceci est le cas aéstisns de polymeres rigides. Par ailleurs,
d’autres fluides a seuils devront étre utiliséscagles milieux poreux dont la dimension des
pores soit du méme ordre que celle des moléculegambane.

Dans ce travaill comme dans la littérature, il a é&d@bli que la viscosité apparente des
solutions de gomme xanthane s’écoulant dans leguxilporeux est analogue a celle
effective si I'on introduit un facteur de décalagapiriquep pour le taux de cisaillemeri. a

été calculé dans chaque cas comme étant la valéyraduit le méme taux de cisaillement
critigue pour le comportement rhéofluidifiant ddesmilieu poreux et dans le rhéomeétre.
Cependant, deux questions importantes n'ont pasegté formulées: 1) Existe-t-il vraiment
un taux de cisaillement critique pour le comportetrr@éofluidifiant dans le milieu poreux?
2) Et est la viscosité apparente définie comme tmhtérature réellement représentative de
la viscosité dans le milieu poreux?

Dans la plupart de nos expériences, aucun plateatonien de viscosité apparente n'a été
retrouvé aux faibles taux de cisaillement. En cqueéce, il n'est pas strictement correct

d’'ajuster la viscosité apparente a un modele dee@ay étant donné que la viscosité aux taux
de cisaillement faibles peut étre affectée pa®tantion de polymére. En effet, la viscosité

apparente "extra" a des taux de cisaillement faiptevient des pertes de charge induites par
un gateau de filtration au lieu de la viscosité&ldide. Cela est prouvé par le fait que, méme

si la viscosité du fluide sortant a la fin des aigr&es est inférieure a celle du fluide avant
linjection, u,p,, €tait encore plus élevée aux débits plus faibles.

En ce qui concerne la deuxieme question, compte tdes possibles réductions de
perméabilité pendant I'écoulement de polymeére Bldaiébit, il est plus convenable d’utiliser
le facteur de résistance (ratio de mobilités edyrpere) plutdét que I'équation (20) pour
représenter le comportement du fluide dans le mp@reux.

D'un point de vue fondamental, on peut se demagdelle taille caractéristique des pores
réels est déterminée en utilisant la méthode deteélquelle est la pertinence de l'utilisation
de la DTP déduite par la MIP ou microtomographiece DTP de référence. Pour répondre
a ces questions, il est tout dabord rappelé que eepériences effectuées ici sont
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essentiellement des expériences de transport fetidear conséquent, la perte de charge est
principalement sensible a la taille hydrodynamideda constriction des pores plutdt qu'a la
dimension des volumes de pores. En conséquenpecdente méthode n'est pas appropriée
lorsque I'on s'intéresse a la détermination descténistiques telles que la surface spécifique.
En outre, les DTP obtenues a partir de mesuresusion de mercure sont dominées par les
constrictions de pore, tandis que les volumes de gominent dans les DTP calculées a partir
de mesures d'extrusion de mercure. Il n'est doaspgprenant que les DTP calculées avec la
présente méthode soient plus proches de cellegmpaot de I'intrusion du mercure.

En général, les DTP obtenues par différentes méthaee peuvent pas étre directement
comparées. L'utilisation de la MIP comme méthodeéfierence est justifiée lorsque les DTP

sont consacrées au calcul de Pc(S), parce que Bs{Snesurée directement avec cette
technique. Cependant, la MIP ne doit pas étre déens¢ comme la méthode de référence
pour toutes les applications, méme si c'est soulentas tout simplement par tradition ou

parce gque c'est une technique de routine. A daetgards, il est important de souligner que la
gamme de tailles de pores qui peuvent étre scaraweeschaque technique de porosimétrie
est limitée. Pour une méme gamme de tailles de pEg@ressions mises en jeu par la MIP et
par I'YSM sont du méme ordre de grandeur.

Conclusions

Dans un contexte de consensus international snédassité de développer des alternatives
face a la toxique porosimétrie a mercure, une nvaéthode de porosimétrie pour
caractériser les DTP des milieux poreux a été ptésalans cette thése. Elle est basée sur des
expériences d'écoulement des fluides a seuil ansdes milieux poreux.

Une procédure qui permet de calculer les DTP armetQ(IP) a été développée et validée
numeériqguement grace a des expeériencees sllico’. De plus, linfluence de plusieurs
parametres sur la "qualité” de la DTP obtenue aééiéliée. De cette maniére, il a été
démontré que le bruit aléatoire dans les mesuréy(dB) semble étre la source d’erreur plus
importante.

Un protocole approprié pour la mise en ceuvre expriale de 'YSM a été déterminé sur la
base des conclusions tirées des expériences pralmes. Les solutions aqueuses de xanthane
ont été sélectionnées comme fluide a seuil utiks@suite, une série d'expériences ont été
réalisées afin d'analyser I'effet de la concemmnatle polymere sur la DTP calculée. Il a été
démontré que plus les solutions sont concentrées | comportement des fluides a seuil est
approximé et plus les DTPs obtenues sont prochesltis provenant du MIP.

Ensuite, d'autres séries d'expériences ont étésééal avec les mémes milieux poreux et
fluides différents en vue d'étudier l'influencetgipe de milieu poreux obtenu sur la DTP. Les
DTP calculées sont ordonnées de facon cohérenteapport a la taille de pore moyenne
donnée par I'équation (1)
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Par ailleurs, la viscosité apparente des fluideseail dans les milieux poreux a été
caractérisée et comparée a la viscosité effectegunée avec le rhéometre. Le faciguyui a

été traditionnellement associé a la géométrie desspa été prouvé dépendant de la gamme
de taux de cisaillement apparents expérimentééearide dans le milieu poreux. En outre,

il a été observé que le comportement apparent wddefldans le milieu poreux est moins
rhéofluidifiant que dans le rhéométre. Ces obs@matont été attribuées en partie aux larges
gammes de débits imposées au cours des expériences.

L'importance de l'adsorption du polymére, de laenmton de polymeére et la dégradation
mécanique a été également évaluée par des mesumgdementaires de la densité et de la
viscosité du fluide entrant et des effluents duieuil poreux. Tandis qu'aucun signe
d'adsorption ni dégradation mécanique importanéeété observé, la rétention de polymere
aux plus bas débits est tres notable en raisoriodentation aléatoire des molécules de
polymére. Cela pose un probleme pour la caractensade petits pores, et d'autres
procédures tel que des balayages intermédiairest @édbit devront étre évaluées. En outre,
une YSM modifiée visant a obtenir des données§IP)) (isses, réduire l'effet du bruit aléatoire
et augmenter la précision aux faibles débits piposée.

L'YSM a été comparée a d'autres méthodes de poébsenMIP et microtomographie. Les
DTPs obtenues par ces méthodes ne sont pas lessnme@mame prévu et les principales
raisons de ce fait ont été expliquées. En raisosotteintérét industriel, les courbes Pc (S)
correspondant a chaque méthode ont été obtenues @nrdne procédure simple. Une bonne
définition de la correspondance entre les dimesside pores caractérisées par chaque
technique doit conduire a de bonnes estimationBaéS) par autres méthodes que la MIP.
Les résultats de microtomographie 3D ont égalerégnttilisés pour illustrer le fait que les
dimensions de pores observées "optiguement" peugaet tres différentes de celles
caractérisées par d'autres méthodes.

En résumé, on peut conclure qu'un travail exploratoexhaustif sur la faisabilité
expérimentale d'une nouvelle méthode de porosienbasee sur l'injection de fluides a seuil a
ete présenté. De nombreux aspects de cette métmdeté abordés et les points les plus
délicats de la méthode ont été identifiés et ontes@ des questions encore non résolues.

Cependant, 'YSM a un grand potentiel en tant qé¢hwde de porosimétrie, non seulement
pour calculer des DTP liées a la perméabilité, naaissi pour obtenir des courbes Rie
pourvu que une bonne relation entre les dimensi@sspores involucrées soit utilisée. En
outre, un avantage indéniable de I'YSM est la siaitgl des expériences et le fait qu’elle soit
peu colteuse et facile a mettre en place. De PWSM est polyvalente et peut étre utilisée
pour caractériser de différents types de milieusepr. Par exemple, I'YSM serait utile pour
caractériser des milieux poreux non consolidés fsgquels la MIP n’est pas efficace.
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Perspectives

Comme on a déja expliqué précédemment, méme s8téadémontré que la méthode
présentée dans cette thése posséde un grand epteli doit encore étre consolidée, et sa
fiabilité doit étre améliorée. Plusieurs lignesedirices pour les travaux futurs sont proposées
iCi.

La modification de I'YSM proposée pour obtenir désnnées QVP) lises n'a pas été
complétement développée. L'effet de l'augmentation nombre de données grace a
I'évaluation des fonctions d'ajustement peut étpoeé, ainsi que I'extrapolation de données
a des débits inatteignables. Cela peut se tragaireine augmentation de la robustesse de la
meéthode.

Par ailleurs, I'YSM suppose qu’il n'y a pas de géiment sur les parois des pores et que le
cisaillement est simple. Des lors, il est nécesgs#arvérifier la validité de ces hypotheses avec
les fluides utilisés. D'autres aspects qui doiv&né examinés a l'aide de milieux poreux
modeles sont l'effet de la forme irréguliere degepoet leur connectivité. Quelques
possibilités en cours d’évaluation sont les expe&gs en micro-modeéles et les expériences en
milieu poreux fabriqués par impression3D.

Les solutions aqueuses de gomme xanthane ontlétfi@@nées parmi plusieurs candidats en
raison de leur comportement plus simple dans lésuriporeux: viscoélasticité réduite, non
thixotrope, adsorption limitée, etc. Néanmoinsutles fluides sont nécessaires dans les cas
ou la taille de la molécule de xanthane n'est gagigeable par rapport a la taille des pores.
Un protocole pour produire des émulsions monodsgsed’huile dans I'eau avec une taille de
gouttelettes de 1um a été élaboré et la rhéolagieed fluides a été caractérisée. Toutefois, la
taille des gouttelettes que l'on peut obtenir njgas aussi faible que nécessaire. Par
conséquent, d'autres types de fluides doiventégaéement considérés.

Etant donné que les courbes de Pc(S) sont d'urd graérét industriel, il est important
d'étudier leur lien avec la dimension des poreaatérisée par I'YSM. Un parametre clé qui
pourrait aider a atteindre cet objectif est leaatayon de volume de pore — rayon de
constriction. Une procédure qui n'a pas été encomeplétement explorée est I'estimation de
ce parameétre a partir du rapport entre la porosééurée et celle calculée a partir de la DTP
obtenue par I'YSM. Le rapport entre les perméaislitnesurées et calculées pourrait étre

€galement analyseé.

Un protocole expérimental modifié doit étre adogifié@ de réduire I'impact de la rétention de
polymeére aux faibles débits. Une possibilité carsésinclure des balayages intermédiaires a
débits élevés. En outre, l'installation de prisespcession supplémentaires pour mesurer la
chute de pression entre les sections interméditorgsau long de I'échantillon permettra de
localiser la rétention de polymere et d’identifi@nature du gateau de filtration.






EXPERIENCES D’ECOULEMENT DE FLUIDES A SEUIL EN MILI EU
POREUX COMME NOUVELLE METHODE DE POROSIMETRIE

RESUME : A I'heure actuelle, la porosimétrie & mercure est la technique la plus répandue pour
déterminer les distributions de taille des pores (DTPs) des milieux poreux. Cependant, cette
technique présente plusieurs inconvénients tels que la toxicité du fluide utilisé. Malgré
I'existence d'autres méthodes de porosimétrie moins toxiques, aucune parmi elles n’est
suffisamment performante pour remplacer la porosimétrie a mercure. Dans ce contexte,
I'objectif de la présente thése est de répondre a la question suivante : est-il possible de
développer une méthode simple, performante et non toxique pour caractériser les milieux
poreux en termes de leur DTP ? Pour répondre a cette question, le point de départ est la base
théorique d’une nouvelle méthode présentée dans la littérature. L’idée principale est d’obtenir la
DTP d’'un milieu poreux a partir des mesures des débits Q correspondant a différents gradients
de pression VP lors de linjection de fluides a seuil. Sur la base de ces considérations
théoriques, une procédure intuitive pour calculer les DTPs a partir de Q(VP) est présentée dans
ce travail. Elle consiste a considérer 'augmentation additionnelle de Q quand VP est augmenté,
comme conséquence des pores plus petits qui s'incorporent a I'écoulement. Le principe sous-
jacent de ce comportement est la rhéologie des fluides a seuil en milieu poreux. La procédure
est d’abord testée et validée numériguement. Ensuite, elle est appliquée a I'exploitation des
données provenant d’expériences de laboratoire et les résultats obtenus sont comparés avec
ceux fournis par porosimétrie a mercure et par microtomographie 3D.

Mots clés: contrainte de seuil, milieux poreux, porosimétrie, méthode expérimentale,
distribution de taille des pores.

FLOW EXPERIMENTS OF YIELD STRESS FLUIDS IN POROUS MEDIA AS A NEW
POROSIMETRY METHOD

ABSTRACT . Nowadays, mercury porosimetry is the most widespread technique to determine
pore size distributions (PSD) of porous media. However, this technique presents several
drawbacks including toxicity of the employed fluid. Despite the existence of other less toxic
porosimetry methods, none of them is efficient enough to replace mercury porosimetry. In this
context, the objective of the present thesis is to answer the following question: is it possible to
develop a simple, efficient and nontoxic method to characterize porous media in terms of their
Pore Size Distribution? To answer this question, the starting point is the theoretical basis of a
new method presented in the literature. The main idea is to obtain the PSD of a porous medium
from the measurement of the flow rate Q at several pressure gradients VP using yield stress
fluids. On the grounds of these theoretical considerations, an intuitive approach to calculate
PSD from Q(VP) is presented in this work. It relies on considering the extra increment of Q when
VP is increased, as a consequence of the pores of smaller radius newly incorporated to the flow.
The underlying principle of such behavior is the rheology of yield stress fluids in porous media.
The procedure is first tested and validated on numerically generated experiments. Then, it is
applied to exploit data coming from laboratory experiments and the obtained results are
compared with those provided by mercury porosimetry and 3D micro tomographies.

Keywords : yield stress, porous media, porosimetry, experimental method, pore size
distribution.
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