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RASSUNTE&STESO

vdzSai2 R20dzySyid2 &aA LINBFTAaAl fQ20ASGGAG2 RA
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olio 0 a gas, identifando, con test di laboratorie dati di produzione,quali sono i parametri

e levariabili che influiscono e regolano il loro comportamento. Questi trattamenti sono
SFFSGlhdzr GA GNIF YAGS f QA yzioBiladg@ogeSli pdlimeiziofdig8d I RE )
debolmente legati. Una volta che questi prodotti raggiungono la formazione che si trova

nelle immediate vicinanze del pozzo, si adsorbono sulla superficie dei pori della roccia
SaSOAGFYR2 dzy QI 1 A 2 yidlla par@éalilifalila gekmeaRiita eRiitivadzl A 2 v
£t Ql OljdzZl @A SaypSporkdnd thaitd imagdioye rispsfto a quella degli
idrocarburi. Un altro aspetto di cruciale importanza che si prefigge questa tesi, & quello di
raccogliere tutte le consideraziofatte per ottenere una guida che fornisca indicazioni sia

per la selezione dei migliori pozzi candidabili ad un eventuale trattamento, sia istruzioni per

la corretta eseuzione del trattamento stesso. Quindi, attraverso queste linee guida, punta

ad incementare le possiblita di successo per futuri trattamemer raggiungere tali
20ASUGAGAT aA AFNYzOGF dzy WI ysb prava Bperimgh@INE OA |
propedeutiche ai trattamenti, e dati raccolti durante la fase di produzione ditquat

differenti pozzi a gas locati netar Adriatico, sottoposti a trattamenti per la riduzione

selettiva di permeabilta.

La tesi € complessivamente strutturata in cinque capitoli. Nel primo capitolo si discute
' YLIAF YSY (S adz 2 addgiaz sihSotdcdddo iNdaggiorRpsotditic G S C
dzGAEATT I GA ySttQAYRdZAGNRAI LISGNRBEAFTSNI T LISNJ
inoltre descritti i principi fisici secondo i quali operano queste sostanze. In tale direzione si
@ anche dimostrato co® f I NARdzZ A2yS RSttt LISNYSFOoATAQD
YySttQAYG2NYy2 RSt LRTT1T23 OFdzaA dzy 66l &aal YSy
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produzione di idrocarburi. Tuttavia non € stato possible effettuare una verifica di campo
perviadel Yl yOlFlyll RA RIFIGA OKS LISNXYSGGlIyYy2 dzyQl yl
e discussaiguardoquali sono i fattori presenti a fondo pozzo che possono influenzare

guesti prodotti, sia da un punto di vista chimico, sia da un punto di vista fisico.

llsecondocapdf 2 &aA LINBSFAaal fQ20ASU0GAG2 RA RSTFAYAN
gel, una volta entrati in contatto con la formazione, attraverso una serie di prove di
laboratorio. La prima serie di prove consiste in test di visco®féettuati con un

viscosimetro con una geometria di couettehe si focalizzano sulla caratterizzazione

reologchk RSt tS &az2ftdzZ A2yA | Oljd2asS RA LERftAYSNRO
caratterizzare tali soluzioni sotto il punto di vista della stabilitacamica, sotto il punto di

vista della stabilita chimica e anche sotto il punto di vista della stabilita termica, in relazione

alle condizioni di fondo pozzo. La caratteristica piu rilevante di questi prodotti, ottenuta

tramite i test, come e logico aspettsi per una soluzione polimerica, e il loro

comportamentopseudoplasticd Lf &aS3dzSy S 3INF FAO02 RL dzy QARS

Viscosity vs Polymer concentration
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Figure0-1: comportamento reologico della soluzione polimerica; Il grafico illustra la variazione della viscosita ir

alle variazioni sia della concentrazione del polimero in soluzione, sia delleratesanposto dal viscosimetro.
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Tuttavia, la concentrazione delle soluzioni polimeriche durante i trattamenti, per la
riduzione della produzione@ ! Olj dz = & A p & @ NinassiceOwedd/mnella |- A
regione del grafico nella quale il comportamento dilatante non & ancora apprezzabile.
Questo e il motivo per il quale, in questo documento, le soluzioni polimeriche vengono
assimilate a fluidNewtoniani.

| test di viscosita sono immediatamente seguiti da una serie di prove di flocculazione,
eseguite con dei campioni di sabbia provenienti dagli stessi pozzi a gas sottoposti a
trattamento. Questa serie di prove sono necessarie a stabilire tifatimamente il grado

di interazione tra polimero e sabbia. Da essi si pescepicome il polimero sia
SAGNBYIFIYSYy(GS FGGuAa@2 yStftQFrRaA2NDANRA &adz S
deposizione fino af@ volte. Un altro aspetto mdb importanteche e stateevidenziato,

la possibilita di sfruttare la capacita di conglomerazione del polimero, nei confronti dei

grani di sabbia, per esecitare @aioneagglomerantesullaformazionesabbiosa e quindi

di dimiruire la produzione di sabbia. Questomportamentoe statoancheconfermato dai

dati di produzione e€onferma la possibilita di utilizzare questo prodotto anche in pozzi che
producono elevate quantita di fini in superficie

Nella terza e ultima sezione del capitolo secondo, si discute dailitéisissaggio in carota.
vdzSaidA dzf GAYA &aSNB2y2 | F2NX¥ANB A RIGA LIAG
2P0OSNRY fQAYASGUGAGAGLE RSt LINRPR2GG2> Af  3ANI
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Questi test sono effettuati in condizioni di flusso stazionario e sfruttano campioni di una
carota proveniente da uno dei pozzi in Adriatico. Essi consistono nel flussaggio alternativo
diacqua,gaseacNt | Oljdzt = LINAYF S R2L12 f QAYASTI A2yS
[ Q dz& ampiBnk pro@enienti da un solo pozzo & giustificato dal fatto che tutti i pozzi
trattati presentano una certa omogeneita nelcaratteristidie della formazione e, inoltre,

sarebbe esemamente dispendioso e ineconomico effettuare dei carotaggi su ciascun

pozzo col fine di prelevare dei campioni.



Il seguente grafico fornisce un riassunto dei risultati ottenuti da questi test in termini di

permeabilita effettiva al fluido flussato

Coreflooding tests results
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Figure 2Grafico riassuntivo dei risultati delle prove di coreflooding eseguite nei laboratory ENI.
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mentre la permeabilita effettia al gas € lasciata inalterata.

Infine, e utile accennare al fatto che test simili a quelli condotti nei laboratori ENI, prima
del trattamento dei pozzi con soluzioni polimeriche, sono sempre effettuati anche dalle
compagnie di servizio incaricate, e servono a verificare la fattibilita del trattamento stesso.
Tuttavia, le compagnie petrolifere tendono a ripetere test simili, o del tutto diffé, sia

per verificare i risultati forniti dalle compagnie di servizio, sia per ottenere ulteriori

informazioni che sono indispensabili per consolidare il kinow.

Il terzo capitolo € dove si analizzamel dettaglioi quattro pozzi a gas, perforati foccia in
F NBYFNAFZ adza ljdz- €A € Q9bL KIF STFTFSisdao (2
Sal YAY Ll GA dzy@do iRarzidittodn®isibrie jeheraReldelle caratteristiche del



pozzo, partendo dalla messa in produzione, fino allo s@hedh completamento.
Successivamentesono introdotti idati raccolti durante la fase di iniezione del polimero

O2y f Ql dza At A 2e mbska addyt f MDNIABSO2RSOK S | a0AaasS
trattamento, mentre sugli assi delle ordinate la pressiometesta pozzo, la portata
istantanea di fluido iniettato e il loro rapportt. RF G A NI OO2f GA RIF € QI dd
poi direttamente confrontati con quelli raccolti e rielaborati durante i test condotti in
laboratorio, allo scopo di evidenzial® B @Sy i dzI S nelipassayggidala Scdla @

laboratorio a quella di campadSuccessivamente viene presentata e trattata la storia
produttiva del pozzo sia prima, sia dopo il trattamento, in modo da avere una chiara visione
delsuoesito. Allafinedd 23y A LI NF IANI F2 § LINBASYdS dzy LI
della legge di Darcy e un grafico che mostra delle proiezioni di produzione, tra i dati
provenienti dalla storia di produzione dei pozzi e i dati provenienti dai test di laboratorio.

In questo modo e possibile ottere un ottimo confronto tra dati sperimentali e i dati pratici,

O2f TFAYS RA @l tdzit NE tQSaAiridz2 RSt GNIGOIF YSy

Il quarto capitolo € dove sono presentate le linee guida, di cui si e fatto accenno in
precendenza, che forniscono neolo le informazioni necessarie per la selezione dei pozzi
candidati, ma anche indicazioni sulla procedura operativa da utilizzare per ottimizzare il
GNJI GOl YSyid2 S LISN dzyl O2NNBGOlI @ tdzitT A2y S

bStf QdzZ ( Aoneillusirate diciingd EoBsideérazioni generali, ad esempio il fatto che

f QI dzy¥SyG2 RStflF O2yOSyaNIT A2yS RSttt &az2f dz
pozzi, non sembra sempre causare evidenti variazioni di iniettivita, ovvero di perdita di
pressione mentre nei test di laboratorio, ad ogni aumento della concentrazione del
polimero, corrisponde un aumento della pendenza della curva press@mnpo, a parita di
L2NIFOF® vdzSaoz STFSG02 LRGINBO6O6GS SaaSNbd .
rocciosanellapayl 2y S® ! y QI f GNIF O2yaARSNIT A2y S NR3Idz
esequiti sui pozzi, prima del trattamento con soluzione polimerica, non sembrano influire

sul comportamento del polimero stesso, tuttavia potrebbero essere sfruttati peravrace

il fattore di Skin e ottenere una piu alta produzione.
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In ogni caso, tralasciando queste ultime considerazioni, e nonostante le molte variabili
esogene presenti nello studio della risposta a questo tipo di trattamenti, & stato possibile
determinare te il successo di un trattamento per la riduzione della permeabilita relativa
risiede, sia in una corretta selezione del pozzo candidato, in termini di struttura litologica
del giacimento, sia in una corretta selezione del polimero utilizzato, in relaatae

permeabilita relativa media del giacimento
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EXTENDEBBSTRACT

The aim of this document is to establish the effectiveness of the relative permeability
modification treatments to reduce water production in oil industry, thus to identify which
are thevariable that contribute to their success. These treatnssre carried out with a
bullhead injection of polymer solution, or weakly crosslinked gel solutionthe near
wellbore area. The injected chemicadsorb on thesurfacesof the rock poresand alter

the permeability of the near wellbore reservoselectivelyreducing the water permeability
without affecting the oil or gas permeability. Anotheucialobjective of this dissertation

is to collect all the deduced informatiorinto some useful gdielines, which provide
indication on the selection of the most suitable candidate wedlad give general
information on the procedure to implement the treatment itself, thus they aim at
increasing the chances of success of any permeability reductiomesst

To accomplish these purposes this thesis used a cross analysesddta obtained both
from experimental laboratory tesi@nd data collected from four different gas fields in the
Adriatic sea, whichvere recently submitted to a water mitigation éatment with RPM

products.

The structure of lhe thesiscomprisedfive chaptes. The first chapter includes a literature
review describing the most common chemicals used to achieve water mitigation
treatment, and also a thorough discussion about the pdglsprinciples that regulates
them, along witha description of how the behavior of these prodsican be affected by
physical or chemical interaction within the reservd@oncerning the physical mechanism
behind these chemicals, it has been demonstratteeir application causes an increase in
the drawdown pressure of the well. Still, it was not possible to prove this theory dae to
partiallack of data from the gas field'hese information are vg important to understand

every single chapter that failv.

Xl



The second chaptenddresses the behaviour of the relative permeability modifier
polymers, or gels, within the reservoir through a series of laboratory tests. The first set of
tests are performed with &ouette geometrywiscometer and theyare focusel on the
rheological behavior of the polymer, or gel, solutions, meaning tiney aim at evaluating
different aspects of these substances such as the mechanical resistance to shear stress, the
thermal stability,and the chemical interaction of the gel sdion with the surrounding
environment.The most interesting aspect observed afteeshtests, as it was expected, is

the shearthinning behavior of the polymer solution which can be appreciated from the

following plot:

Viscosity vs Polymer concentration
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FigureO-1: polymer behaviour; viscosity vs Polymer concentration at different shear rate.

Anyway, the concentration of thpolymer during any water mitigation treatmeistaround
p v M) awhere the sheathinning effect can be neglected. That is the reason why, in

this document, the behavior of any polymer solution is considered Newtonian.

These test are immediately fdbwed by a series of quantitative flocculation tests carried
out with sand obtained from the gas wells treated with the polymer. The flocculation tests

are necessaryo evaluatethe attraction between the sandnd the polymer.These test
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provednot onlythat the polymer solution, at every conceation used, greatly diminishes

the settling time of the sand particlérom 5 to 6 timesbut also that ilausible to expect

that a product with these good flocculating properties, could also operate some sort of
sand control. Indeed the process of adsorption and the coating of the pore surfaces could

prevent the release of small grain fines during the production.

Finally a sequence of coreflooding tests provide the most important and useful parameters
for a RPMreatment: the injectivity, the degree of adsorption and the effectiveness of the
product in selectively reducing the water effective permeability. Thesesktspftestsare
performed in a steadgtate equilibrium using plug of acore coming from onehte gas
wells in the Adriatic Se&Vith a very simple explanation, the tests consisted in alternatively
flushingwater, gas and again watertthrough the core itself, before and after the polymer
treatment, until all the effective permeability were obtained’he fact of using sample
coming from a single gas well is justified by the facts ihiathought to be representative

of all the other wellsdue the homogeneity of the Adriati§ea formations, andhat is

economically unbearable to collect samplesdaperform tests on every single well

Coreflooding tests results
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Figure 2overview of he coreflooding tests results
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candidate for a water mitigation treatmen® he following plot summarizes the reswoit

the coreflooding tests:

The plot evidently shows that the water effective permeability before and after the
treatment is greatly dninished, while the gas effective permeability is almost left
untouched.

Still, it must be noted thatests similar to these oneare always carried out by the acting
service company, before the water mitigation treatment is implemented, to verify the
feagbility of the treatment itself. Neverthelesas in this caseil companies always repeat
some of these testsintroducing minor modifications, or perform completely different
tests,in order to verifythe reliability of the first one and to gain furtheinformation that

provide solid knowhow basis

The third chapteris used to discuss tHfeur ENI wells that have been treated with the RPM.
The structure of the description is the followingrsE the characteristic of each one of
them, such as the fonation and the completion speaf will be largely discusse@hen

the data collected during the polymer injection will beepented and argued using a
collapsed plot showing the registered well head pressure against time, the injection rate
against time,and also their ratio versus time. The lastgued information are the
production historesof gas and waterboth before and after the RPM treatmeniised to
understand theoutcomeof the treatment In the endof this chapter,a broad discussion
and compaison between the field data and the results of the laboratory tests, aided by
calculatiodn A YL SYSY(iSR dzaAy3a 5FNOeQa tlgsx +ff2g
outcome of the well treatmentand howit resulted accordingly to the experimental retsul

on the core plug.

Indeed the fourth chapterdraws some inferences, deduced from the cross analysis
performed in thepreviouschapter, concerning the selection of the best candidate for a

future water mitigation treatment with RPM, and outline the bgsactice to perform it.

The final chapter highligetthe main aspect and conclusion of the thegs. a matter of

fact, in this section of the thesis, are introduced different consideration sudheafact
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that the increase of polymer concentration, dugithe field treatment, does not cause any
variation in the injectivity pressure response, while during laboratory experiments, it
evidently origins a rise of the slope of the injectivity curve. This effect may be related to the
heterogeneity of the resenir formation, in opposition with the homogeneity of the core
plug used for tests. Furthermore it is stated that the acid treatment, performed before any
polymer injection, does not affe¢he polymer behavior itself, but it could be of great use

to removeany skin factor and obtain a higher production post job.

Anyway, aside from these considerations, and despite the many uncertain variables that
regulate the behavior of a gas well, with which the oil industry is accustomed, it has been
possible to undersnd that the key for the success of a disproportionate permeability
reduction treatment, lays in a correct selection of both the candidate well, in relation with
the lithology of the reservoir, and the relative permeability modifier product, in relation

with the permeability of the reservoir.

XVII






List of Contents

LISt Of FIQUIES.... et e e e e e e e eeenes XAl
LiSt Of TADIES ... XXIX
SOMIMEATTO ...ttt e e e e s e e e e e e e e e e eanneeees XXXII
ADSEFACT. ... XXXV
INEFOAUCTION. ...t e e e e e e 1
Disproportionate permeability reduction OVerview..........cccceeeeeeeeieeeeeeeen.n. 5
1.1- Introduction 0N the RPM USAQE.........ccuuiiiiiiiiieeee e 5
1.2- Basic description of RPMiymers and polymers gel.............cccoooiiiiiennn. 7
INOIQANIC QRIS .. i 9
OrganiC GElS.......ooeeieie e 10
IMHICTOGES ...ttt e et e e e e e e e e e e e neeene e 13
Mixed Inorganic and OrganiC GelS...........coovvviiiiiiiiiiiiieece e, 14
1.3- Theories behind the operating principles of RPM..........cccoooviiiiiiiiinnnnnl 14
1.4- Inquiries on possible operating principles for gels...............ovvvviiiiiiiinnnnee. 17

Relation between drawdown, permeability reduction and productivity...19

Possible role of capillary and elastic forces inside the pore throat........ 24
1.5- RPM behavior changes due to external conditions.................c..cceeveeeeee. 26
Electrostatic and lons in Solution effect.........cccoooeiiiiiiiiie 27
Temperature effeCt...........iii i 28
Rock wettability effeCt............uueiiiiiiiiii e 29

XIX



Rock permeability effeCt...........cooviiiiiii 30

RPM characterization: laboratory tests and results..............ccccuvvvvveeeennn. 31
2.1- Rheological behavior Of RPM...........ooiiiiiiiiiiiiiiieeeee e 32
Basic rheological behavior of RBM...............ooiiiiiiiiiiees 32
Viscosity: laboratory tests and reSullS. ... 34
2.2- Interaction between RPM and roCKS...........cccoeeiiiiiiiie e 40
Flocculation: laboratory tests and results............cceevvvevevevvveeevvinninnnnnnnn 41
2.3- RPM injectivity and permeability reduction effect............ccceeeeeieee. 43
Coreflooding: equIPMENT [aYOUL..........oooiiiiiiiiiiiieee e 45
Coreflooding: t8L OVEIVIEW........ccciiieieiiie e A7
Coreflooding: tests and resulls...........cooovviiiiiiieeeeeeeeeee s 51
Coreflooding: Test overview and iNferenCe.........ccccueeiiiiiiieinieeeeeeeeeenn, 77

Analysis of ENI treated WellS..............oevvviiiiiiiiiiiirerees e 381
3.1-Case 1: POZzZ0 L. C...ooiioeiie e 83
3.2-Case 2: POZZO 2.C.......cooo i 92
3.3-Case 3: POZZO 3. L. . Q9
3.4-Case 4: POZZO 4. L.......oooviiiiiiiiiiiiiieeee 106

RPM usage guidelines.........coooiiiiiiiiiieieeeee e 115
4.1- Candidate SEIECHON.........cuiiiiiieiiiiee e 115
Single hydrocarbon producing zone..........ccccceeveeeiiii 116
Multiple producing intervals when crossflow exist...............ccovvvvvvvinnn... 117
Multiple producing intervals without crossflow................cvvvvvvvivivvnnnnnnns 118
Other aspects regardg multHayered reservolr..........ccccccveeeeeeeeeveevninnnnn. 119
LAY 1 =] oo ] T 121

XX



4.2- RPM treatment procedure and evaluation..............cccccceeeeeeeeeeeeiiiiinn e, 121

RPM treatment ProCEAUIE. ........uuiiiiiieee ettt 121

RPM post treatment evaluatiQn................eeeeeiiiieiiiiiiiiiieeeeee e 124
CONCIUSION ...ttt e e et e e e e e e e e 127
Appendix A Reservoir CoONfOrmManCe..........ocooviiiiiiiiiiiiieiee e Acl
Appendix B Focus on chemical aspects of polymers Gels..................... Bcl

Focus on synthetiC POIYMELS..........oovviiiiiiiiiiiieeee e B¢l

FOCUS ON BIOPOIYMELS......cooiiiiiiiieiieeeieetei e Bc2

Other kind of synthetic POlYMEerS...........covviiiiiiiiii e Bc3
SYMDIOIS .. aaaan l
ACTONYM GlOSSALY......ciiiiiiiiiiiiieieiieeieeeiaiette e e e e e e e e as Vv
BIDOGrapNY... .. Vi

XXI






LIST OHGURES

Figure 0O1:

Figure 11:
Figure 12:

Figure 13:

Figure 14:
Figure 15:

Figure 16:

Figure 17:

Figure 18:

Conceptual picture of water influx in reservoir during gas takeout.
Fonte: http://www.geoexpro.com/articles/2013/12/usingravity-to-
ENNANCEIECOVEIY. .. uuiiieiiiiiiiee e ettt e e et e e e s e e e e st e e e e s asraeeeesannsaeeas 2
well log,Pozzo 1 CSchlumberger, Well Evaluation Conference. 1987..6
diagram showing main Gels Technologies used in disproportionate
permeability reduction. Black dashed lines lead to t¢jedd are not

used as RPM. Red thick solid lines lead to gels that can be used as RPM.

partially hydrolysed polyacrylamide crosslinking process by Chromium
acetate metallic crosslinker. Images taken from: A.H. Kabir, SPE 72119,
Chemical Water and Gas shutoff Technolggfn Overview, 2001;

| KFEy Y& S tdilwithCanfordza. K.A.y.3....h.dz......... 11
monomers used in WSO treatments............ccoovruiieeeiiniiineeeniiiieeeeens 12
(a) linear polymer chain; (b) high crosslinked density small microgel,
(c) high crosslink density big microgel; (d) low crosslink density big
microgel; New Microgels for EOR From Laboratory to Field
Applications. D. Rousseau et al. 2Q0Q7...........coovvvvvvvvevveirieiniiieninnnns 14
schematic representation of the entanglement between flowing and
adsorbed polymer. C.A. Grattoni et. Al. Journal of Petroleum Science
and Engineering3H(2004) 2345..........uuuuuumiuiimiiiiiiiineennenn e 15
on the leftt RPM effect on water flow; Onahright; oil pathways
creation. Image adapted from R.D. Seright, Annual report PRRC 2006,
Chapter 3, Mechanism for dispoportionate permeability reduction....17
forces equilibrium applied to dehydration/displacement theory in the

throat Of @ 1arge POre........eeeeiiiei e 18

XXIII


file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291021
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291022
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291022
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291022
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291022
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291023
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291023
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291023
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291023
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291024
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291025
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291025
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291025
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291025
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291026
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291026
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291026
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291027
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291027
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291027
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291028
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291028

Figure 19:

Figure 110:
Figure 111:

Figure 112:

Figure 113:

Figure 21:
Figure 22:

Figure 23:

Figure 24:

Figure 25:

Figure 26:
Figure 27.
Figure 28:

Figure 29:

Figure2-10:

Figure 211:

XXIV

left: permeability curves before RPM treatment. Right: permeability

curves after the treatment...........coocvvveiiiie e 21
detailed figure of RPM effect on relative permeability curves............ 22
contact angle in a water wet reservoir. Left: wetting phase is increasing
(imbibition). Right: wding phase is decreasing (drainage). L. P. Dake;
Fundamentals of Reservoir ENgiNeering..........ccccccceeeiiiiiieeiiiieeeeeeeeenn. 24

hypothesized Capillary pressure curve variation after a RPM treatment

calcium Divalent ion bridging equally charged polymer and sutface.27
VISCOSIty test result for brine............ccuvveeiie e 36
viscosity test result for RPM solution at 500ppm concentration of
L2f @ YSNE FALASNEBR..L.0..p..2Y. 0. ... 37
viscosity test result for RPM solution at 1500ppm concentration of
L2 f @ YSNE FALALSNBR..L.G...p..2Y0. ... 38
polymer behaviour; viscosity vs Polymer concentration at different

SNEAN TALE.....cii it 39
aspects of sand particles before the contact with the microgel, on the
left, and after, on the right. Zaitoun et Pichery, New Polymer

Technology for Sand Control Tremnts of Gas Storage Wells; SPE

121291; Texas; APril 2009;......ccvviiiieeieeeeeeeeeeeieir s 41
flocculation tests results at three different polymer concentration......42
coreflooding oven and Hassler cell at ENI laborataries..................... 44
volumetric pump, pressure transducers and pump controller at ENI
|ADOTATONY.....ci 44
disassembled Hassler cell, core sample and rubber sheath.............45
System schematic of the coreflooding equipment used in ENI
laboratories for testing PL1OQ..............oovvviiiiiiiieeeeeeeeee 46
the plot illustrates the phase of stabilization of the pressure

transducers necessary to find their zeroes............ccccceeee 51


file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291029
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291029
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291030
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291031
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291031
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291031
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291032
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291032
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291033
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291034
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291035
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291035
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291036
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291036
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291037
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291037
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291038
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291038
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291038
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291038
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291039
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291040
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291041
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291041
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291042
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291043
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291043
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291044
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291044

Figure 212:
Figure 213:
Figure 214:
Figure 215:
Figure 216:

Figure 217:
Figure 218:

Figure 219:
Figure 220:

Figure 221:

Figure 222
Figure 31:

Figure 32:

Figure 33:

Figure 34:

transducers pressure response during test 1, gas core flooding....... 52
transducers pressure response during test 2, brine core flooding.....55
transducers pressure response during test 3, gas core flooding....... 57
transducers pressure response during test 4, brine core flooding.....60
pressure response at the inlet pressure transducer during the injection
of P100 at a concentration of 500 PPM WIW.......cccceeeeeiiieiiieiiieeeeeeeenn. 62
transducers pressure response during test 6, brine core flooding.....64
transducers pressure response during test 6, backflow brine core
10T T 11 o TP 66
transducers pressure response during test 7, gas core flooding....... 68
pressure response at the inlet pressure transducer during the injection
of P100 at aoncentration of 1500 ppm W/W.........ccceevveeeivveviviiiieeenennnnd 2
pressure response at the inllpressure transducer during the injection

of P100, first, at a concentration of 1500 ppm w/w, then, at a
concentration of 4000 ppm w/w with an organic crosslinker called
X100, in the end, the same as the latter but with reduced flow rate.73
overview of the coreflooding tests results.............cccccvviiiiiees 77
Pozzo 1 C seismic log schematic, the orange highlighted areas indicates
the perforated intervallmage from ENI archives...........ccccceeeeiieennn.. 85
Injection rate, well head pressurend their ratio during the polymer
injection phase oPozzo 1 (Data provided by ENL............cccceeeiiinnns 86
Pozzo 1 C production history. The blue line refers to water, the red line
refers to gas, while the black line indicates the top well head pressure.
The yellow shaded area indicated the treatment period. The dotted
vertical line indtates the backflow of all the injected water from the
polymer solution. Data provided by ENL............ccooovviiiiiiiiiiiiiiiiiiiinns 38
Pozzo 1 C pressure drop across the near wellbore reservoir before and
after the treatment. The Shaded area indicates the expected pressure

(o100 o =1 Vo[- TP 91

XXV


file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291045
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291046
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291047
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291048
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291049
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291049
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291050
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291051
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291051
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291052
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291053
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291053
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291054
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291054
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291054
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291054
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291055
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291056
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291056
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291057
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291057
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291058
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291058
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291058
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291058
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291058
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291059
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291059
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291059

Figure 35:

Figure 36:

Figure 37:

Figure 38:

Figure 29:

Figure 310:

Figure 311:

Figure 312:

Figure 313:

Figure 314:

XXVI

Pozzo 2 Geismic log schematic; orange highlighted areas indicates
perforated interval. Image from ENL.................cooiiiiiiiiieeeeeee, 93
Injection rate, well head pressure and their ratio during the polymer
injection phase oPozo 2 CData provided by ENI................cccvvineeee. 95
Pozzo 2 @roduction history. Th blue line refers to water, the red line
refers to gas, while the black line indicates the top well head pressure.
The yellow shaded area indicated the treatment period. The dotted
vertical line indicates the backflow of all the injected water from the
polymer solution. Data provided by ENL............ccccooviviiiiiiiiiiiiiieeeenn, 96
Pozzo 2 @ressure dromcross the near wellbore reservoir before and
after the treatment. The Shaded area indicates the expected pressure
(o [ g0T oI = 1 o 1= PP 98
Pozzo 3 keismic log schematic, the orange highlighted areas indicates
the perforated interval. Image from ENI archives...............cccccooee 101
Injection rate, well head pressure and their ratio during the polymer
injection phase oPozzo 3 LData provided by ENI...........cccccoeeeeeennn. 102
Pozzo 3 production history. The blue line refers to water, the tete
refers to gas, while the black line indicates the top well head pressure.
The yellow shaded area indicated the treatment period. The dotted
vertical line indicates the backflow of all the injected water from the
polymer solution. Data provided by ENL........c.cccccoeeiiiiiiiiiiiiiiieeee. 103
Pozzo 3 linflow performance near wellbore before and afténe

treatment. The Shaded area indicates the expected pressure drop

Pozzo 4 keismic log schematic, the orange highlighted areas indicates
the perforated interval. Image from ENI archives........................... 107
Injection rate, well head pressure and their ratio during the polymer

injection phase oPozzo 4 LData provided by ENL...............ccoeires 109


file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291060
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291060
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291061
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291061
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291062
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291062
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291062
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291062
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291062
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291063
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291063
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291063
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291064
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291064
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291065
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291065
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291066
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291066
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291066
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291066
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291066
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291067
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291067
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291067
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291068
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291068
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291069
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291069

Figure 315:

Figure 316:

Figure 41:

Figure Al:

Figure A2:

Figure Bl:

Figure B2:

Pozzo 4 production history. The blue line refers to water, the red line
refers to gas, while the black line indieatthe top well head pressure.
The yellow shaded area indicated the treatment period. The dotted
vertical line indicates the backflow of all the injected water from the
polymer solution. Data provided by ENL............cccooooiiiiiiiiinnn, 110
Pozzo 4 linflow performance near wellbore before and after the

treatment. The Shaded area indicates the ecied pressure drop

lllustration of the conditions ofliffuse flow in a single layer of a
reservoir, where the water vertical saturation is uniform................. 120
Generalized matrixock and higkpermeability anomaly conformance
problem. Sydansk, Robert D. e Rometeron, Laura.Reservoir
Conformance IMProVEeMENL..............euuvrrrreeiirierii s Acl
A Waterflood in a Spot well pattern displaying both poor vertical and
areal sweep efficiencySydansk, Robert D. e Rometeron, Laura.
Reservoir Conformance Improvement.............ccccceeeeeeieeeeeeieeeeeeeee, Ag2
lllustration of twopolymer molecules: Polyacrylamide and Hydrolyzed
Polyacrylamide. Images taken from A.H. Kabir, SPE 72119, Chemical
Water and Gas shutoff TechnologyAn Overview, 2001.................... Bcg2
RPM system base polymer; the hydrophobic modifications allow the
polymer to build up because of the association of the hydrophobic
groups. Vasqued., Eoff L., A Relative Permeability Modifier Water
Control: Candidate Selection, Cases Histories, and Lessons Learned

after more than 3'000 Well Interventions, 2013, SPE 165091......... Bc4

XXVII


file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291070
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291070
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291070
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291070
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291070
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291071
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291071
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291071
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291072
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291072
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291073
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291073
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291073
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291074
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291074
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291074
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291075
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291075
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291075
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291076
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291076
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291076
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291076
file:///C:/Users/Riccardo/Dropbox/TESI%20-%20ENI/10.%20Tesi/2014.09.12%20-%20Fine%20tesi%20per%20POLI.docx%23_Toc398291076




LIST OHABLES

Table 21:

Table 22:

Table 23:

Table 24:

Table 25:

Table 26:

Table 27:

Table 28:

Table 29:

Table 210:
Table 211:

Table 212:

Table 213:

viscosity tests list and deSCription.............vvevveeeeeeiiiieriiiiei. 35
characteristic of the core sample froR0zzo 1 C.........coooviiiiiiiiiinnnnenn. 45
zeroes of the pressure transducer during the test 1, gas coreflooding2
average registered pressure at the inlet and outlet transducers during
test 1,9as flooding..........oooviiiiiiiiii e 53
flow rates measured during test 1, gas flooding..............ccccvvvveeeneenn. 53
the table illustrates the computed pemability after test 1, gas
flooding, as K kK, and K. The last row contains the average absolute
permeability to gas of the core sample..........ccccceiiiiiiiiiiiiiiee e, 54
average registered pressure at the inénd outlet transducers during
test 2, brine flooding, with the respective flow rate........................... 56
the table illustrates the computed permeability after test 2, brine
flooding, as Kand k. The last row contains the average absolute
permeability to brine of the core sample..........ccccooviiiiiiiiiieie, 56
average registered pressures at the inlet and outlet transducers during
teSt 3, 08S AraiNAQE. ... .ueeiiiiiiieeee e 58
flow rates measured during test 3, gas flooding..........ccccoeevieiiiieennnnnn. 58
the table illustrate the computed permeability taf test 3, gas
flooding, as K ke, and K. The last row contains the average absolute
permeability to gas of the core sample..........cccccciiiiiiiiiiiiineeeeen 59
irreducible water saturation of the sandstone edvefore the polymer
][ o TR 59
average registered pressure at the inlet and outlet transducers during

test 4, brine flooding, with the respective flow rate.................ccce.... 61

XXIX



Table 214:

Table 215:

Table2-16:

Table 217:

Table 218:

Table 219:
Table 220:

Table 221:

Table 222:

Table 223:
Table 224:

Table 225;

XXX

the table illustrate the computed permeability after test 4, brine
flooding, as Kand k. The last row contains the average absolute
permeability to brine of the core sample..............c.ccoiiiiiiiiiiiiiieieeee, 61
average registered pressure at the inlet and outlet transducers during
test 6, brine flooding, with the respective flow rate.............cccccceee0l 64
the table illustrates the computed permeability after test 6, brine
flooding, as K KX ¥. The last raw contains the average absolute
permeability to gas of the core sample............ccoovviiiiiiiieicien e, 65
average registered pressure at the inlet and outlet transducers during
test 6, backflow brine flooding, with the respective flow rate............. 67
the table illustrate the computed pereability after test 6, brine
flooding, as K kK. The last raw contains the average absolute
permeability to brine of the core sample..............c.ccoiiiiiiiiiiiiiiieeeeee, 67
flow rates measured during test 7, gasoting............cccccevveeeeriiiiinnnne. 69
the table illustrate the computed permeability after test 7, gas
flooding, as K kK, and K. The last row contains the average absolute
permeability to gas of the core Sgu............cccceeeiiiiiiiiiiiiiiees 69
average registered pressure at the inlet and outlet transducers during
test 8, brine flooding, with the respective flow rate............................ 70
the table illustrates the computed permeability after test 6, brine
flooding, as K k and K. The last raw contains the average absolute
permeability to brine of the core sample..........cccccvviiiiiiiiiiiiiicie e, 70
flow rates measured during test 10, gas flooding............cccccvvvvvvvnnnes 74
the table illustrates the computed permeability after test 10, gas
flooding, as K K, andKs. The last row contains the average absolute
permeability to gas of the core sample..........ccccoevvvviviiiiieiiiiiiiiiiiii, 75
irreducible water saturation of the sandstone core before the polymer

g [=Tex 10 o TP PP TP PP PP PPPRPPPPPRPPPP 75



Table 226:

Table 227:

Table 228:

Table 229:

Table 31:
Table 32:

Table 33:

Table 34:
Table 35:

Table 36:

Table 37:
Table 38:

Table 39:

Table 310:
Table 311:

Table 312:

average registered pressure at the inlet and outlet transducers during
test 11, brine flooding, with the respective flow rate.......................... 76
the table illustrates the computed permeability after test 11, brine
flooding, as KK Kk and K. The last raw contains the average absolute
permeability to brine of the core sample.............coovvviiiiiiieieviinnnn, 76
Gas residual resistance factor evaluated both after the polymer
injection, at 500 ppm, and after the gel injection..............cccccuvvvveeenenn. 78
Water residual resistance factor evaled both after the polymer
injection, at 500 ppm, and after the gel injection................cccccvvvnnnnes 78
P0zzo 1 @reliminary Properti€S........ccouuiiiiiiieiieiee e 84

Pozzo 1 C production parameters before and after the RPM treatment.

Pozzo 1 C computed parameters before and after the polymer
TrEALMENT. ... e e e e e e e e eees 90
P0zzo 2 C preliminary properti@S........ccceveeeeeeeeeiiiiieeeeeeeeiiiiiieeeeeeaeeann ) 93

Pozzo 2 @roduction parameters before and after the RPM treatment.

P0zzo 3 preliminary properties...........ouvvvveeeeeeeeeeeeeieiinieeeinennnnnnnnnnnnnns 100

Pozzo 3 production parameters before and after the RPM treatment.

Pozzo 3 Lcomputed parameters before and after the polgm
TrEALMENT. ... et e e 104
P0zz0 4 preliminary properties.........cccoviiiiiiiiiiiiieeeee e 107

Pozzo 4 production parameters before and aftdre RPM treatment.

Pozzo 4 Lcomputed parameters before and after the polymer

T2 L8 01T L PR 112

XXXI






SOMMARIO

bSt aSGd2NB RSft,fil CortrdIR deli R NOK dzZLIS GNP R2ES NI Rl 3)
0 agas e uno degli aspetti che piu impattano sui costi, influenzando pesantemente la
redditivita attraverso sia una riduzione del volume di idrocarburi prodotti, sia un aumento

dei costi associatifa G NJ GGl YSyid2 S [ttt 3SadAz2yS RSt f(
vie percorribili per risolvere il problema, che si dividono principalmente in due categorie:
metodi che sfruttano dispositivimeccanii YSG 2 RA o al (A digelzhé Qdza 2
SASNDOAGIY2 dzyQFrT A2yS LIAG 2 YSy2 &aradarttl yidSd
di riduzione di permeabilita sproporzionata, DPR, altresi conosciuti come RPM, modificatori

di permeabilita relativa. Il loro corretto utilizzo puo portare ad wignificativa riduzione

RSttt LINRPRdzZ A2yS RQlIOljdzZl t1a0AlyR2 Ayl fdSNI
[ Q20 ASG0OAG2 RA [jdzSadl GS&aA 8§ RdzyljdzS |jdzSt 2
chimiche, analizzando le principali sfide legate al loro utilizan seguito,con un‘analisi

incrociata dei datottenuti da test di laboratorio e dati raccolti daozzidi gas, capire quali

sono le variabili che influiscono sul loro comportamento. Di conseguenza si passa alla
stesura di linee guida che forniscanowieknowhow per la selezione di pozzi trattabili, sia

delle istruzioni per eseguire il trattamento stesso. Le prove di laboratorio effettuate a tal

fine sono eseguite su campioni prelevati dagli stessi giacimenti di gas che forniscono i dati

di campo, e cosistono in una serie di test di viscosita, di flocculazione e di flussaggio di
carota. Con i dati ottenuti in queste proveessi in relazione con i dati produttivi dei

AL OAYSYGA RA 3Itazr 8§ adlid2 L2aaAiroAf,theRSRdAzNT
possono essere sfruttate al fine di aumentare le possibilita di successo per i futuri

trattamenti di mitigazione acqua, lasado ampio spazio per ulteriori sviluppi futuri.

Parole chiaveriduzione selettiva della permeabilitinodifica della permabilita relativa
rARdzZ A2y S RSt | ;poin@iRezpointeycdine®@italO lj dzl

XXX






ABSTRACT

Controlling water production from oil and gas reservpinsoil industry is an objective of
primary importance. Water production could heavily afféioe profitability of producing
wells due to reduced productivity of hydrocarbons and increased costs associated with
water treatment and handling. In long term scale it could lead to premature well
abandonment, thus in money loss.

Many methods are availdd to mitigate water production: chemicapproachesor
mechanicalapproaches Among chemical methods both sealing and sealing system
have been in use for many years. Usually the-sealing systems act accordingly to the
phenomena of DisproportionatBermeability Reduction, DPR, and consequently trey
known as RPM, Relative Permeability Modifiers. Although their usage may lead to a
significant decrease in the water to hydrocarbons ratidsifundamental to understand
where and when they can be stessfully used.

Thisdissertationaims at giving an insight on these chemicals, analysing the main challenges
related to their usage, anthe lutionsdeducedby a cross analysis of data collected from
laboratory tests and data collected from gas fielise laboratory tests are performed over
samples collected from the same gas fields, #rel consist of viscosity, flocculation and
coreflooding experiments. While from the gas field production history, interpreted with the
results obtained in laboratorys possible to deduce a complete set of rules, or guidelines,
aimed at increasing the chances of success for future water mitigation treatments. This
final guidewill enclosesnformation necessary to select candidate wells andlementthe
process of pglmer injection but will leave some space for further development on the

topic.

Key words:disproportionate permeability reduction; relative permeability modifier; water

mitigation; polymers; weakly crosslinked gels; guidelines;
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INTRODUCTION

Most ol or gas reservoir, at some point of their lifetime, start to produce watater
productioncouldhappenearly in time like at the beginning of the production, aelayed,
when the field isalreadymature. Whenever this phenomena occurs, it always convéh
some related problemssuch as decreased hydrocarbon production, sand production,
disposal and hanalg concerns, and the corrosi@rosion of tubular and surface
equipment As a matter of fact water often comprise more th&0% of the produced flugd

the average water oil production ratio in oil industry, is of about three or more barrels of
water for each barrel of oil produce@he quantity of produced water can be related to the
guantity of produced oilthrough a parameter o& paramount importarme in oil industry,

G2 SN Oda &I Sy. Ihe lattedis défed &aghe ratio of produced water
compared to the volume of total liquid production, from a given well.

The reasoswhichlead to water production arenultiple. The most common is retd to
reservoir depletionTo clarify this concept it necessary to consider a closed container filled
with liquid. When this liquid is removed from the container without being replaced by
another fluid, the volume of the container itself must change. Aeregir can be
approximately related to a container that cannot substantially change its shape, thus when
hydrocarbons are produced, another liquid must fill the vacuum crealdds is what
happen in a reservoir when water, coming from a deeper aquifeades the reservoir
itself until it reaches the production tubing, starting water production.

FigureO-1 showsthree different stages of water gradually replacing the hydrocarbons in
the reservoirexploited with a horizontal wellblack solid line. Ais will ultimately lead to

water break through and high quantity of produced water
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Figure 0O-1: Conceptual picture of water influx in reservoir during gas tak
Fonte:http://www.geoexpro.com/articles/2013/12/usingyravity-to-enhancerecovery

Another reasonleading towater productionis the process of coningue to bottom water
drive, that isthe changein oil-water contactor gaswater contact profiles as a result of
drawdownpressuresirop duringproduction Coning occurs in vertical or slightly deviated
wells and is affected by the characteristics of the flum®Ilved and the ratio of horizontal

to verticalpermeability

One morereasonis water breakthroughfrom high permeability, watereadut layers This
happens during water dplacement where the water injected to maintaimeservoir
pressurevia injection wellsbreaks through one or more of the producing wells.

These are some of the reasswhy water is produced from oil wells. A detailed discussion
of the mechanism by whiclater can reach the producing tube is beyond the scope of this
thesis thus will not be further argued.

Obviously, the higher is the water cut of a well, the lower is its economical profitability. As
a matter of fact produced water not only redueethe oil or gas production, but also
requires handling and treatment. These last two processesich often shorten the
economic life of a well,are especially expansive on offshore platfearmwhere
environmental concerns are very important. In faoch these stuctures, there is little

availability ofspace, thusvater treatment plantare very expensive and difficult to install.


http://www.glossary.oilfield.slb.com/en/Terms/o/oil-water_contact.aspx
http://www.glossary.oilfield.slb.com/en/Terms/g/gas-oil_contact.aspx
http://www.glossary.oilfield.slb.com/en/Terms/d/drawdown.aspx
http://www.glossary.oilfield.slb.com/en/Terms/p/production.aspx
http://www.glossary.oilfield.slb.com/en/Terms/p/permeability.aspx
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These are the causes why oil companies have great interest in trying to reduce water cut
as much as possible, especially in maturedfievhere it reaches very high values. For
example, reducing the water cut from 90% to 70% or 60&rémdyan incrediblesuccess.
Theoperaton2 ¥ NBRdAzOAyYy 3 61 GSNJ LINPRdAzOGAZ2Y FTNRY 2
AK2 NI Sy SR, ofF aendetterhbiutt Sda 02YY2y > a2lhthSNJ YA
document the term water shutoff, or its acronym, will be used to denote the procedure to
reduce water production from a well

In pursuing WSO, oil companies have found many solsitmthis problem. One of them

is the DPR, disproportionate permeability reductiomhich is a phenomenon whereby
polymers or polymer gels injectioreduce the permeability to water flow to a greater

extent than to oil or gas flowRPM, relative permeability modification, also refers to
sdective water permeability reduction. Practitioners argues whether one terms should be

used for strong polymers gels that cause a strong permeability reduction, while the other

term ought to be used with weaker and more soft polymer ¢&]sFor the sake of clarity,

in this document, the terms DPR and RPM will be used as synonyms.

Given a brief introduction on the problems relateddrcessive water production, and one
of their possible solutiosthrough disproportionate permeality reduction treatment, it is
possible to provide a description of the content of this dissertation, related to this topic. As
a matter of fact, the aim of this document is éstablish the effectiveness of threlative
permeability modification treatmets, and which are the parameters the mainly impauct
their success. On top of this, some useful guidelines, aimeadcea¢asingthe chances of
success of any treatment, will be delineated.

These goak areachieved with an analysis of the data obtainedhwa planned series of
experiments performed in the laboratories of ENI, and the data collected from four
different gas fields, located in the Adriatic Speeviously submitted to & PM treatment.

The first part of the documemrimarily focus on a desigtion of the chemicals, used for
water mitigation purposes, which act aslative permeability modifiersMoreover, since

their operating principles are yet to be fully understood, the main theorggrding the
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mechanism that should held responsible foausing a disproportionate permeability
reduction are outlined, along with some recent developneanidpersonalopinions of the
author. The first chapter ends withdeescription of how the behavior of these product can
be affected by physicalrahemicalinteractions within the reservoir thusto define the
correct laboratory testsiecessary to establish which precautions should be used during
the treatment implementation These experiments comprehend a series of viscosity,
flocculation, and corefloodingpsts and they are introduced, explained and analyzed in the
second chapter. Furthermore, these tests are very similar to the one performed by the
service companyhat provides the RPM products, and they are also used to confirm the
data provided by themThe tests the second chapter will mainly focus on,aseries of
coreflooding tess. Indeed they provide the most important parameters to establish the
degree of the permeability reduction effectaused by these chemicals. These values, along
with the other results are used to correctly read and interpret the production data of four
different gas fields in the Adriatic Sea. This task is carried out in the third chapter, where a
complete investigation over the production history of each gas field is tategh and from

the collected data are extrapolated the significant variables used to evaluate the outcome
of the RPM treatmentThis is achieved by a thorough study bath the production
parameters andthe production history of each single wefpllowed by an analytical
confrontation between the production data, collected before and after the treatment, with
the data obtained in the laboratory tests.

All the remarks obtained from this investigation are pogether in the fourth chapter,
where a seriesfgguidelines, regarding both the well candidate selection and the treatment
procedure,are dawn down, with the aim of increasing the chances of success of future
treatment.

In the last chapterthe thesis is concluded and discussed, providing an insigiiteomain
inferences obtained throughout this documeand their limitation Additionally, some
suggestions regarding possible future development to perfect and improve this document

are argued.
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DISPROPORTIONATE PERBILITY REDUCTIOXEBVI®/

1.1- INTRODUCTION ON TRPMUSAGE

Relative permeability modifier, intended as either polymers or polymers gels, are not the
only chemica which can be used to mitigate water production from, @t gas,wells.
When oil companies deal with conformance iropement due to excessive water
production,they conventionally use strong and total water shutmfbducts The problem

is thatdue to the completion techniques used in many wells, protecting the hydrocarbon
interval is not always practical or cesffedive [2]. For example, when the water producing
layer is very thinas depicted ifFigurel-1, isolating a few centimetersr a few feebf rock

in a several hundred meters depth borehple incredibly difficult,plus the operation

outcome in notalways certain

w
w»
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Figurel-1: well log, Pozzo 1 Schlumberger, Well Evaluation Conference. 1987

Additionally, the use of mechanical zone isolation durivgater-shutoff-treatment
placement is normally not feasible when the wisllcompleter witha slottedliner? or
gravetpack or when the well invales a suksea tiebackflow line [1].

These aresome ofthe reasons why oil companies are always more and more interested in
developing technologies that do not require mechanical zone isolaiamticularly, this
also explain the causes behind a risingefest, in the petroleum industry regarding
bullheadableDPR wateshutoff treatments.

Bullhead treatmentsmply pumping fluids from the welthead, straightinto a formation;

this operation is by definition quite easy.hough bullheading is intrinsically riskylhe

primary risk in bullheadings the lack ofcontrol overthe fluid flow direction within the

2 Slottedliner is a linerwith multiple longitudinal slots, for exampler@m x 50mm, sprad across the length

and circumference of e joint[30].

3 A gravel packconsists of asteel screenwhichis placed in the wellborevhile the surroundig annulusis
packed with gravelof a specific sizedesigned to prevent the passage of formation sand. The primary
objective is to stabilize the formation while causing minimgbairment to well productivity33].

4 A subsea tiebacks a connection between a new oil and gas discovery and an existing production facility
[31].


http://www.glossary.oilfield.slb.com/en/Terms/f/formation.aspx
http://www.glossary.oilfield.slb.com/en/Terms/s/screen.aspx
http://www.glossary.oilfield.slb.com/en/Terms/a/annulus.aspx
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reservoir, ashe fluid being pumped downholkas a tendency to entéhe most permeable
zones of theformation. In addition, if only shallowasingis cemented in the well, the
bullheading operatin can cause wellbore fluids to broach around the casing shoe and
reach the surfaceThe liquids rising towarthe surfacehavethe effect of fluidizing and
weakeningeither the soil or the subsea floo€onsequently this operation may cause from
a simpleformation damage, to a reservoir fracturing or, in the worst case scenario, to
disastrous equipment impairment.
These riskcan be diminished and entirely nullified. Essentially RPM treatments are aimed
to the whole completed formation zone, thus what weeviouslydefined as risk is actually
an expected result. Furthermore is possible to prevent any formatiofracture by
conducting a injectivitytest® prior any bullhead operatiorHence the main advantages of
RPM as a water mitigation treatment are:
U Low cost The treatment does not require mechanical zone isolatard can be
pumped in bullheading
U Low risk Formation fracture can be avoided using injection test before carrying out
the treatment.
Furthermore RPM are also very effective.idtbeen repaed that water permeability
reduction, after a successful treatment, can be decretses of times, leaving the oil
permeability almost unaffected. Of course even oil permeability decreases slightly, but far

less than the water one.

1.2 - BASIC DESCRIPTIONRIEMPOLYMERS AND POLYRIEFEL

Gel technologies may be categorized accordingly to their propertighidmparagraph the

readeris presentedvith an oveview, focusing on the chemicaspecs, of the types of gel

> Theinjectivity testis aprocedure conducted to eablish the rate andoressureat which fluids can be
pumped into the treatment target without fracturing thi@rmation. The test results giveéhe key treatment

parameters and operating limifer well operations.
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currently available. Anyhowhe contents vll be limitedthe principal technologieshe list
does not intend to be an exhaustive guide of them stice this is beyond this document
purpose.

Polymer gelsverefirst use back in th&970s,while inorganic gels dates even further back
in time, and they have been object of study since theBven sothe research started to
focus onRPMonly at theend of the 2@ century, and at théeginning of the 2% century.
Thisis the reason manyscientists do not yet agree on a proper classificatodrthem.
Anyway, the followingFigurel-2, shows a easyto-read diagramsorting the main gels

technologies.

available polymer

: . Mixed
Inorganic Gel C()):gaor}lcm((;;reé ' Inorganic an Microgels
[ poly Organic Gel

Silicate based Bulk Gels, o Monomer
Gels polymers based gels

_____ Aluminium | Synthetic Gels,
Based Gels or polymers
| Biopolymers
Gels/polymer

Figurel-2: diagram showing main Gels/Polymer Technologies used in disproportionate permeability reductio

Oil indrustry L

dashed lines lead to gels that are not used as RPM. Red thick solid lines lead to gels that can be used as RP

From an overall point of view, gels are fluid based system to which-lga@ictructural
properties have been impartel@]. These kind of substances are primarily aqueous based,
meaning that they are largely made out of water, thus they preserve a certain elasticity
despite their apparent solid structuréAs a matter of fact the concentration of high
molecular weight particles, whether organic or inorganic, is quite low. Generally polymer

gels have apolymers concentrationA Y G KS NI} y3IS 2F wmQpnn (2

M
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[3]. RPMs aralsodefined as weak geksolution, as their polymers concentration is of a
few thousand part per millioyor just simple polymer solution, when no crosslinker is used

Of course, not all of the presented chemiceds be used as RPM, but only few of them.

Inorganic gels

Inorganic gelsaire likely the oldest conformance improvement technology. As a matter of
fact they were first introduced in 1920s, when they were used for plugging lost circulation,
zone squeezingral consolidating weak formatiorid]. As previously described theyre
aqueous based. Anyway they do not only contain the inorganic gelling matter, but they also
contain an activator, which could be a hardening agent or a cataijst. latter is
responsible for triggering the gelation process in response to an external alteration of the
environment condition, such as a temperature variation or a salinity rise. Taere
different reasons why these gels are falling into disuse. Thi& meason is that therés

little control on the gelation time due tpossibleheterogeneity in the reservoir rocksuch

as the presence of cations likew [5]. The usage afelation retardant could, isome
cases, solwethis problem Nevertheless inorganic gels generally have a fragile structure
and their contact to either acid or basic environmgmhay result in an even febler
structure [4]. On the other hand inorganic gels have the capability to penetrate deeply in
the rock matrix due to their low viscosity, plus thane resistant to higher temperature
compared to organic polymer based gels. fehare two main types of inorganic gels:

1 Silicate based Gel$he most common ones are sodium silicate gels, also known as
liquid glass, or waterglassGenerally, gelation time is positively related to
temperature[4], thus an incease in the latteccauseshe gel to clot in less time. Its
advantage is manly related to its high tempena resistance. Additionallit is a
low cost product. The great disadvantage of this chemicals is associated to the fact
that they immediatelygelupon contact with divalent cations such@swo ,0 "Q ,

"0Q [4]..
1 Aluminium based Gels. Théwave been introduced to overcome the problem

related to instant geletion time typical of sodium silicate gel, the problem is that
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they are destabilized by divalent &@ns like sulfates)Y0 , and carbonates) 0

[4].
Inorganic gels have either been mentioned or tested for relative permeability reduction
purposes. However they are currently only used as sealant, whiléhey do not find

application for RPM usages.

Organic Gelsnd polymers

Organic Gelgan occur in two different forms that are bulk ga@nd monomer gels The

description of organic gel is based on the work of Sidansk, [A)11

1 Bulk polymes, alsoreferred as'\Holymem, Qr are made up of repeated monomer

units joined together to obtain longhairs. Their physical aspect impliesgh
molecular weight and chagwhose sizas in themicron scale which is the same
order of magnitude of por¢hroat width. Furthermorethe gelform also contais a
second chemical called crelsker whose duty is to createnterconnection
between different polymers in order to entangle them in a three dimensional
structure. The crosslinking process can be tnigdey different everd, such as the
increase of the temperatureCrosslinking polymer molecules is necessary to
increase gel viscosity, thus obtaining a total pore obstruction or, in some cases, a
disproportionate permeability reduction. A very importargspect of these
chemicals is the gelation timapolymer which greatly increasdés viscosity while
is being pumped is not useful and it coudduse problems during the pumping
phases, especially to the pumping equipmenhus, the control over the gelah

time is a critical aspect of these substances.

10
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Partially
hydrolized

On the right:
Chromium acetate.

On the left; acetate

Chrome acetate
Crosslinking
PHPAM to form a
solidike

Figurel-3: partially hydrolysed polyacrylamide crosslinking process by Chromium acetate metallic cro:

Images taken from: A.H. Kabir, SPE 72119, Chemical Water and Gas shutoff Techiol@yerview, 200

Figurel-3 illustrates the interaction between a croeisking agent and a synthetic
polymer, partially hydrolyseg polyacrylamide, to form a gel.

Additionallypolymers, ompolymer gelsare distinguishedetweenbiopolymersand
syntheticpolymers The first ones have different advantages like tnsensitivityto
water salinity andthe elevated hardnessthe drawback is that thewre quite
expansive, plus they armgubject to merobial attack.On the other hand, synthetic
polymers,are less expansive, they resisiicrobial attack and they havbetter
injectivity properties, meaning that iis easier to pump tha into the formation In
contrastthey are less resistant to elevateshlinity and mechanical stress.

Further information about chemical aspects of polymers gel are exposed in the

appendix B.

6 Appendix B: For appendix B, go to the appendix section.

11
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1 Monomer gels are based on the-gitu polymerization of organic monomer to form
gels inside the reservoir itseFigurel-4 shows a few examples of mononsethat

can be used as RPM:

T (Y ¢
| | | | |
hoC - . H-C=0
7 N\ N
N o (]-|/ AN o OH
Amide AcrylicAcid Resorcinol Fromaldeid

Figurel-4: monomers used in WSO treatments.

These chemicahave the drawback of showing little control on their gelation time:
gelation is a freeadical initiated process that occurs very rapidly once initiated.
Freeradicals may be present in the rock formation. Thus, to avoid early gelation of
the injected solution, it would be advisable to carefully check the cleanliness of the
treatment zone[6]. Early monomer gel treatmesivere often basd on the insitu
polymerization & acrylamide monomer, but this is seldonsedpresently due to
toxicity and environmental concerns. Most recent conformance improvement
monomergel technology for oilfield applicatienare based on the ksitu
polymerization of relatively less toxic acrylate monomers. The main advantage of
monomer injection is the low watdike viscosity of the gelant solutidB].

Organic gels, whether bupiolymers, bulk polymegels or monomer gels, can be usédar

both sealing and RPM processes. Of coudepending on the purpose of the treatment,

the concentration of the chemicals within the injection fle@hbe different. Anyway some

polymers or monomers, are better suited for sealing action rather thakl RPatments,

or vice versa. For exampleydrophobicallymodified polymerspresented in Appendix B,

are bestsuited for reducing water relative permeability, and are now a dsgd for such

purpose Nevertheless simple polymer solution are also widelgduas RPM, especially

where low rock permeability would make gels incompatible.

12
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Microgels

Microgels are gelssynthetized at low polymer concentrations and at polymer
O2yOSYuUNYGA2ya 0Sf29g GKS LRTRYSNRS O8R a0l
brine? [3]. As for bulk gelsthey also have crosslinkimgteraction. The difference is that

the intermolecular crosslinking happen more often on the same molecule, while in bulk gel

the crosslinking interaction are more likely@ocur among different molecules. Microgels

ought to be an evolution of normal bulk gel in the direction of reducing or eliminating
treatment failure associated with the latter&deal microgels for water shutoff or profile

control shouldbe: insensitiveto shear and reservoiphysicchemical conditions, size

controlled, small enough to ensur@ deepertreatment and large enoughto reduce
significantlywater permeability,soft enoughto be disproportionaterelative permeability

modifiers, stronglyadsorbirg onto pore surfacefor a longterm efficiency,and non-toxic

for the environment[7]. Microgelsproperties depend on their manufacturing conditions

and on polymer chain chemistry, and can thus be controlled. According to theslicrking
RSyaaride IyR GKSANI SaGAYFGSR aAl S YAONR3STE a
of magnitude of abouPpm= 2 NJ | & WwWavYl £ f QX -G4AMBL.RA L YSUGSNE 7
Figure 1-5 illustrates different kind of microgels structure according to the former

classification

7 (ritical concentrationis identifiedas the concentratiormt which interaction or werlapping of the domains

of polymer molecules in solution first occuB2].
8 In well completionBrineis awater-based solution of inorganic saltssed as a weltontrol fluid during

the completionandworkoverphases of well operation83].

13
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dgp~ 0.3 pm dg~ 0.3-0.4 pm dg=2 pm dg~2pum
(a) (b) (c) (d)

Figurel-5: (a) linear polymer chain; (b) high crosslinked density small microyjgigh crosslink density big microgel

low crosslink density big microgel; New Microgels for HO&n Laboratory to Fieldpfilications. D. Rousseau et al. 2

Mixed Inorganic and Organic Gels
It was previously stated that inorganic gels are only used as sealant to completely isolate
water-producing reservoir zones. Consequgndiny mix of organic and inorganic gels is

more appropriate for total zones isolation.
1.3- THEORIES BEHIND THEERATING PRINCIPOERPM

Now a day therds no agreement orwhat mechanismshould be held responsible for
causing a disproportionate permeahyliteduction.One of the reasosifor lack of consensus
regarding the disproportionate permeability reduction mechanism is that it is recognized
both for monomers and for crosslinked polymefsywaythere are various know facts
which have been proved in labatory tests,about the effects that polymer gels have on
the formation:
1 Polymes, or polymermgels injection increases the irreducible water saturation of
the treated zone diminishing the end point relative permeability of.oll
1 Polymers, or polymer gelsare hydrophilic and, once injected, can alter rock
wettability from oil wet to mixed oil and water wet.
1 Polymers, or polymer gelsattach to rock surfaces through anreversibe

adsorption process.

14
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1 The thickness of theadsorbedlayer can increase thankisoth to mechanical
entanglement between polymers tails and to a crosslinking process operated by

metallic or organic crosslinkers, or hydrophobic modifications.

flowing @
- ﬁ entangled %
@ D
adsorbed

polymer ~s N NVSST 27 (N AR -

Flow direction |::>

Figurel-6: schematic representation tife entanglement between flowing and adsorbed polymer. C.A. Gr

et. Al. Journal of Petroleum Science and Engineering 45 (200241333

Figure 1-6, gives a visual representation of the adsorbed polyraed the mechanical
entanglement that occurs during the flow of polymer
On the other handhere are manyhypothesis trying to explain #ir operating principles
and all of them come from experimental observations
1 Balance betweethe capillary forces aththe elasticityof the adsorbed layeraffect
hydrocarbonsand water flow differently[9].
Polymersor Get alter rock wettability[10].
Lubrication effecf11]
Wall Effect [10].
Pore blocking by gel droplef$2].
Combined Wall Effect and Gel Droplet mofdd].
Segregatedléw mechanisn14].

= =/ =2 4 42 - -

Polymers, or polymer geldehydratewhen oil is injected15].

9 Wall Effectoccurs when, in a given pore, gels cortsgriwater pathways more than oil pathways.

15
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The truth is that all of these theoriemay beplausible explanatiof As a matter of fact
eachone of them has been proved reasonable for a specific application. The personal
opinion of the author is thtthey are not selfexclusive, thus they can coexist. Nevertheless
in this paragraptare only describedhe presently most accepted osgwhich seento be
inherent with the gel dehydration.

This theory was describday Seright et al. after %ray computed microtomography? had
been used to understand why gels redugeermeability to water more than that to
hydrocarbong[16]. A review of the investigated mechanism considered two conditions.
First,it isassumel a situation immediategl afterthe RPMplacement in a porous media, in
which the water base gel occupies all of the aqueous pore space and rdsydivatarbons
may be trapped in the pore center in a wateet rock, as illustrated in thEigurel-7, on

the left. If water or brine is injected, an extremely high resistance to water flow is observed
[3]. This significant reduction of permeability to water is explained by the fact that the
water must flow through thd(RPM matrixtself, which has an inherit peneability to water

in the microDarcyange[3]. Consequently the fraction of flowing water is greatly reduced
where theRPMhas invaded the formationThe second condition assusibat the well is
returned to production after theRPMplacement and gelation, thus theydrocarbons are
the first fluids to contact the gel treated region. IRigurel-7, on the right, is possible to
observe this condition. Durindhydrocarbons flow, at a fixed pressure gradient,
experimental observations indicate that the/drocarbonsopen up pathways along the
solictlike polymer, orgel, phase. Hence, the permeability lydrocarbonss restorel, and

isfollowed by the reestablishment of theydrocarbamsflow across the regiof8].

10 x-ray Microtomographyisesx-raysto create crossections of a physical object that can be used to recreate

a virtual model D mode) without destroying the original model.

16
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. Immobile gel with kI N2 dzy R ¥ S = Water flow through gel

D Residual oll E New oil pathways

Figurel-7: on the left: RPM effect on water flow; On the right; oil pathways creation. Image adapted from R.D.

Annual report RRC 2006, Chaptgr Mechanism for dispoportionate permeability reduction.

Thesepathways are created by dehydratiti16] or, according to some other studifk7],
displacemenfdestruction of the RPM matrixdue to presure gradient imposed during
hydrocarbonglow. Neverthelesdests that supporthe DPR solutiodisplacement oveits
dehydration were conducted over a sandstone core with a permeability ranging from 4 to
5 ti (meaning 4 to 5 Darcys), vice versa the tests supporting dehydration over
displacement considered a sandstone core showing an average permealilidyso

tI (meaning 0,5 DarcysJhis may suggest that different mechanisms apply for different
sandsbne permeability

Given this explanation it is clear that thasea main theory explaining the disproportionate
permeability reduction, alas an analytical demonstration of the phenomena is not yet

available.
1.4 - INQUIRIES OROSSIBLE OPERATIRG\EIPLES RGGELS

It is personal opinion of the author that an explanatiortted mechanismpresentedin the

previous paragraphgould be linked to an equilibrium of capillary forces, gel elasticity, and

11 Gel dehydratioris defined as the process of removing water from gel by imposing a pressure gradient on

the gel itself that cause its concentration, thits volume reduction.

17
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water and oi] or gassaturation of the poresProbably aubrication effect may also be
implied. Figure1-8, illustrates a sketchwith different conditiors of a pore throat after
polymer flooding and gelatiorthat connect two large pores in a water wet reservatr

shows a possible belvior of the flowing fluids as the rock saturation in water and oll

changes.

Oil flows through the pore and squeezes wa
inside the RPM matrix. Higher capillary pressi

ensured by RPM elasticity permits this effect.

Capillary pressure is still high emiueven though
oil, or gas, saturation is reduced. Oil, or gas, ¢

flows with stable equilibrium.

A further drop in capillary pressure cause a-t

equilibrium situation in which hydrocarbons ca

=N
=

vy

=

unstably, manage to flow.

Capillary pressure drops agaand oil, or gas,

N

y/

flow stops. Water is no longer squeezed into t

RPM matrix. Withoutthe RPM hydrocarbons

v

could still flow.

Figurel-8: forces equilibrium applied to dehydration/displacement théoipe throat of a large pore

From basic knowledge of reservoirig known thatthe three main forces acting in a
reservoir are gravity forces, capillary forces and forces caused by macroscopic pressure
differences. The first consideration to make is that gravity is very unlikely to affect the flow
on a pore scale level. Thubke reason whyhydrocarbonsnanages to break through the

gel matrix, create stable pathways, and maintain a certain flow rate teeggi reducel

permeability, should be related to drawdown forces and capillary forces.

H

8
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Relation between drawdownpermeability reduction and productivity

As stated at the beginning of this paragraphg of the effects opolymer gel injection is

to rise the irreducible water saturation level, diminishing the end point relative
permeability to hydrocarbons This could also cause a drop hgdrocarbonsrelative
permeability, and consequently a productivity reduction. Then again is possible to
demonstratethat drawdown pressurencreases, and this effect compensatée latter.

First itis necessary to consider the rock pore as a-pliase, one dimensional system in
which water wet the surface of the rock. Additionally, to simplify the analysis, the
hypothesis oflinear, mono-dimensional andliffuse flow*?, andhorizontal reservoiwill be

consideredvalicdhyS t I & O2yRAUGAZ2Y NBIldZANBAE GKFG GKS

0 ~QQF‘—YT_U (1.1)
‘ T w

L QF YT D

V] Q—T_w (12)

2 KSNBY Ww2Q aidl yRa TFridthezsupéritial ety ai thel-cghSideredr 2 NJ &
fluid; k is the absolute permeability of the porous medi&); is the relative permeability

of the considered fluid®Y is rock saturation in the considered fluid; andis the pressure

of the considered fluidlt is now possible to introduce the fciion of flowing water,'Q,

defined as:

(1.3)

12 Diffuse flowmeans that the fluids do not separate accordingly to densities. This kind of flow undertakes

that dynamic forces prevail over gravity forces, thus the latters are negligible.
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In equation( 1.3) it isalsopossible to simplify the volumetric flow ratg¢, andr) , assuming
GKS LI2NB aSOiA2y | NBI Aa YFAYyiOulFAySR O2yail yi

in the latter one gives:

Q= = = (1.4)

It is now introduced the term\WWOR which is the ratio of the flowing water and the flowing

oil:

w0'Y — - : = (15)
n

Equation ( 1.5 ) showsthat even the producing water oil ratis a mere function of the
water rock saturation, if the considered hypothesis are validroducing the mass

consewration equation for a thimono-dimensional horizontadlice of reservoir:

o 1Y ™ . To ...
Q bo—— —w —Q0Qw (16)
T 0 w T ®

Where %ois the rock porosity. Replacing the water superficial velocity with the fractional

flowing water, and simplifying the d\ame termsgives:

y
%o ‘ (3.7)

But the total superficial velocity) , must be constant since the fluid is considered to be

incompressibleThen itis possible tavrite:
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rv 170
% VT o (18)

A new necessaryhypothesis impes a steady state flow, thus the derivative of water
saturation with respect to time is null. This givihat the fraction of flowing water,
consequently the producing water to oil ratimust be constanhalong the x-axis Now itis
necessary to consider that before a treatment with RRi fraction of flowing water is
different than after the treatment and, sincéis only a function of the water saturation,
the reservoir saturation in water must shift accordingly to the new value of WOR.
Furthermore itis also known thathe treatment leavesthe oil relative permeability intact.
The only way this could happentisat the water relative permeability curve is shifted
and/or tilted downward.Figurel-9, below,illustrates the expectedrelative permeability

curve modificatiorof a generic reservair

Relative permeability curves Relative permeability curves after
before RPMreatment RPM treatment
1 1
2 2
S 08 S 08
; 3
€06 €06
2 2
2 04 204
K 3
202 02

o
o

0 0,2 0,4 0,6 0,8 1 0 0,2 0,4 0,6 0,8 1
Water saturation Water saturation
—— QOil relative permeability = Qi| relative permeability

—— Water relative permeability

water relative permeability

Figurel-9. left: permeability curves before RPM treatment. Right: permeability curves after the treatment
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Overlapping the two pl& as inFigurel-10, makes it easier to give an interpretation of the

occurring phenomena:

Relative permeability superposition plot

——— Water relative permeability

208 BEFORE RPM
%
g 0.6 Oil relative permeabbility
o BEFORE RPM
o
204 1
3 ’ )/—K"O before andafter = \Vater relative permeability
< 1 A AFTER RPM
a4 02 Kew before
Kew Bfter / - e «» o Oil relative permeability AFTE
0e — RPM
0 0,2 n {v,ir(r)'4 0,6 0,8 1

Water saturation

Figurel-10: detailed figure of RPM effect on relative permeability curves.

AlwaysFigurel-10 shows that the permeability reduction to water causes an increase in
the value of the irriducible watesaturation,Y"Y , which must be considered together
with an overall scalation of the water permeability curve by a fattoFigure1-10 also
displays that the oil relative permeability is unchanged, but this is asungthe sum of
Y'Y and Yy is lower than the actual water saturation before the treatment.
Otherwise the oil permealify will be reduced to the new and lowégvel, corresponding
to the post treatmentoil end point relative permability. If this is the case the welNould
require a higher pressure gradient to maintain constant productidhe limit case
complete shutoffjs achived whey"Y}, is very large and is close to the unjtthus the

oil saturation of the resesoir tend to the residual oil saturation. Consequently the
treatment must aimat reducingwater relative permeability without affecting oil relative
permeability, which is the considered cas&éiven these consideration the new producing

water to oil ratiowould be:
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w0 Y — (19)

Again ithas already been stated the fluids are considered incompressible thus, accordingly
02 51 NO& Qthe rEdjaizin in watgf dektive permeability causes a lower water
superficial velocity, henckesswater production. On the other hand, if the total velocity
must be constant the oil superficial velocity ought to be increased. Still, this is only possible,
since all the other parameters are constamthen oil pressure gradient in the reservoir
grows.This reasoning also applies in the case of gas producing Meikstact is of capital
importance since it explains the cause of higher drawdown after RPIsitntent.
Regrettably the previous reasoning seems a little simplistic for several reasons:
1 Fluids flow inside the reservoir is hardly ever in a steady statehe simple
situation outlined, for instance, buildup of water saturation in ttreated zone
mug be a transient process; however, if the treated zone is small in volume
compared to the bulk of the reservoir, this transient period is short compared to
the time scale of productiofiL8].
1 The assumption of constant saturatiomvay from the treated zone may sometimes
be quite unrealistic. With a varying saturatio¥, w , steady state will generally not
prevail. However, the point remains that the reservoir at large determineS\KER
delivered to the treated zone, becauseater and oil everywhere are at the same
pressure gradient. After (the rapid) buildup of water saturation in the treated zone,
that WORmust also be delivered to theell [18].
Furthermore is necessary to notice that, in long teonoduction, the build up of water
saturation would cause a rising value WIOR.A high water saturation in an untreated
region corresponds to large¢/ORflow out of that region and into the treated zor{&8].
The above given explation may not seems totally convincing. Simulatidhat prove
what previously stated NB y 28 GKS FTAY 2F GKA&a R20dzySyli

anyway additional informatioran be found in the SPID983 journal article, see rgfl8].
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Possible role of capillary and elastic forces inside the pore throat

Still, is not clear how gel can effectively reduce water relative permeability more than oil
relative permeability. A possible explanation might be related to a balancevdsat
capillary forces and gel elasticityapillary pressure is one of the mé&inces that operats
within the reservoir It is defined as the difference in pressure between thgerfacesof

two immiscible fluidsin this caséhe two fluids areoil andwater:
0 0 U (1.10)

Whered s the capillary pressur@his pressure differends strictly related to Young
Laplace equation, andefines how oil and waterare placed within the rockore. In point
of fact the Laplace equatignvhen the rock porosity can be simplistically represented by a

capillary tube boundlean be written as follow

. L QET
C——

(1.11)

Where:, is the interfacial tensioetween oil and water is the contact angle between
a water drop and the rock surface; altiidéIDe average pore radiugigurel-11, gives a

better explanation of theerms in the equatiorof Laplace

OIL OIL
WATER

o 2% ——> WATER

Figurel-11: contact angle in a water wet res@ir. Left: wetting phase is increasing (imbibition). Right: wetting phi

decreasing (drainage). L. P. Dakandanentals of Reservoir Engineering.
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After an RPM treatmernthe polymersadhereon the rock surface. Througfiray computed
microtomography iis known that the polymers creates a layer that merges with the water
wetting layer This newRPMlayer, is thicker than the originalater one since as emerged
from the previous demonstrationthe irreducible water saturationhas increasel.
Additionally, from the oil point of viewit acts reducing the pore diameter, thus increases
the oil water capillary pressure. Furthermore thdsaption process creates a soft, solid
like configurationwithin the RPM matrixThis new structure tends to occupy as much space
as it can inside the porandshows, as many polymers, prominent elastic propertless
plausible that the force, thus presse, yielded by the polymeraided by its hydrophilic
propertiesand supported by oil superficial tensiga sufficient topushthe water within its
matrix. Consequently thevater is forcedto flow within the gel matrix itself rather than in
the space beween the oil surface and the gel surface. The problem may rise when the
capillary pressure dropsndera certain level and the water starts to flow outside the gel,
preventing the oil flowlf this is the case RPM treatment would only be advisealblere ol
saturation is still elevated and mobility ratio is favoralfmilar consideration has been
reached by Liang J.T. and Seright RS, and can also be applied when considering gas
reservoir.

Figure1-8, previously presentedshows the above described effect through a series of

reservoir oil depletion stages.
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Hypothesized Capillary Pressure Variation
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Figurel-12: hypothesized Capillary pressure curveatam after a RPM treatment

Figure1-12, illustrates a possible effect of RPM treatment on capillary pressure curves
during imbibition processn a water wet system. It is clear that at a given water saturation
of the reservoir, before and after the treatment, the capillary pressureised by the
disproportionate permeability reduction gel.

The plot inFigurel-12 is obtained by using Hawkins, Luffel and Harris capillary pressure
correlationwhich apears to be reasonably accurate. This correlai®ibased orwater
saturation, porosity andpermeability.Although the permeability was kept constant the

sake of simplicity, the result are similar to the experimental one obtained by Barrufet M. A.
and Ali L. (1994, Texas University)

1.5- RPMBEHAVIOR CHANGES DOEEXTERNAL CONDN30O

RPM behavior is affected by many different aspects of the reservaichsas the
temperature, but also the salinity, the rock wettability, the electric behawbrthe
substrate, the porosity, etd~or example successful treatment of given reservoir with
low salinity, does not imply that a treatment of an identical reser, with the same RPM,
but characterized by a different salinity lesi identical resultsOf course each polymer

gels reacts differently depending on its surrounding environment, thus an exhaustive

26



Disproportionate permeability reduction overview

analysis would consider each chemical, one by oneud@h he aim of this paragraph is to
present the reader with some knowledge about how different conditions inageneral

modify RPM performancevithout being too specific.

Electrostatic andons in Solutioreffect

Electrostatic interactions between pohers and solution ions can largedffect the
behavior of disproportionate permeability reduction substandesr example the content
of carbonates has a direct effect on the reservoir brine pH, thereby the gelation2idhe
Onthe other hand divalent ionseleased by carbonates in solutigmsin increase polymers
adsorption due to bridging of negatively chargamlymer molecules to negativetharged

grain surface. This effect can be appreciate#igurel-13.

Negatively charged
«
@ polymer molecule

Ca .

Figurel-13: calcium Divalent ion bridging equally charged polymer and surface

The salinity of a reservoir must be thoroughly considered when dealing with synthetic
polymers since it plays a dominant role in the adsorption, while it is not very important
when consideringoiopolymers. The different behaviemduced by alinity are due to the
arrangement of polymer molecules on the surfaces and their interaction. When ihae

or little, salt present the polymer molecules have a larger hydrodynamic size, which induces
a low surface coverage. Thus the overall effecsat is to increase the surface coverage,
with a large densedomain made of loopdrains close to the surface and a dilute layer
consisting of more stable tails extending in the solufi@h]. Furthermore polyacrylamide

can be nodified, to obtain cationic PAM, by attaching some positively charged chemicals
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PAM with a strong tendency to adsorb onto rock reservoir surfaces, especially sand and
sandstone which are negatively charg@sher kindof mineralswhich are characterized by

high surface arethat is negatively charged, such as clay, will be predominant during the
process of adsorption. Thus, in a field treatment the adsorbed polymeb&iprevalently
concentrated on the clay minerals, which may result in a-ooiform coverage[22].
Secondary effect induced by carbonatesd the presence of oxygen must also be
considered. For examplié carbonate, such as irofil) carbonate,;OQ ¢ ,lis present the
reservoir in a sufficiently high concentration, it generates divalent iron ions. The oxidation
of these ions to trivalent iron generates free radicals which can cause severe polymer
degradation[20].

Given these facts, iis possible to make some inferences about ions effect on RPM
chemicals:

1 Negatively charged polymers are best suited to be adsorbed on positively charged
porous media, vice versa positively charged polymers are better adsorbed on
negatvely charged surfaces.

1 The presence of divalent ions can increase the concentration of adsorbed polymer
through bridging. Alas, in some cases, it can also cause polymer degradation.

i Saltiness of a reservoir connate water can influence the surface covdiagey
polymer flooding. Never the less this is a parameter that reqaprenctual analysis
since the combined effect of salinity together with other substances must be
checked in laboratory tests.

These are just some of the effsaif ions on the RPM cheinals, but they outline the fact

that before any field application, scrupulous laboratory test should be performed.

Temperature effect
Temperature is another parameter of great importance since it directly affects gel stability.
For instance acrylamide ponersundergo a process of hydrolysis when exposed to high

temperature. A certain degree of hydrolysis is accepted, as in HPAM, but when it becomes
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too great it causes a shift in gel behavior: crosslinking level raosanuch and RPM effect

is replacedby a total shutoff effect andsubsequentlysyneresis®. Nevertheless polymer
temperature resistance can be improved modifying their chemical structure: copolymers
containing2-acrylamidemethylpropanesulfonic acid monomeré&MPS, and acrylamide
monomerscan resist to higher temperaturéVhatis important is to acknowledge the
operating downhole temperature and carry out long term laboratory stability test. For
example the considered solutioof polymers could be matured, under anaerobic
conditions in an oven atthe temperature of the reservoir for a montBiopolymersused

to be substantiallymuch more resistant to elevated temperature, but the evolution of

synthetic polymers during the last years has levelled this difference.

Rock wettability effect

Wettability of the reservoir rock ignother factor that requires considerations before
application of a disproportionate permeability reduction treatm¢hbk Experiments clearly
show that polymer adsorption always occurs, whateter wettability conditions arg23].
Another important result is that adsorption kinetic is also affected by rock wettability: total
polymer adsorption on rock surfaces require a larger volume of polymer injection when
shifting thewettability from total waterwet, through mixed o#vater-wet, to oilwet [23].
Furthermore, during cordlood experiments, polymer injection in mixed -viater wet
cores or in total o#wet cores, leads to additional oil recoveg3]. Such aehavior has
never been observed in strongly wateret cores.These observation suggest that the
polymer adsorptiorcauses a wettability inversion, from @ilet to waterwet. During this
process the previous wettingildoecomes part of the nowetting phase angdas a result

can be produced. Furthermore it has been observed that after RPM had been injected in
anoil orin amixed oitwater wet cores, water relative permeability reduction decreased

slightly but oil reléive permeability was kept constant. If this is the case, relative

13 Syneresiss a collapse in gel structurgenerally characterized by a loss of adhesion, reduction of volume

and water expulsion.
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permeability modification effeceeems less pronounced when rock wettability to water
decrease$23]. Itis then possible to infer that:
1 RPM polymers can be usedgerdless the fact that the reservoir is wateet,
mixed oitwater wet, or oil wet.
1 RPM effect in strongly watexet systemss greater than in any other system.
1 Polymers adsorption on ailet systems or mixed eilater-wet systems may cause
a wettabilityinversion, increasing the watavetting phase.
1 Oilwet or partially oiwet systems requires larger volume of polynsetution.
However itisunlikely that a water soluble polymer will adsorb at anvedt surface. It may
be that the claimed oilvettability is more of a mixed or fractional wettability where there

still are some watewet pathwaygq14].

Rock permeability effect

RPM can only penetrate in porous media with pore diameter matching their size.
Depending on the preciséHology, RPM with big diameter, such as big microgel, will not
propagate in formatios of permeability lower than a few Darcy (féewt ), whereas RPM
with small diameter, as for small microgel, the same permeability threshold is of a few
milliDarcy (fewp 1 ‘ & )[8]. Furthermore it has been observer that the disproportionate
permeability reductioneffect is greater where the permeability is lower. This could be
explained by the fact thawith growing pore throat sizeghe polymer plugging effect will
decrease since the polymer effective diameter is finite. The more the pores throat diameter
grows,the more the ration between the latter and the effective thickness of the polymer
deposited layer will be small. Thus the water will be able to create larger flowing pathways
between the gel layer and the oil flow pathway.

Therefore, before an RPM operat, it is necessary to evaluate the treatment zone

permeability, and choose the correct polymer dimension for such permeability.
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RPMCHARACTERIZATIQXBORATORY TESTS REBULTS

Addressing the behaviour of thRPM polymers or gelsithin the reservoir is extremely
important if a water mitigation treatmentseeksto be successful. Before each RPM
treatment, it is necessary to characterize the polymer, or gel, which are about to be used.
But the mere knowledge of a product, along with its riggptal aspects, is just not
sufficient to predict its behaviour within a real reservoir. Therefore punctual laboratory
tests are due to assess theaad otherinformation, and increase the possibilities of a
successful treatment.

The good interaction betwen the formation rocks and theroductis the first information

to gain. The flocculation test provides such knowledge and, once is confirmeolaiyater

has a certain affinity with the formation, it is necessary to establish the-feng stability

of the polymer atreservoir conditionsThis operation isarried out with an aging testn

the end itis crucial to understand whether the polymer gel can be easily injected, thus
propagate, through the pores, aftbw much polymer is required to treat a ceitaszolume

of nearwellbore formation Lastly, after all these tests, it is possible to gauge the mobility
and permeability reduction. All of these information can be evaluated wittpecific
sequence otoreflooding tess.

Still the prerequisite of any fothese tests, imply the knowledgef dhe reservoir

characteristics: ranging from the temperature to tfemation watercomposition.
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All these tests are always carried out by the acting service company, before the water
mitigation treatment is implementd, to verify the feasibility of thdreatment itself.
Nevertheless, oil companies always repeat some of these tests in order to verify their
reliability, and to gain further information that provide solid kndvow basis Within this
document and particuldy in this chapter,are therefore illustrate the most important
tests,viscosity tests andoreflooding tests, that outline the key information for a successful
RPM well treatment.

Consequently e following chapteillustrates and explains, one by orike tests required

to characterize any relative permeability modifiand acknowledge its behaviofhen,
whenit is necessaryif presents antexplainsthe results ofthe tests performed in the ENI
Laboratory. These tests were performedth sands ancn a core sample coming from
Pozzo 1 Cwhich is representative of all the other wells of the Adri&&a and they are
fundamental for an exhaustive comprehension of tasedistory studied in the following
chapter. Indeed, the information gathered in thichapter lay the foundation for a correct
interpretation of the RPM treatment, on the four wells of the Adriatic Sehiciv are

discussed in Chapter 3.

2.1- RHEOLOGICAL BEHAVIOHRPM

The first steptoward the definition of ay relative permeability modifie properties is a

study focused on the rheological behavior, meaning titats necessary to evaluate
different aspects of these substances such as the mechanical resistance to shear stress, the
thermal stability,andthe chemical interaction of th&@PMsdution with the surrounding

environment.

Basic rheological behavior of RPM
The first set of tests that any RPM produre submitted ta should be focused on a broad
viscosity inquiryThese viscosity testan be performedregardless th&kPMproduct beng

used, with a lovand a highshear rate viscometer. The goal is to have an ideheorder
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of magnitude of the product viscosiat reservoir temperaturelt is also very important to
define the reservoir brine viscosigt reservoir temperature which will be very useful
during the corefloodingxperiment.
The following lists introduce other important testarried out with a viscometer:
1 Mechanical stability
Mechanical stability can be inquirday subjecting the RPM solutido a viscosity
test with a high shear rate viscometer for a long period of time. If the product is
mechanically stable, at a fixed shear rate, it shear rate should be constant. On the
other hand, a product that is not stable, would shovdecreasingviscosity over
time.
1 Thermalstability.
There are twddifferent types of thermal stability testsbut they have in common
the procedure of aging the RPM product inside an oven at reservoir temperature,
under vacuum condition, for a period ranging from one to three menfrhe first
test consist ina simplequantitative observation of the aged test tulde verify that
the pdymer or gel particles doot degrade, settling on the bottom of the test tube
itself. The second test imply, once more, a viscosity measurement of the product
after it has been properly agedt would also be advisable to verify once more the
mechanical stability after the aging te€df course, if the viscosity registered after
the test is somewhat lower than the previous one, it means that the polymer
underwent sone sort of degradation.
1 Chemical stability
Chemical stability is again a measurement of the RPM viscosity in a harsh
environment: viscosity test are performed on a solution of the relative permeability
modifier that also contains the aggressive substammesent in the reservojrfor
examplehydrogen sulfideViscosity measuraentsafter the test should relate to

the previous ones, otherwise the RPM has been, somehow, compromised.
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Viscosity: &boratory tests and results

Viscosity tests performed EBNI Lhoratories consisof a basic viscosity analysis of the brine
and of the RPM solutiqrused in four different gas wells in the AdriaBea, whichwill also

be useful for some consideration in the following paragraPtherviscositytests has not
been peformed since the reservoir conditisf these wells are quite mild. As a matter of
fact the least temperature resistant RPM that was used, is a monomer polyacrylamide
based RPMywhose name cannot be divulged to respect a disclosure agreement, thus will
bereferred asP10Q who is stable up to 6@0°C while the reservoir temperature is around
45°C. These four welse chemically inert since they do not contain any altke hydrogen
sulfide They also have a quite low production rate over a long comgletierval, meamg

that the fluid velocity around the well is moderate.

The tests were conducted using a low shear rate viscomeititr Couette geometryand

the data were gathered after some time from the beginning of the experiniEms would
imply asteady state conditionThe first steptoward the execution of the tests is the
preparation of the RPM solution. Viscosity tests were performed on three solution ofbrine
P100at differentmassconcentrationsu T ¢p v M) gandt T M GFUrthermore

the brinepolymer solution, when the concentration of the polymerpisv ) gwere
tested before and after filteringh order to verify the presence of big size agglomerate of
polymer, which would caise problens during the coreflooding test thus the injection

phase(plugging) The following table gives on overview of the tests performed:
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Viscosity testat reservoir temperature, 43°C

Test number Note

1 Evaluation of brine viscosity

Evaluation othe viscosity of thérine-P100(500 ppm) solution

e Solutionfiltered at Sum.
3 Evaluation of the viscosity of the brisi&00(1500 ppm) soluon.
Solution not filtered
4 Evaluation of the viscosity of the brisi&00(1500 ppm) solution.
Solution filteredat 5um.
5 Quick eraluation of he viscosity of the brin€100(4000 ppm) solution.

Solution not filtered.

Table2-1: viscosity tests list and description.

During the evaluation of the brine viscosity, the composition of the mgkevateris set a
2% weight ind 6,meaningg nQD of potassium chlorideThe following platFigure2-1,

illustrates the results of the viscosity test, conducted at 43°C, for the synthetic brine
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Viscosity of brine at reservoir temperature (T=@3

3 ® Viscosity of Brine

Viscosity [cP]

-------- Linear (Viscosity of
. Brine)

100 150 200 250 300
Shear rate [1/s]

Figure2-1: viscosity test result for brine.

FromFigure2-1it is possit®# tosee that the makeip water has perfectly normakewtonian

behaviour as theénterpolating trend is clearly linear and tliesquared value is higher than

0.995. This result meet the expectation since the viscosity of-salty water at standard

condition is aroundty v & 0. The value of the formation water viscosity is very important
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paragraph 2.3, and the evaluation of the ENI study cases, see Chapter 3.
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Viscosity of P100 500 ppm filtered and degassed, at
reservoir temperature (T=48)

3.5 ® Viscosity P100 500 ppm
3 filtrato e degasato
o
.25
2
.g ’
8 r @ cceeee [ TN YIF TTTTTON [ YRTPPR Y
s v y =-0,0002x + 1,7465 = eseesees Linear (Viscosity P100
1 R2=0,8816 500 ppm filtrato e
degasato)
0,5
0
100 150 200 250 300

Shear rate [1/s]

Figue22: @A a02aArGe (Sad NB&adA G FT2NJ wta &2fdzirzy i p

Figue 2-2 illustrates the viscosity test of the brinr®100solution at 500 ppmifiltered at 5
pum, and at reservoir temperature 43°C. It sholmw the viscosity of polymer solution is
only slighty higher than the brine viscosityhe average brine vissity istip v & 0, while
in this case the average viscosity is abgiit @ 0. At first glimpse it would appear that the
polymer solution behaves like a Newtonian fluid. Anyway tsguared of the trendling
'Y  mhp y,cleave some doubts about the linearetrd. Indeed it appears that the
experimental points would be better approximated by a logarithmic trendline. Ifithtite
case the solution would behave more like a pseudoplastisheasthinning, fluid, which
would be the expected behaviour for a poigr solution Additionally,viscosity versus
shear rate plots generally have a logarithmic horizontal axis. Anytiey,Couette
viscometer used in ENI laborates can only operate in a limited range of round per

minutes, meaning that a logarithmic plaiodzf Ry Qi 06 S @ S tN&oneRiho¥eT S NB vy (i
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Viscosity of P100 (1500 ppm) filtered and degassed, at
reservoir temperature 4%C

35 ® Viscosity of P100

' 1500 ppm filtered
3 [ @ @ @eecoenen Y ® (5um) and degassed
o
£.25 y =-0,0006x + 3,1255
2 R2 =0,9252
@ 24—+ oo Linear (Viscosity of
3! 15 P100 1500 ppm
S 7 filtered (5pm) and

1 degassed)

0,5
0
100 150 200 250 300

Shear rate [1/s]

Figure2-3: viscosity test result for RPM solution at #i50JL)YY O2 Yy OSY G NI GA 2y 2F LJ2f ¢

Just likeFigue 2-2, Figure2-3 plots the results for theviscosity testfor the brineP100
solution at1500 ppm, filtered at jum, and at reservoir teperature 43°CThe viscosity is

a bit more elevatedthan the previous caset shifted frompfx G 0to 3 @0, due to a
highermass concentrationf the polymer.Once again the experimental points seem very
likely to relate to a linear trend, though thesguared of the trendline is not so high. This
suggest once more a shetrinning behavor.

To verify thatP100does not coagulate in big polymer clustamich would plug the free
face of the core during a corefloodinttpe viscosity test is repeated forRiLOOsolution at
1500 ppm not filtered. Results from this test are extremely closi#aéoones obtaied for

a filtered solution suggesting that there are none, or very little, polymer agglomeration
bigger than um.

Viscosity test for a nofiltered solution hasalso been performed for a solution with
polymer concentration of 4000 ppnard the observatiosfor this last case are exactly the

same as the previous one.
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The following plot summarizes all the data gathered from the viscosity tegtgrovide

a clearer overiew ofthe RPM solution behavior:

Viscosity vs Polymer concentration

12

10 —e— 120 rpm

Viscosity (cP)
(o0}

—e— 150 rpm

=TT 190 rpm

1 10 100 1000 10000

Polymer concentration (ppm)

Figure2-4: polymer behaviour; viscosity vs Polymer concentration at different shear rate.

Each curve inFigure 2-4 represents the registered viscosity, at different polymer
concentration, for a defined value of the shear rate. The shear rate is directly related to the
angular speed of the viscometer: a higher value of rpm (round per minptefluce a
higher value of the shear rate. The plot highlight that solutions with elevated polymer
concentration especially with mass concentration higher tharrt T 1o 11 ™)1 @have
lower viscosity at high shear rat€his situationconfirms the previougmphasizedshear
thinning properties, anadonsequentlyit also suggests thahe addition ofmore polymer

to the RPM solution enhances pseudoplastiqroperties. This aspect would require to

investigate the shear rate during the coreflooding test, afsb during the field treatment,
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since it may affect the pressure response, to injection, in both cases. Anyway the highest
concentration of polymer used in the field treatments abbout ¢ v ™) @where the
pseudoplastic effect of the solution is extremely low. Thus the polymer solution will be

considered as a pseudwewtonian fluid with constant viscosity.

2.2 - INTERACTION BETWHRRMAND ROCKS

To evaluatethe attraction between the sandf the area near the wellbore and tipwlymer

it is possible to perform a flocculation testlocculation is the process in which colloids
aggregates, or come together, to form large particles called flocs by the addition of a
chemical called flocculant Ithis case the flocs are the sand particles produced from the
reservoir, while the flocculant is th@olymeritself. This kind of test can be performed using
either high precision machinery, such as the Turbiscan, or in more simple way. In ENI
laboratory,since the objective of this test is not to accurately investigate the flocculation
properties of theP10Q but to obtain a general information about its behaviour, the
flocculation is carried out in a with a very simple, but effective, test. This &says
performed at reservoir condition, consists in mixing a given quantity of sand with the
polymer solution in a graduated ampoule having two graduationsi&dect flocculation
time. Once the two components are mixed together the ampoule shouldgbetly
reversed or the liquid should be stirredp optimize the blending. Aen everything should

be allowed to settle. Flocculation time which is the required parameteiis simply
measured as the time needed for the sifliquid interface to sink below the lowst
graduation line Asa first approximation,jt is possible teassume that the shortest the
flocculation time the highestthe abilityof the polymer tocoagulate the sand, thus to coat

it.
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Figure2-5: aspects of sand particles before the contact with the microgel, on the left, and after, on the right. Zai

Pichery, New Polymer Technology for Sand Control Treatments of Gas Storage Wells; SPE 121291; Texas; A

Figure2-5 shows two electronic ptare of sand particles before and after the contact with
an RPMsolutionduring a flocculation tesiThe picture on the righis an example of how a

good flocculant should aggregate sand particles and fines.

Flocculation: laboratory tests and results

The procedure followed to perform a flocculation tegt ENI Laborataes is the one
described abovecompleted stirring the solutigrwith the only difference that the testas
beenrepeaed at different contact times andifferent concentrations oP100 Repeating

the test at different contact times allow the measurements of the degradation of the
flocculation properties of the polymer. The malp water is the same that has been used
for the viscosity test.

The evolution of the settling times during fladation test with and without polymer is

shown in the followingplot:
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Flocculation Tests
40

35
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Flocculation Time [s]
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—8—Brine P100 @ 2.5 ppm —e—P100 @ 10 ppm —@—P100 @ 50 ppm

Figure2-6: flocculation tests results at three different polymer concentration.

FormFigure2-6 it is clearthat the polymer solution, at every concentration used, greatly
diminishes the settling time of the sand particledeed all theflocculation tests result in a
settling time 5 to 6 times lower to the brine cadeurthermore the degradation of the
L2 @YSNI I LIJISIEN) G2 06S OSNE fAGHGES YR AdG R2S.
increasesEventually is possible to statedhthe P100solutionis reasonably stable and it
has a good interaction with the sand of the treated wellsyway this test could lead to
wrong considerations, as a higher polymer concentratiwhuces ehigher settling time for
flocculated particlesThs is the reason why such low concentration of polymer were used
during this test: if a solution has very good flocculant properties at low mass concentration
of polymer, itis expected to have even better properties when the polymer mass
concentration isncreased.

Additionally, regarding the problem of sand productionjsitplausible to expect that a
product with these good flocculating properties, could also operate some sort of sand

control. Indeed the process of adsorption and the coating of the pamases could
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prevent the releaseof small grain fines during the productiolhis aspect is extremely
interesting for the well treated by ENI in the Adriatic Sea since all of them suffers from sand
production.Besidesno test will be performed to assefisis aspect, which will banyway

discussed in the following chapter where the real case of RPM treatment are argued.

2.3- RPMINJECTIVITY AND PERMBILITY REDUCTIGRWECT

Once the rheological behavior of the RPM is assessed, and its good interactiornevith t
formation rock is verified, its possible to testhe most important and useful parameter
for a RPM treatmentthe injectivity, the degree of adsorption arttie efficacy of the
product in selectively reducing the water effective permeabilify correctsequence of
coreflooding tests can provide such information. The corefloodingreshly consistan
flushing a fluid, or a combination of fluid#jrough a rock sample and analyze their
interaction. The equipment necessary to perform this test conefst
1 Core sample, or more than one ifistnecessary to test multiple different wells.
1 Acore holder,Hassler cell, which is the heart of the machine. It enclosestine
sampleandis capable of withstand the pressure during the test.
1 An oven which is @uire to condition the temperature of the Hassler ceidt the
reservoir temperature.
1 Ahigh pressure liquid chromatograpipump used to flush the fluid through the
Hassler celat a constant rate
9 Various pressuréransducerto register the pressure at thmlet and at the outlet
of the cell.
1 A pump controllerused tooperate another pump, necessary toaintain a fixed
confiningpressure around theore.
1 A flowmeterused to measure the gas flow rate at the outlet of the cell.
9 Tubes necessary to connect e devices together. The tubes must be of a high

pressure resistant material, and they also need to be have a high thermal
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conductivity so that the flowing fluid reaches the reservoir temperature before
entering the Hassler cell.

The equipment used forugh a test in EN&boratoriesisthe onedepicted in the following

figures:

Tubesleading to the pressur
transducer and pump

Hassler Cell

:

HPLC volumetric
alternative pump
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Hassler cell component: Core sample |

Rubber sleeve

Figure2-9: disassembled Hassler cell, core sample and rubber sheath

Coreflooding equipment layout
The test has been performed oa plug fromthe core sample fromPozzo 1 Gvhose

characteristics areutlined inTable 22;

Core sample charderistic

Jm 11 7.90
ri+om 4w> 3816 MZIpQQU

Fe »o vB <« 19,2

o o w0 mg 17,3

—o g > d g™ 29

Table2-2: characteristic of thecore sample fronPozzo 1C

The plug, which from now on will be referred only as core sample or core for the sake of
clarity, is an artificially compacted one. As a matter of fact plugs cores from sandstone
reservoir tends to shatter due to the frailty nat of the rock, therefore they need to be

reconstructed in laboratory so that their characteristics matches the one of the reservoir
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The Hassler cell and the other equipment parts have been set up as shown in the system

diagram,Figure2-10:

Brine Ni’Frogen
inlet inst Pump
’ controller
Nitrogen 100 bar
% regulator
Oven
I
| |
Pump } Hassler I Sample
| Cell | QF collector
[ i
Transfer Flowmeter Brine
cylinder outlet
Nitrogen
é é outlet
40 bar 2 bar 20 bar 2 bar 20 bar
O = transducer

Figure2-10: System schematic of the coreflaogl equipment used in ENI laboratories for testing P100.

The core sample is jacketed withirttack rubber sleeveand positioned inside the Hassler
cell. The pump controller applies @onfining pressure of aboyt 1 ™ | whichis high
enough to guarantee a strong grip between the rubber #mel core, so that no fluid will
flowsin the interstitial spacebut not too high to causany damage to the core. The top
part of the cell, sedigure2-7, is connected to the alternating volumetric pump and to a
series of preasre transduces calibrated a ® ] ¢ A Wiand 41 @ &1 The bottom
part of the cell is connected with one pipe, through a valve, to a sample collector, and with
the other pipe, again, to a series of pressure transducers calibratedoaband¢ ™ @i
The pressure trasducers can be switched between one and the other with relation to
pressure level they are supposed to registeuring gas injection the sample collector is
exchanged with a flowmeteDuring all the tes, the oven containing the Hassler cell is

kept atreservoir temperature, around ao8
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Coreflooding: testoverview

The test aims at providing, first thing first, the degree of permeability reduction to the

water phasethenthe quantity of adsorbed polymer, aradsothe mobility reduction during

the polymer injection.

TheW2{SNJ NBaARdzZ £ NBaAaQ | iy @ddbably theOmodtNidipartanR S F A y S
parameterthat can be obtainedsince it provides a quantifiable valwd the polymer

induced permeability reductianThis parameter is defined as in equatidhl )

"O _ (2.1)

Where:"Q;, is the endpoint permeability of water, and the subscription indicates whether

the parameter is measurtbefore, or a after, the polymer injection. The higher the value

of this dimensionlessparameter, and the less watethe treated well is supposed to

produce.

Of course iiis also necessary to quantifiye variation of the core relate permeability to

2AEX 2N A& Ay GKAAa OF aS3 ¢gQas fésidbal resiStahiBe A A Y A
T I O {02 Nd&eguation(2.2):

O T — (2.2)

Where: Q) is the endpoint permeability of gas, and once agahe subscription indicates
whether the parameter is measutldbefore or a after the polymer injectiof.he value of

"O is expected to be around the unit since, theoretically, the process of disproportionate
permeability reduction aims at leavirige hydrocarbons relative permeability unchanged.
The quantity of adsorbed polymer is evaluated through an experimental procedure: two
successivslugsof polymer separated by bringre injected in the core. The delay between

the first and the second pwiner slugs, in terms of injected pore volumes, give the
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adsorption valueAnyway this test has not been performed in the ENI laboratang the
values of the polymer adsorption is provided directlythg service company

As for the injectivity of the RPBblution, the test aims at verifying that the polymer does
not plug the core, thus the formatiorduring polymersinjection a pressure increase is t

be expected sincéhe viscosity of the polymer solution is higher, and also becahse
process of adsompon begins immediately, posing higher attrition to further watie
fluids flow.Thus, diring the injection of a noplugging polymer, a plot of pressure versus
time would show a initial growth followed by an inflexion and then a stabilization of the
pressure. This trend is due to the fact that after the adsorption, which determines
increasing pressure losses and thus the initial growth, the flow would reach a steady state,
YR FdzZNIKSNJ Ay2aSOGSR L2f &YSN defdaoldfiavii Ay G SN
through the core Behaviours that differ from this one imply different interactions between
the rock and the polymer, suclsasurface plugging and thus an exponential trend in the
pressure versus injected volume cun&g thegoal of theinjectivity test is to confirm that

after the injection of several pore volumes of RPM solution ghessurewould stabilize
around a fixed valuebut most importantly that no damages occur to the core, thus the
formation. During the coreflooding tests with watethe only parameters that can be
measured are the pressure at both the inlet and the outlet of the Hassler cell, and the flow
of the fluid through the cell itselfwhich is set by the pum®n the other hand, during the

gas flooding, it is not possible tmpose a steady flow since the gas cannot be assimilated
to an incompressible fluid, as it happens for the water. This is the reasom fbywmeter

is required.A pressure regulating valve, seegure2-10, imposes a stable pessue at the

inlet of the cell, while the flowmeter registers the flow rate of the outlet gas.
Considering the previous statements about brine, and given the valudés wviscosity
together with the viscosity ofthe RPM solution, its possible to obtain # value of the
various permeabilitiesvith i K S 5 | Nappéie@ as irdquiation(2.3):

] 605/6 2.3
n 0 (2.3)
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AL o

2 KSNRYA® (GKS @2t dgy SAENN ST thinRsORNIRENR flpW octUrs;

WQls the viscosity of the flowing fluidXls the length of the core, angiPQ A a G KS LINB:
difference between the inlet and the outlet of the Hassler cell. Of course equa@) is

simplified by assuming that the flow is in a steady state, linear, horizontal, p@ssible,

and single phasedt is also possible to extend tHermula for multi-phase flow, as in

equation(2.4):

ha (24)

¢KS GSNXa& ¢A0KQ GIKNGE aNEBSTASONNNMBRI ARy W aLISOATFAO
JFad 2 KAf SO K'Y Qs afetzel pertteabily of the inquired phase.

The above equations considered the fluids to be incompressible, with a constant density in
the flow system, which is not a bad assumption for water. However, gas is highly
compressible. Thysonsidering the last statement, an algtical solution to this problem

can be obtained integrating I N & Q & st&tipglfiora églayion( 2.5):

, (.;Q'Qr‘l
n 00 (25)
LYGNRRdzOAY3 . 28ftSQa fl g F2NJ NBFHf 3IFaasSa dzy

rate, as in equatiorf 2.6 ):

(26)

Where:PQ A& (GKS | 0d® tAdnuSickiSNGy iafedEAra Wi KS 02 YLINS
FI O02NE Aay Ri KIS WKSS LIBded de@MNBLPUIRA2G/ (1YScondikos, NI a S N

GKAE S (KS sddzd ¥ BNIOLJE B2 Y (i W Substiiutingl R6) NBguadichy RA (i A 2

(2.5), and separating the variables gives:
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Qn (2.7)

Where the viscosity and the compressibility factor changes with the pressurstamdd

not be intended as constant. Anyhow, if the testcarried out at low pressure it is indeed
possible to assume that their prodyceévaluated at an averaged squared pressuse,
constant. Furthermore the ratibetween the two compressibility factors will be very close

to the unity, and the same goes fohé¢ temperaturesThis hypothesis may appear very
strong, and may also lead to notable errors, but it is necessary to remember that the goal
of the coreflooding tests is to find the residual resistance factor, which is indeed a ratio
between permeabilities. Therefore any error introduce by constantsluring the
elaboration of the data, is nullified during the computation of the aimed parameter.

Anyway, mtroducing these hypothesis in equati¢2.7 ) gives

CA

) 5Q 0
n — (2.8)

2 KSNBE (KS adzoaONRLIIAZ2Y WAYQ YR W2dziQ NBfF GA
in relation with the Hassler cell.

With this approximéed analytical expression is possible to evaluate the permeabilities,

absolute and relative, during any core flooding.

During these experiments, carried out at low pressure, it is common pratdiagse

nitrogen instead of methane. This choice is mainlypgrted by safety issues, nonetheless

the induced approximation arecaeptable since at low pressutiee solubility differences

of the two gassesneaning the Henry constantsspecially in water, are very much similar.
Additionally, always considering thaw pressures, the considered gasses show properties

alike perfect gasses ones.
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Coreflooding: tess and results

The set of tests require to obtain all the information introduced in the previous
subparagraph imply a series eievencoreflooding

Test 1 gas absolute permeability.

In the first experiment the dried core is flushed with nitrogeBefore starting this
sequence, it is necessary to search the zeroes of the pressure transducers by flooding the
core at a fixed inlet pressure until the registdrgoressure of both inlet and outlet
transducer is stable. The value registered during this operasitaken into account during

further data elaboration.Figure2-11 illustrates the transducers response during their

stabilization:
Search of the zeroes of the pressure transducer

0,009

0,007 | ‘¢

0,005

~ @ Pressure registered al

0,003 the inlet transducer
= while at rest
2
o 0,001
5
(]
g -0,001
B P

a LX Y ) Pressure registered al
14 3 the outlet transducer
‘{' while at rest
. o %
o L) Q:
.00" "o
C o
10000 20000 30000 40000 50000
time [s]

Figure2-11: the plot illustrates the phase of stabilization of the pressure transducers necessary to find their zero

The stabilization of the pressure transdugsrthe first operation to carry out in order to
define their zeroesTable2-3 illustrates the value of pressure registered by the transducer

while at rest:
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J >4e Y™ g adr>
-0,0018 Inlet transducer

0,0044 Outlet tranducer

Table2-3: zeroes of the pressure transducer during test 1, gasoreflooding

The obtained valuesre to be removed from the registered pressure during the next
flooding phase: the inlet pressure is measured lagy @ & ipressure transducer while the
pressure regulating valve keeplse gas flowrate constant firstaround x @ | then
aroundu @ ¢ ]and in the endaroundo & &1 The outlet pressuref the cellis measure
by ac @ & ipressure transducers. Thgaskeepsflowing ata fixed pressurauntil the
flowmeter at the outlet of the Hassler cell has collectedough gas to be sure that the
steady state conditions are reachdeigure2-12 shows the transducers pressure response

during the core flooding.

Plot of inlet and outlet pressure of Hassler Cell (test 1)
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Figure2-12: transducers pressure response during test 1, gas core flooding.
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In Figure2-12, the registered inlet pressure is not as high as the impasetby thepump,

dueto some pressure losses along the injection tube. Even along the tubes that connect

the pressure transducers to the cell theare pressure losses. Still, since the length of the
tubes is equal and the aim of the test is to record a pressuferdifice, these losses can

be neglected. The following table shows the average registered pressure during the

flooding:
Fosu it > bt <t Fot <+
3 3,75 1,15
5 5,57 1,41
7 7,36 1,9

Table2-4: average registered pressure at the inlet and outlet transducers dtestdl,gas flooding

While the flow rates reading given by tflewmeter, at different imposed itet pressure,

areillustrated inTable2-5:

o +u et > ven b gl | 7wt i -
3 42,44 1413,87
5 19,47 3081,66
7 11,68 5139,19

Table2-5: flow rates measureduringtest 1,gas floaling.

AAy3 GKS

51 NDéQa g

the permeability term is explicigives

¢n v * 0
9“7 led
C

v v

Ay G NBnRrezDr&hBing & 0 thatK S

(29)
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Where: W RsQthe core diameterwhile all the other parameters have been previously
explained: see pages 49 and. Bjuation 2.9 ) allow the computation of the permeability
for each one of the three floodg at different pressure. Additionally, since the core
contains only gas during the test, the obtained permealilitystrated inTable2-6, is the

absolute permeability to gas.

=t v spwonim+tabF o

L + < 44> 46,89
Lip £ <« f+» 44,88
Lip +£ <« f+» 42,9
L +togridarOm+ft = < 44,9

Table2-6: the table illustratsthe computed permeability after tedt gasflooding, as K, K, and K. The last row contam

the average absolute permeability gasof the core sample

Test 2:brine absolute permeability

The second cerflooding consist in flushing the core sample frBorzo 1 @ith the same
brine,¢ PO 0,aised during the flocculation test. The test is repeat as previously done for
the gas, with the only difference that tHewmeter is not required and it can be switched
with a sample collectorFlushing the core at different flow rates, whileasuring the inlet

and the outlet pressure of the Hassler cell provides all the necessary parameters to
compute the absolute permeability of brine. The equipment setup is, again, the same one
as for the gas, and before the flooditige zero setting of thepressure transducers is
acquired The plot for this operation will no longer lIseownin this document, neither for

this test, nor for any other tests that follows, since the procedure has Isagisfactorily
argued for the first test. On the other handid plot of the recordedoressure atinlet

transducerand outlettransducer is illustrated in the following gragfigure2-13;
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Plot of inlet and outlet pressure of Hassler Cell (test 2)
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Figure2-13: transducers pressure response during test 2, brine core flooding.

The scattered points that significantly detach from the quite constant trend of the pressure
at theinlet transducer, irFigure2-13, appear to repeat at constant intervals. They are due
to the fact the pump used tomposea fixed brine flow rate, is a double acting volumetric
pump. So, every time that the piston of the pumpaadiges its direction, the inlet transducer
measures a pressure loss. This effdogs not occur at the outlet of the cell since the core

sample acts a volumetric buffer capable of blocking the pressure loss propagation. During

the test, the imposed flow ra&t arec @ 0 -q first, andp ¢ 1 i‘)"Q after. During the

flooding witho @ 1 UQ the pressure requires a little more time to stabilize, thus the

value of the registered pressure during this phase is evaluated on an average of the last
part of this segmenof curve. The following tableTable2-7, illustrates the registered

pressure already adjusted with transducers zeroes:
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J

7t 4w | oo 4t > ko 44> s |
360 4,26 0,019 4,241
120 1,36 0,017 1,343

Table2-7: average registered pressure at the inlet and outlet transducers during test 2, brine flooding, with the respective

flow rate

These values can be used withii K S 5 | N & Qriy( 2.3),ltogoBtainSHp dare $admple
absolute permeability to bringor each flow rate. Additionally is possible to computan
averageabsolute permeability as it has been ddioethe previous testTable2-8 illustrates

these values:

~f v aow mt <4

Lyc + « D=|I
Lis 4 « D=|I
L fomr il Om+1t

Table2-8: the table illustrates the computed permeability after test 2, brine flooding, asukd K. The last row contains

the average absolute permeability bwine of the core sample.

From a comparison ofable2-6 with the results obtained ifmable2-8, it appears tobe

quite odd that the absolute permeability of the same rock computed at two different times
are substantially so different. This anomaly is simplytduée presence of clay in the rock
composition. In fact, during the brine flooding, when thater contacts theclay, tha latter

swells diminishing the pores size, thus the permeability. This behaviour generally cause an
absolutepermeability reductionftat can also benore than five time lower of the original

one
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Test 3:.gasend-point effective permeability

At the end of the second test the core is saturated with brine, and the brine itsetinbec

the wetting phase. The third test &sgas drainagé of the core that at the end of the gas
injection, provides the irreducible water saturation of the core and the gas-eoidt
effective permeability. The equipment is again arranged as for the test one, and the
pressure regulating valvenposes a fixed gssure that shift fromx to v, and then to

o ® & ] each time for a period long enoudr the flow to stabilize The calibratio of the

pressure transducers preceslall. The results obtained are displayedrigure2-14:

Plot of inlet and outlet pressure of Hassler Cell (test 3)

@ Inlet transducer
pressure

Pressure [bar]

Outlet transducer
pressure

| P
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Figure2-14: transducers pressure response during test 3, gas core flooding.

Aside from a anomalypressure drop in theine intervals between the inlet pressure
variations, the plot showa very stable trend. It is quite simple to extrapolate aothpute

the average pressure for the inlet and the outlet pressure transducer in all three cases. The

14 Adrainage processonsists in the reduction of the wetting phase through its displacement by another fluid.
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following table,Table2-9, illustrates such resuliglready cleared out from the transducers

Zeroes

bkt > bt <t ho+ <4
3 3,72 1,05
5 5,74 1,13
7 7,42 1,23

Table2-9: average registered pressures at the inlet and outlet transducers during test 3, gas drainage.

While the following table summarises tifilew rate read on the flowmeter:

bopu ot > rooven g | et
3 109,45 548,18
5 49,57 1210,33
7 33,21 1806,50

Table2-10: flow rates measured during test 3, gas flooding

Comparing the displacement time reported able 2-10 to the displacement time
obtained during the first test, illustrated ifable2-5, considering that the flow rates in the
third test are smallerthe gas appear to have more difficulties in flowing through the core.
This is due to the fact that the presence of water diminishes the diameter of the pores
enhancing the pressure losses during the flow. Thereforgubstantial difference in the
end-point permeability of gas, with respect to the absolute permeability of gas, is to be
expected. Using equatiorf 2.9 ) once more, gives the results of the gas effective

permeability at irreducible water saturation.
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Table2-11illustrates these results and their average:

e 51 PR 1 Thas o B

b <f+» Lntis
Lin + < 4+» 16,87
Lyn + <« 4> 19,04
LfdogriduprOmtt = - 16,93

Table2-11: the table illustrate the computed permeability after t&sgas flooding, asikke, and K. The last row contains

the average absolute permeability to gas of the core sample.

The obtained gas enploint permeabiliy is accordance with the previous statements and
with the theory, since its value is smaller than the absolute permeability of the vaukh
was previously assessed arounda O .

Weighting the core after the gas displacement, and comparing the medsuass with the
mass measured after the brine injection, when the core was fully saturated with lamae,
the pore volume of the pluggivesan approximatedvalue of theirreducible water

saturation:

odt harm <0 >4

'"::: ﬁ > >

Table2-12: irreducible water saturation of the sandstone cbefore the polymer injection

Test 4: brine enepoint effective permeability

This is the last test prior the RPM solution injection, and it gives the last parameter
necessary to assess the core sample behavitwrendpoint brine effective permeability

The experiment is carried out the same way of the test number two. The only difference

Is that now the initial saturation in water of the core is equal to the irreducible water
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saturation, illustrated irnrable2-12. Additionally, at the end of the proces$imbibition®®
performed in this test, the water does not fully saturate the core, since it is limited by the
residual gas saturatiorBefore commencing the procesthe pressure transducers are
calibrated. The registered pressure during the water displaa@nat fixed flow rates are

illustrated inFigure2-15:

Plot of inlet and outlet pressure of Hassler Cell (test 4)
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Figure2-15: transducers pressure response during test 4, brine core flooding.

The recorded pressure in the plot shown abplias the same trend as thane inFigure
2-13. aside from some scattered points caused by the va@tit behaviour of the pump,
and the initial adjustment of the flow, its possible to extrapolate the two average
pressures, at both the inlet and the outlet transducers, during the flow of two different

fixed flow rates. The results are displayedable2-13:

15 During arimbibition processhe saturation of the rockn its wetting phase increases, as the wetting phase

fluid invades the rock pores and displaces any other fluids.
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4

7o et 4y | ko A+ ko 4+ > s |t
240 2,81 0,001 2,809
20 0,241 0,001 0,24

Table2-13: average registered pressure at the inlet and outlet transducers during,teshé flooding, with the respective

flow rate.

The values of the pressure differences and the values of the flow rates can be used within
51 NDeé Qa f k243 toShaizithé angpgint effective permeallity of the water.

The results for such operation are illustratedTiable 214, below:

e L ] e L L

Ly +4 T7 10,53
L + < DJ| 10,27
Lfom >t Omtt 10,40

Table2-14: the table illustrate the computed permeability after tdstorine flooding, asand K. The last row contains

the average absolute permeability bwine of the core sample.

A comparison between the results illustratedTiable2-8 and inthe one shown inrable

2-14, indicates the endpoint permeability of brine and the absolute permeability of brine
are extremely similar. This is due to the fact thesidual gas saturation of the rockviery
small, and even though little gas is still present within the core during the imbibition
process, it poses very little, or no resistance to the flow of watee to its compressibility

and the fact that it is not the wetting phasat this point is pssible to evaluate the residual

gas saturation. Anyway this operation is just an end in itself, thus it is not accomplished.
Additionally it is possible to estimate that its value would be very small since, considering

the previous statements, the brinéofv is unaffected by it.
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Test 5:P100solution, at 500 ppnmweight,injection.
During this coreflooding test the pump is used to squeeze the RPM solution out of a buffer

volume, like a syringegalled transfer cylinder, se€igure 2-10, that contains about
¢ 1t ™ O of solution, and into the core. The flow rate is set to be aroqnnlé‘ 0 0- Since

the average pore radius, as reportedTiable2-2, is very close to the polymer particles
diameter, seeFigurel-5, the pressure response during polynmigoding is expected to
occurimmediately

Figure2-16illustrates such a plot, where the polymer injection is carried on for over than

6 pore volumes.

Hassler cell inlet pressure during P100 injection (500 ppm)

Pore volume injected]

0 1 2 3 4 5 6 7 8
7
6 y =0,8988%0,1012
R2=0,9973

® Pressure variation
against volume of
polymer solution
injected

Pressure [bar]

0 20 40 60 80 100 120 140
Volume injected [mL]

Figure2-16: pressure response at the inlet pressure transducer during the injection of P100 at a concentration of

w/w.

Aside from an initial step that ight be due to the variation of the viscosity of the injected
liquid, and looks like an entry pressure plot of Figure2-16 shows a very clear linear
trend. As a matter of fact the-Bquared value is high enough to justify theevious

v A
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the volumetric behaviour of the pumplhis comportment differs very much from the
SELISOGSR 2yS RSAONAROSR Ay GKAA @K SFAGNI LK
suggest that a steady filtration is occurring and that the polymer is retaining within the
pores with some other mechanism aside from adsorptidmmultHlayered adsorption can

be ruled out since thd®100is polyacrylamide based, which is agolThere might be a
surface plugging effect, but this would result in an exponential trend, anyway this
hypothesis can be ruled out with the next test. A plausible cause of this trend might be the
mechanical entanglement between polymers due to the lowepthroat size. If this is the
case, the injection of a more concentrated solution would cause a similar trend in the
pressure response, but withhagher slopeFurthermore a mechanical entanglement would
result in some outflow of the polymer during thegt-treatment flushing of brine. As a
matter of fact the process of adsorption can be somehow considered irreversible, while the
mechanical bongbetween polymersouldbe dissolved due to the attrition exerted by the
brine flow.Anyway, a long term injeicn of the polymer is expected to cause a plugging in
the core. This results do not necessarily imply that the RPM solution is not effective, as
more test are required to asses such a statement, but simply that the polymer has a poor

injectivity if used orsandstone with very small pore diameters.

Test 6: brine engboint effective permeability after polymer injection at 500 ppm weight.
The next step of the coreflooding sequence consistnjecting brine to evaluate the
permeability reduction effect fthe previous treatment, if such effect is noticed at all. The
system layout is the same one as for test 4, therefore the only variation form the previous
test is that the pump is directly connected to the cell instead of stepping through the buffer
usedto inject the polymer solution. Once more the pressure transducers calibrated before

commencing any other injection operations.

63



RPM characterization: laboratory tests and results

Figure2-17illustrates the pressure response after test number 6:

Plot of inlet and outlet pressure of Hassler Cell (test 6)
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Figure2-17: transducers pressure response during testi®ebcore flooding.

The plot shows once more ¢hminimum peaks due to the volumetric pump behaviour.
Additionally theflow ratessteps do not seems to be statdeound a fixed value of pressure,
and this could indicate an out flow of some of the produespecially during the initial
stages Still, thereal difference between this plot and the plots of bdfigure2-15 and
Figure2-13 can be appreciated observifigable2-15:

d
Wt < i [FTh e o 4+ > s |
5 1,63 0 1,63
10 3,01 0 3,01
15 4,05 0 4,05
20 4,5 0 4,5
25 4,74 0 4,74
30 5,57 0 5,57

Table2-15: average registered pressure at the inlet and outlet transducers during,tesihe flooding, with the respective

flow rate.
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The pressure difference, while flushing a few tens of millilitres every hour, is the same one
as it was before the polymer injection while flushing a few hundreds of millilitres every
hours. This behaviour ngabe due to two different cause the first cause is that the
polymer adsorbed onto the pores surface aids operating its permeability reduction
effect; the second cause is that the polymer did not enter the rock pores and plugged the
inlet surface othe core.A third scenario may be due to the fact that the polymer plugged
some pore channels inside the core and this would result in a permeability reduction of
both the water and the gas. This scenario can only be exclogedmputing the new end

point water effective permeability, and comparing it with the new gmaint gas effective
permeability. This operation is carried out in the next test. Anyhbhe first scenario is

the real one, thenita L2 aaAotS (2 dzaS 5 NO-eeklty aftersg (0 2
the treatment, which is displayed ifable2-16:

el (e 1 | Rt B il

Ly + <07 0,3
]
Ly + « DJ| 0,41
Lis + < DJ | 0,46
Ly T « DJ| 0,5
it < T 0,65
Lys + « DJ| 0,66
LtogridupOm+{ = 0,52

Table2-16: the table illustratsthe computed permeability after test 6, brine flooding, ask&X ¥. The last raw contains

the average absolute permeability to gas of the core sample.

On the other hand its necessarto rule out any possibility that a surface plugging effect

of the polymer is occurring. In order to do this the direction of the flow is inverted so that
surface supposed to be plugged becomes the outlet one. With this new layout, if this case
scenario $ plausible, the inlet pressure transducer should register a much lower pressure

difference. Before flooding the coreig also necessary to switch the new inlet pressure
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transducer from the previoug ® M ito the ¢ O Wione, while for the new otlet
transducer itis the opposite. Of courseig also necessary to exchange the pump with the
sample collector and vice vers@nce the new equipment setup is anged and the
pressure transducers are calibratad,possible to begin the backflow tedthe pressure

response on this second part of the experimenitlisstratedin the following picture

Plot of inlet and outlet pressure of Hassler Cell (test 6)
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Figure2-18: transducers pressure response during test 6, backflow brine core flooding.

This time it vas only necessary to flood wittvo different flow rate to verify the previous
result p v D,Q and 20 @ UQ The plot still shows a very high pressure difference if

compared with the one obtained during test 4. This preliminary statement suggests the
surface plgging effect could be ruled out, while the inside plugging of the cordlliss
possibility.Furthermore the pressure seems to slightly drop as the brine is flowing through

the core, this is another hint of the possible outflow of some of the-adeorbed polymer.
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Nevertheless the following tabl&able2-17, show the obtained results:

d

imort<w g | b gt o> !
15 3,63 0 3,63
20 4,99 0 4,99

Table2-17: average registered pressure at the inlet and outlet transducers during test 6, babkflevilooding, with the

respective flow rate.

With this data is once again possible to evaluate the permeability of the core sample, after
0KS L2t eYSN Ay2aS Ol ATabeZ-18 skaws yha backo® pebnieahilty Q 4

of the core sample:

” L

Ba-"— } allutwranti+B e £« =

r

Ly 4+4EEE0 "7 0,51

E_H_ﬁ -H-=|=J||f I+D<a::i::s o4 I 0,58
S Lt 3 54 | F™ =" 0,53

Table2-18: the table illustrate the computed permeability after test 6, brine floodinga&KThe last raw contains the

average absolute peneability tobrineof the core sample.

The permeability obtained during the backflow core floodirgyin accordance with the
previous oneTable2-16, thus itindicates that therdas no surface plugging effect and that
the polyner treatment may haveactually causeé an effective water permeability

reduction or the plugging is simply not situated on the surface but inside the. core

Test 7: gas engoint effective permeability after polymer injection at 500 ppm weight.
This test ansat establishing iP100operated during the previous tesg disproportionate
permeability reduction to water, oit has simply irdepth plugged the coreeventually
reducing the overall permeabilityhis can be simply verified by evaluatiogce moe, the
end-point effective permeability of the gas and comparing it with the one obtained during

test number three prior the RPM treatmentSo, this phase is therefore a simple gas
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drainage, which can be carried out by setting the equipment tiidsamelayout as during
test 3 The imposed pressures at the inlet side of the Hassler cell are alwvayso]
followed byuv G @] and in the endx @ ®i The pressure response obtained after
calibrating the pressure transducers and flushing the gasuiph the core is depicted in
Figure2-19:

Plot of inlet and outlet pressure of Hassler Cell (test 7)

GO0
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Figure2-19: transducers pressure response dutiegt 7, gas core flooding.

The plot above shows that the recorded value of the outlet pressure during test 7 are very

much alike as the ones registered during test number three.
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This consideration is g unuseful if not supported by the value of the registered flow rate

illustrated in the following table:

borekts | bt | hodet | (IR
3 2,86 0,083 551,69
5 5,09 0,12 1622,35
7 6,35 0,26 2601,9

Table2-19: flow rates measured during test 7, gas flooding

A comparison between these results and the ones obtained during the third test, reported

in Table2-10, shows similar flow rates with similar pressurdeatiénces. This means that

the gas end )2 Ay SFFSOGAOBS LISNN¥YSIoAtAGE @It dzS
LYLX SYSy Ay, 3sirgdblb2@ evafirnt slich a result:

" b rallat e amt R e+« —0

Lp+ <« 4> 17,58
Lr+ <« f$» 19,99
Lr+ <« f£» 21,91
L do g r g ™ 19,83

Table2-20: the table illustrate the computed permeability after test 7, gas flooding; a¢,kand K. The last row contains

the average absolute permeability to gas of the core sample.

This result confirms that the third case scenario opened up after the polymer injection,
suggesting an wdepth core plugging, can be ruled out since the originahpoutt effective
gas permeability is left unchangetdherefore the only reasonable explamat for the
steady growing pressure response during the polymer injection is a mechanical
entanglement of the polymers chaitisat block the pore channels. Anywaygte blocks,

as explained in Chapter 1, can be temporarily undone by the gas flow.
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Test 8brine endpoint effective permeability after polymer injection at 500 ppm weight.

This est is a repetition of test number 6 and it is necessary to establish if the channels

exposed by the flow ajas are just temporary or can alsoledby water. The egipment

f &2 dz

FYR GKS

GSaday3

LINE OSRdzNB KI @S

in showing the plotof the transducers pressure response, while a table containing the

results is due:

L

W et < | kot +> ko 4+ > s |
60 1,42 0 1,42
120 3,21 0 3,21
180 5,4 0 5,4

I f NBI R

~

Table2-21: average registered pressure at the inlet and outlet transducers dwt8, tbrine flooding, with the respective

flow rate.

Table2-21 shows that for the same pressure difference obtained in test 6,Tsdde2-15,
the flow rates are higher. This imply that some of thegoral permeability to water may

havebeenreSa i 6t AAKSR® ! aAy3a 51 NOeQa fl g 2y0S Y2

Fr ™=t~ allat=m > antitB e £« =0
Ly £« 07 5,22
byt 07 4,60
Lyt 07 411
Ltowl wm>omtt 4,64

Table2-22: the table illustrates the computed permeability after test 6, brine flooding, ask and K. The last raw

contains the average absolute permeability tinle of the core sample.

The endpoint water permeability significantly rose with respect the one evaluated right
after the polymer injectionseeTable2-18. This may be due to the fact that the mechanical

interaction between ptymers have been, in some way, weakened during the gas flooding,
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and could not be restored during theecond flush with brine. To overcome this problem
there may be two solutions:
1. Trying to flood the core with a higher concentration of polymer solution foayn
a larger quantity of knotted polymers. This effect could be observed in a higher
slope of the curve pressure against injected pore volume during the injection of a
more concentrated polymer solution.
2. Using a weakly crosslinked polymer that guarastee stronger bond between
polymer chainsbut presents more difficulties during the injection phase since it

necessary to keep the gelling process under control

Test 9: ROOsolution, at 1500 ppm weight, injection; followed B§00X100at 4000 ppm
weight, injection.
The aim of this phase of the coreflooding tests, is to assess whether the injection of a
solution with higher concentration of polymer, or the injection of a crosslinked polymer,
may or may not help enhancing the permeability reductioreeff with respect to the
previous treatment, after the creation of pathways through the polymer/gel matrix by gas
displacementThe equipment setup for both cases is the same used for the test number
GKNBS |yR Al g2y Jbe fictStegh da i c@ddlis B XlusiOtdeicars R @
with P1OOsolution atp v M) Aveight. The starting point is manually set so that the

pressure response curve starts from the origihepressure response measured by the

pressure transducersat a flow rate of; @ 0 -Qﬁis the following:
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Hassler Cell inlet pressure during P100 injection (1500 ppm)

Pore volume injected]
0 1 2 3 4 5 6 7 8

- y = 0,9832x0,1645
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pressure during
P100 injection
@ 1500ppm

Pressure [bar]

0 20 40 60 80 100 120 140
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Figure2-20: pressure response at the inlet pressure transducer during the injection of P100 at a concentratior

ppm w/w.

The pressure response gure2-20 appear to be quite unsteady, but such a behaviour is
caused by thegolymertransfer cylinder the latter is a simple cylinder divided into two
parts by aubberdiaphragm which can slide along the axis of the cylinder; when the water,
drivenby the pump, enters one side, it moves the separator and pushes out, and into the
core, the solution contained in the other half of the cylinder. This system maytsume
show and elastic response when the diaphragm movement is shortly prevemted
fastened The result of this can be observatithe minuteg tand at the minutew @fter

the polymer injection startediwo maximum pressure peaks, caused by a diaphragm
acceleration, are followed by two minimum pressure peaks caused by a sudden lack of
pressure tosupportthe dislocation of the fluids. Such an erratic behaviour can be caused
by the presence of little bubble of air. Given this facts possible to observeeomparing

this result with the one obtained in test number 5, that the pressure responses are quite
similar with the exception that in this case the slope of the curve is slightly higher due to
the higher concentration of the polymer. This little varmatijustify the injection of a gel

solutionwith the aim of creating thicker and stronger matrix inside the pores. Thedurct
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that is used to achieve thabjective is thd?2100X10Qwhich s a polyacrylamidbasedRPM
that uses an organic crosslinker,001to form a gel. The minimum required concentration
of P10Q to obtain a gelis of 4000 ppmThe sequence operated for the injection of this
polymer is the one adopted the two previous time and tped pressure response can be
appreciated inFigure2-21, where the starting point is once more forced to start from a
pressure equal to zerdSince we expect a strong pressure growth during the injection of
this last solution, a pressure transduceroft® & iis used to replace #previous, TI® & i

transducerat the inlet of the Hassler cell.

Overall Hassler cell inlet pressure during test 9

25
20 @ Transducer pressure
during P100 injection
— @ 1500ppm
3
=15
o
-}
[%)]
0
o
a 10
Transducer pressure
during P100 + X100
S injection 10 [mL/h]
0
75 125 175 225 275 325

Time [min]

Figure2-21: pressure response at the inlet pressure transducer during the injection of P100, first, at a concen
1500 ppm w/w, then, at a concentration of 4000 ppm w/w with an organic crosslinker called X100, in the eade

as the latter but with reduced flow rate.

Figure2-21 shows a collapsed plot of the RPM solution injectidw first curve, up ta@ 1T U

minutes is the same as show kigure2-20, and illustrates the injection of the simple

polymer at a concentration of 1500 ppat a flow rate ofg nd 0 -, While the second

curve represergthe injection of the crosslinked polymat a flow rate ofp né 0 q- The
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second curve shosan initial, quite steep, bualmostlinear trend. This indicates that the
polymer is flowing within the core anitlis not plugging the surface, butigindeedbeing
retained inside the pores. About uminutes after the beginning of the second polymer
injection there is a sudden change of the curve slope and this may be due to the gelling
reaction or to a steady filtratiomompletedplug. Either casethe crosslinked polymer is
confirmed to have a stronger filling capability, and what remains to be veriiethe
possibility of reestablishing a certain permeability for the gas to flow, and also the degree

of water permeability reduction, after this second treatment.

Test 10gas endpoint effective permeability after gel injection.

This coreflooding isetessary to test and eventually to restore, the gas permeability after
the core has been plugged with a low crosslinked polymer gel. The gas injection sequence
always includes three phases at different pressure, that are the ones already used in test
number p, test numbero and test numbelx. The equipment layout is, once more, the one
which has always been used during gas injec(s@e previougas test for a description).

The elaborated data coming from the test are summarised in the following table:

beoodbtr | bkt | Rot<t
3 2,93 0,04
5 5,02 0,1
7 6,4 0,18

Table2-23: flow rates measured during test 10, gas flooding

The resuls illustrated inTable2-23 suggestthat the value of the gas permeability should
have been left untouched. As a matter of fact the latter obtainesults are very similao
the one previously obtainedséeTable2-11 and Table2-20). Anyway the computed end

point gas permeability e one depicted in the following table
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et B L T T K L

bt <t+> 15,99
et < 5> 16,50
it <t+> 17,44
Ltomr o+t = 16,64

Talle 2-24: the table illustrats the computed permeability after testO, gas flooding, asiKk, and K. The last row

contains the average absolute permeability to gas of the core sample

Talle 2-24 confirms that the gas engoint effective permeability is unchanged after the
gel treatment, meaning the gas is still able to create channels, within the gel matrix, that
allow the formerly gas flow.

As after test number 3, weighting the reoafter this gas displacement, and comparing the
measure mass with the mass measured after the brine injection, when the core was fully

saturated with brine, gives an approximated value of the irreducible water saturation:

-” Bow

Table2-25: irreducible water saturation of the sandstone core before the polymer injection.

The value of the irreducible water saturation illustratedTiable2-12, that istit and in
Table 2-25 are just rough measures, but they clearly shows that RPM treatment, as
thoroughly explained in chapter 1, increases their values. This is another confirmatton tha

the polymer and the gel are, somehow, modifying the physical properties of the formation.

Test 11: brine engboint effective permeability after gel injection.
A further brine coreflooding is necessary to assess whether the injection of a gelling RPM
instead of a simple polymer RPM, considering this core sample, can maintain a lower water

permeability even after the gas channelled through the RPM matrix. Without further
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description of how this test is carried out, since it has been extensively destiursshe

previous subparagraph, the data elaborated from the experiment are the following:

e
1 me et 4w | b+ ko 4+ > s |
20 2,06 0,041 2,019
30 3,25 0,041 3,209
40 4,43 0,041 4,389

Table2-26: average registered pressure at the inlet and outlet tdacers during tesfil, brine flooding, with the

respective flow rate.

Comparing these datwith the ones obtained after test numbeyand after test number

|, seeTable2-17 and Table2-21, it is clear thatthe water permeability value should be

lower with respect to the one obtained after the first polymer injection, at 500 ppm,

followed by gas displacement.

Table2-27 show the nev waterendLl2 Ay i STFFSOGA DS LISNXYSIFOoATAGR

law:

e S | PR TEE B LN

Lyt 07 1,22
Ly £« 7 1,15
Lis 4+« 03 | 112
Ltom> b Omtt 1,16

Table2-27: the table illustrats the computed permeability after test 11, brine flooding, askKand k. The last raw
contains the average absolute permeability to brine of the core sample.

The value of this last water efabint effective permeability is three times lower than the
one obtainedafter the injection ofP100solution at 500 ppm. This means thae matrix
created by thegelis capable of reconditioning the permeability reduction effect, after the

gas flooding, better than matrix created by polymer entanglement.

76



RPM characterization: laboratory tests and results

Coreflooding: Test overview and inference

Coreflooding tests results
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Figure2-22 overview of the coreflooding tests results

The sequence of eleven coreflooding gives a clear eeref the core sample permeability
behaviour: the following plotFigure2-22, summarises all the result obtained during the
experiments. Each column in the graph represent the average permeability measure during
a single corefloding test. The first two columns, with grey filling, respectively indicate the
absolute permeability to gas and two water. The red columns show the gapant
effective permeability, while the blue columnshow the water enepoint relative
permeability. Itis evident that the gas permeability is pretty much left untouched by the
RPM treatmerd. On the other hand the water effective permeability is drastically reduced
when tested immediately after the polymer injection, while it appears to be only
moderately reduced if measured after the gas flowed through the core. This performance
has already been largely discussed in the previous subparagraph, but it is necessary to

highlight that the gel can better withstand the gas flow, and later restore the water
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permeability reduction effect, rather than the simple polymer. This may be due to the fact
that the gel matrix created by the crosslinkers is stronger, or has better elastic properties,
than the matrix created by the mechanical entanglement of the polyam&ins; meaning

that once the gas is flushed and creates a preferential path to flow, when the water starts
to flow back again, the gel matrix undergoes some sort of expansion, due to its hydrophilic
properties, that is more extended than the one obtainetth the simple polymer. As a
matter of fact the crosslinkers create a selikk structure that is more rigid, while the
structure created by the mechanical entanglement of the polymer can be modified, for
example compressed, more easily during the daw.f This would also explain the higher
value of the effective gas permeability after the injection of the first polymer solution with
low concentration.

Given these statement it is finally possible to evaluate the residual resistance factor for the
water and for the gas, computed with equati@r2.1 ) and equation( 2.2 ). The following

tables, Table2-28 and Table2-29, illustrates their values:

viHe >
0,85
1,02

Table2-28. Gas residuatesistance factor evaluated both after the polymer injection, at 500 ppm, and after the gel

injection

Table2-29: Water residual resistance factor evaluated both after the polymer injection, at 500 ppm, and after the gel

injection

It is obvious that the ermeability reducion effect of the crosslinked polymer, gel, is much

higher than one obtained with theimple polymer As for the permeability of the gas the
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NBE&ARdzZ £ NBaArAadlyOS FIOG2NER AYRAOFGSAE GKIF G
injectivity of the gellng solution is very low, as can be seen from the high slope of the
second curve irFigure2-21. A solution with such a low injectivity is difficult to pump
downhole if the target radius of the treatment is extended. The risk astemt with this

operation is to damage the formatiorracturing. Therefore the practice of gel injection,

during the treatment of the wells in the Adriatic see, is only advisable when the pressure
responseduringthe polymer injection is very low.

The las note regards the value of polymer adsorption during the polymer and the gel

injection, whichis assessed aroung 1 T ™, expressed as mass of gel adsorbed on a

mass of rock with the same properties as the core samples from the wells in the Adriatic

sea[24].
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ANALYSIS dENITREATED WELLS

Once the behaviour of the RPM polymeariigions have been assessatlis possible to
better comprehend the effect thahey mayhavewhen used within a real reservoir. Indeed
this chapterargues aboutfour ENI wells thathave been treated with the RPMhe
structure of the description is theoflowing. First, he characteristic of eacbne of them,
such as the formation and the completion spegifvill be largely discusse@hen the data
collected during the polymer injection will begsented and argued using a collapsed plot
showing the regitered well head pressure against time, the injection rate against time, and
also their ratio versus time. The last information that will be debated is the production
history of gas and water both before and after the RPM treatment to understaed
outcome of the latter. Anyway i is important to notice, once again, that all the treated
wells are exclusively gas producing wedfisllowingthis introduction of the above, a broad
discussion and calculation are due to introduce detflatethe conclusion presged in the
following chapter.
Moving from the analysis of a laboratory core to the analysis of a real formatios, it
inevitable to introduce many variables and even more approximatiofize main
hypothesis used during the following analysis are:

1 The regervoir layers are homogeneous, meaning that tteeg characterized by

uniform distribution of thepermeability. This is a somehogood hypothesissince

the Adriatic Sea wells generally consist of a series of thin layers, which is also the

81



Analysis of ENI treated wells

reason why a bllhead treatment is required to achieve a water mitigation
treatment.

1 The polymer adsorption is ideal, and all the injected polymer is adsorbed in the near
wellbore area in accordance the adsorption level indicated in the previous
chapter:g nr‘[ QQ

1 The polymer solution that lingers in the string, in the casing below the packer, and
the already treated formation, after the polymer injection | completed, is displaced
by nitrogen injection and is completely adsorbed. Where the nitrogen pumped
downhole after the polymer injection is necessary to reconnect the well to the gas
within the formation.

1 The well produces in a steady state condition. A condition of pseudo steady state is
generally assumed, but since the time interval before and after thattnent is
very limited if compared to the life of a well, this hypothesis appears to be
reasonable.

Additionally it is requird to take into account that all the gathered data may suffer from a
certain degree of errors since, from time to time, they carolerseen. This is the reason
why the author, whenit is appropriate, and has the means to do it, wouldekaluate
certain characterizing parameters of the formations. For example the value of the water
effective permeability of the formation will be ewalted in accordance with the hypothesis
previously presented.

The RPM treatmerst performed on the four different wellalways follow the same
procedure that was suggested by the service company and includes:

1 The picklingf of the stringto remove rust anather particlefrom the string itself.

16 Thepickling procesasesa relatively weakinhibited aidto removescale rust and similar deposits from the internal
surfaces of equipment such as treating lines, pumping equipment or the tubing string through wtsckdanchemical
treatment is to be pumped. The pickling process removes materials that may react with theeadment fluidto create

undesirable secondary reactions or precipitates damaging to the-we#lborereservoirformation [34].
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1 An injection test performed with the RPM solution at a very low concentration of
polymer ¢ mtign & to verify the well capability of undergoing the RPM treatment
within a reasonable period of time, and withoutyarisk of premature plugging.

1 An eventual acid injection to be performed if the injection test revealed a poor
injectivity.

1 Aninjection phaseof the polymer solution to be executedith increasing polymer
concentrationover time, with the aim of quicklseaching the maximum achievable
pressure drop, thus thenaximum disproportionate permeability reduction effect.

1 A nitrogen displacementof the liquid in the string and in the nearellbore
formation, as previously stated, to reconnect the gas zone ofdheation with the
well.

The quantity of polymer solution injected, both during the injection test and the treatment
itself, and the quantity of acid, whenig necessary, varies from well to well with respect

to the height of the pay zone.

3.1- Casel: Pozzal C

In this first case the consideratkell is Pozzo 1 Owhich is the same well the core sample
used in the laboratory tests came froee chapter 2lt is located ofshore in the Adriatic

Sea and it has been perforateddacompleted, as a shortdg-track ofamain well, between

June and September 2010. The perforated interval of the well has been producing without
any problem until July 2011 when sand started flowing along the gas and the water. To
mitigate the problem of sand productigthe top-head well componentand the wellsand
separator were reinforced. Anyway the increasing water production, thus the sand
production that comes with it, Id to the choice of performing an RPM treatment in order

to mitigate the water production and consoligathe nearwellbore sand.The treatment

was performed at the end of February 2014.

The procedure followed during the injection is the one explained in the introduction of

chapter 3 and, since thimjection test proved aslightly poorinjectivity of the polymer
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solution, an acid treatment was performed to restore the well, gas and water, permeability.
The acid used to restore the formation was formic acid, which is the only one compatible
with the Adriatic Sea formatiorAdditionally, before starting the pgimer injection, a sand
cleansing was done by coil tubing

Preliminary data from the well indicatgsopertiesvery similar to the ones reproduced in
laboratory, even though therare slight variatiorto them. The following tableTable3-1,

summarizes thesparametersand will be presented for every study case that follows this

one:
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Table3-1: Pozzo 1 @reliminary properties.

To have a complete set of information regarding the weijure3-1 illustrates a seismic

log of the formation giving an insight on the pay zptieis the perforated depth
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Figure3-1: Pozzo 1 Geismic log schematic, the o highlighted areas indicates the perforated intenfiadage fron

ENI archives.

From the daa illustrated above its possible to notice thahe salinity of the formationsi

a bit higher than expected, abowat d> , while the permeability i® times lower than the

one calculated from the core used for the laboratory tests. As stated in ch&piers
necessary to take into account that the core foRnzzo 1 @re artificially reproduced in
laboratory in order to have a properties similar to the reservoir one, still such a big
difference justify a second evaluation of the reservoir average perrigald his operation

is carried out, ¥ OS Y2NB I dzaAy3a GKS 51 NDeQa thid 63
paragraph.Furthermore,when itis possiblethe evaluation of the permeability will be
repeated for each well to acknowledged verify the proided data.On the other hand,
from the seismic log, it possible to sethat the formationwasperforate in three different
zones of mixed shale and sandstomberetwo of them maybe vertically connected, while
the third one, situated on top of thenms certainly isolated from the others by a shale layer.
Isolated layers might be a hint of different permeability, still, in accordance with the

hypothesis presented in the introduction and for the sake of simplicitgy tire considered
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homogenous.Theseconsideration will be useful further in the paragraph during the
evaluation of the treatment.

In light of the previous statements it possible to proceed and introduce the data collected
during the main treatment phasevhich included the injection af tanks, each one with a
volume of & , of polymer solution at different polymer concentratiofhe polymer
used for the treatment was different with respect to the one used in the laboratory tests
and more adapt to a lower permeability water but, accordingly to the service company,

with the same behavior.

Polymer injection (Pozzo 1 C)
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Figure3-2: Injection rate, well head pressure and their ratio during the polynjection phase dPozzo 1 Mata provide

by ENI.

Figure3-2illustrates the registered well head pressure, green, and the injection rate, blue,
versus time, during the polymer injection phase. The red curve is obtained as a punctual
ratio between the pessure and the flow rate during the injection, andsitan easyo-read

curve which can be quickly compared with the one obtained during the test, since the

injection rate used in laboratory was constant. The shaded orange and purple areas
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indicates thetime interval at which the polymer solution, at a certain concentration, first

reaches the formation. The border between one shaded area and the other indicates when

one slug of polymer has completely entered the formation, and the following slug is about

to enter it: since the polymer slggre injected one after the other, the shaded areas are
consecutives. Fronfrigure 3-2 is possible to see that the treatment consisted fofe

different steps, each one of them is characterizgddm increase ab Tt 1) df polymer

in the polymer solution. If the normalized red curve is taken into accourg,gbssible to

see that the pressure profile is quite linear aside from an initial rauppdue to the string

being filled with liquid, ad a slope variation aroung dp djt TtThis unexpected change of
GNBYR R2SayQi aSSy (42 0S 0O2yySOGSR (2 lye :
may only be due to some heterogeneity within the reservoir. The still linear trend that
follow this varial A 2y addz33Sada GKIFIG 6KIFIGSOSNI 2 00dzNNEF
behavior, but it only changed its effectivenedsromFigure3-2 can be inferred that the

polymer treatment produced a pressure response very similar to the obtained in
fro2NF02NESY 6A0GK GKS 2yfeé& RAFTFSNBYOS GKIFG
affect the pressure against time slope. The only change of slope in the lcappened at

a random time aside from the transitory occurred when thgolymer reached the

formation and when the injection rate was diminished, and not at the border between

shaded areas.
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The polymer treatment is therefore expected to have worked properly as can be seen from

the following figure that illustrates # production history before and after the treatment:

Production History of Pozzo 1 C
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Figure3-3: Pozzo 1 @roduction history. The blue line refers to water, the red line refers to gas, while the bl
indicates the top well head pras®. The yellow shaded area indicated the treatment period. The dotted vertic

indicates the backflow of all the injected water from the polymer solution. Data provided by ENI.

Figure3-3 clearly shows that the water production rate after the treatment is halvEde
anomalous trend of the water production rate right after the treatmgstconnectd with

a malfunctioning of the wategas separator, due to an accumulation of gasoline in it.
Therefore the value of the water flow rate to be considered is the stabilized one obtained
around the month of May. The overall pressure drop may be linked ¢opétrmeability
reduction effect operated by the adsorbed polymer, thus the increase of pressure losses
across the neawellbore area of the reservoir. The following table illustrates the average

production parameters of the well before and after the treadnt:
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Table3-2: Pozzo 1 @roduction parameters before and after the RPM treatment.

At this point it would be interesting to evaluate the permeability value before and after the
treatment, and subsequently calculattee residuaresistance factarthus the permeability
NERdAzOUA2Yy ® ¢KS AYyGSANI A2y 2F 51 NOeQa 1l ¢

gives:

=z Q| i_ (3.1)

C
C

Where the unknown parameter 1® f , the effective permeability of the formation to

water. Whiler] is the water flow ratef is the water formation volume factof, is the

viscosity of the formation water at reservoir conditianjs the pressurg, is the radius and

"Q's the height of the pagone The subscripts andv , respectively tand for reservoir and

well. Before the polymer treatment all the parameters are known, or can be easily
obtained, so the permeability can be computed. After the treatmerns ialways possible

G2 S@Ffdzr &S GKS ySg LISN)S lisordqbirkdian itedadive y 3 5 |
calculation that keeps adjusting the permeability until the well pressure reaches its real
value after the treatmentFurthermore iis necessary to consider that the treatment does

not extend through all the reservoir, but it onlyf@ét a limited radius around the wellbore.

The equation necessary to carry out this iteration is the following:

» » n o' if_ f_ (3.2)
c“Q f QI Q1 '
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Where the apex indicates that the marked parameter refers to its value after the
GNBFGYSY (s ¢KATf BQdénktss tha dadial ©XERsialll af2thé polymer
treatment. Equdion ( 3.1) has two unknown parameters® ; andi . To obtain the
latter it is necessary to use the hypothesis introdda the beginning of this chapter,

stating that the polymer is completely adsorbed on theface of the rock pores, and that

the adsorption degree is ¢ T TT QQ. So, given the quantity of the injected polymer,

it is possible to evaluate the invasion radius of it:

a
. 5 PT 00 0O (3.3)
i - —
” p %0 [1] ’Q C q

In equation( 3.3) the termi is the invasion radiyst is the mass of injected polymer

0 is the adsorption degree in termd adsorbed mass over the rock effective mdssis

the solid sandstone average densi¥g, is the porosity of the formation, whilé ‘Ois the
outside diameter of the casing arfds the thickness of the pay completed zoibe above
equation mplies that all the polymer is adsorbed on a continuous monolayer surface of the
rock.

The values of the parameter calculated with equati§rssl), ( 3.3 ), and then(3.2) are
displayed inTable3-3, along with the residual resistance factor, evalub&ecordingly with

equation(2.1):

Fo oo e g+ «Pg=<t

T+ “ml > ww a4 'or e
el | R B —
ot -
T+ <gtm Y .b<>.-|=‘ v il "

Table3-3: Pozzo 1 Computed parameters before and after the polymer treatment.
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The averagewater effective permeability before théreatment appears to be quite
different from the provided oneglt & ‘O, and closer to thene obtained in the laboratory
for the samplecore,p ft & ‘O. The interesting parameter is the residual resistance factor,
which indicates thathe adsorbed pofmer decreased of abowttimesthe water effective
permeability in the near wellbore area that extends ford  around the casindt must be
noted that in these calculations the effect of the acid is not considefed. following plot

gives an interestg overview of the pressure drop across the reservoir:

Flow rate VS. Radius (Pozzo 1 C)

200,00
190,00 L o S R B R B B B
180,00 /— Estimated
ermeability range
170,00 1-%¢ gf variationy ’
— )
38 160,00
o Water effective
7 150,00 permeability
§ 140,00 BEFORE treatmen
130,00 === - \Nater effective
permeability AFTE
120,00 treatment
110,00
100,00
0 1 2 3 4

Radius [m]

Figure3-4 showsthe pressure droponly in a limited radius across the reservoir, in the near
wellbore area, so that is possible to appreciate the induced skin fat¢towater. The solid
black line shows the pressure trend before the treatment is performed, while the red
dashed line shows the pressure drop after it. At an infinite distance from the well, the
reservoir radius, the two line would collide, still, the regd water production caused

fewer pressure losses that justify the positioh the red line above the black one. This
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tendency changes in the modified permeability zone, where the loss of pressure that the
water flow sustain are fargreater than before. TiB is the evidence that the treatment
effectively reduced the water effective permeability around the well. The gray shaded area
highlight the expected pressure drop in the near wellbore area, with the well post
treatment production parametersf the permeability reduction effect would be the one
obtained in the laboratory tests. The upper limit of the gray shaded area refers to a water
residual resistance factor afft 1 while the lower border of it refers ta water residual
resistance factor offto The post treatment data, thus the red dashed lineFigure3-4,

and the’O of Pozzo 1 @onfirmsnot only the success of the treatment, but also the

experimental data obtained in laboratory.

3.2-Case2: Pozza2 C

Pozzo 2 Qs also located of§hore in the Adriatic Sea and it has been perforated and
completed, as a shorsidetrack of a main wellPozzo Zetween November 2009 and
February 20100n July2011 the well was set to produce from the levelsistill producing
from, with a constant gas and water flow rat@nywaythe increasingn water production
and the deceasing in gas productioover time led to the choice of performing an RPM
treatment, in orderfind a solution to the continuous malfunctioning and damages to the
top head separator caused by the sand hauled to the surfadee treatment was
performedin July 2013, and its chronologically the firggerformedRPM treatmenbut of

the four analyzed in this chapter

The procedure followed during the injection is th&meone used forPozzo 1 &xplained

in the introduction of chapter 3and, since the imiction test proved a poor injectivity of
the polymer solution, an acid treatment was performed to restore the well, gas and water,
permeability. The acid used to restore the formatjqust like in the previous caseas

formic acid, which is the only oremmpatible with the Adriatic Sea formation.
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Data available foPozzo 2 @re illustrated in the following tablélable3-4:
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Table3-4: Pozzo 2 @reliminary properties.

To have a complete set of information regarding the welgure 3-5, just like for the
previous caseijlustrates a seismic log of the formation giving an insighthe pay zone,

thus the perforated depth:

Log litologico

Shale layers

Arrow plot

Litologia
interpretata

Profondita in metri MD

Figure3-5: Pozzo 2 Geismic logchematicprange highlighted a¥as indicates perforated intervamage from ENI.
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From the data illustrated above ig possible to notice thahe salinity of tle formation &

a bit higherabouto d>, thanthe one used for the tests, as well as thermeabilitywhich
isthet 1P higher than the one of the test corBlevertheless, as for the previous catbee
permeability of the reservoir is revaluated furthenn this paragraph, and once morkis$
operation is carriedoutiza A y 3 (G KS 51 NDeQa I ¢

Fom the seismic log, its possible to see the formation has been perforhte seven
different zones of mixed shale and sandstone, where two of them may be vertically
connected, while th@thers arecertainly isolated from thdirstsby shale layesx This is the

well with the highest number of layers, due to the extension of the perforations, thus it is
the one whichmight be more heterogeneous.ti®, in accordance wit the hypothesis
presented in the introduction, as for the previous welhe pay zone isonsidered
homogenous.

As for Case 1, after a brief descriptiorRafzzo 2 (t ispossiblepresentthe data collected
during the main treatment phase, which inclutiehe injection ofo tanks of polymer
solution at different polymer concentratiothat consisted of: a firsto @  tank, at

v TLAE ) ®f polymer, asecond @) & tank, atp 1t TR @f polymer, and a lasb &

tank, atp v mMm @f polymer.The service company was planning a further injection of a
gel slug, but since the maximum well head presswas rapidly reached, the polymer
injection was stoppedNo gel solution waased.The pdymer used in this case is the same
one used for the laboratory test since the permeability is around the same value, or a little
higher.

Figure3-6 illustrates the registered well head pressure, green, and the injection rate, blue,
versus time, during the polymer injection phase. The red curve is obtained as a punctual
ratio between the pressure and the flow rate during the injection, dnslan easyo-read

curve which can be quickly compared with the one obtained during the test, since the
injection rate used in laboratory was constant. The shaded orange and purple areas
indicates the time interval at which the polymer solution, at ata® concentration, first
reaches the formation. The border between one shaded area and the other indicates when

one slug of polymer has completely entered the formation, and the following slug is about
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Polymer injection (Pozzo 2 C)
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Figure3-6: Injection rate, well head pressure and their ratio during the polymer injection phRsend 2 Mata provide:
by ENI.

to enter it: since the polymer slg@re injected me after the other, the shaded areas are
consecutives. Fromkigure3-6 is possible to see that the treatment consistedtbfee
different steps, each one of them is characterized by an increaseroiir ) @f polymer

in the polymer solution. If the normalized red curve is taken into accothm, expected
linear growing trend cannot be appreciated anywhere along it. Additionally the curve
appears tdhave a very low slope, if not flatnesdl, along the purple shaded argahis cold

be due to a strong heterogeneity of the reservaine or morelayers with a much higher
permeabilitythan expectedcould accepthe most part of the injected solution with a slight
variation of its permeability value, i.e. the very low slo@a one had this might lead to
think of a treatment failurewhile on the other hand, considering that watered out layers
are usually the most permeable, this coldd anadvantage since the polymer solution
would be more eager to invade these layers, thus to &elely extend the radius of the

treatment in the water producing zonesrhe strong oscillation betweenr &ato yn @
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2Q0f 2 O Zp GlatlRhe anblBf Yhe treatment are due to some problem with the
injection pumps.
The polymer treatmentesults are hard to predict from such an injection test, and the only

way to evaluate it, is to analyze the pnaction history illustrated irfiollowingfigure:

Production History of Pozzo 2 C
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Figure3-7: Pozzo 2 Qroduction history. The blue line refers to water, the red line refers to gas, while the ble
indicates the top well head pressuiEhe yellow shaded areaditated the treatment period. The dotted vertical

indicates the backflow of all the iniected water from the polymer solution. Data provided by ENI.

Figure3-7 clearly shows that the water production rate after the treatmeniriach lower,

even though it showa growing trend that is a bit higher than how it was before the
treatment The overall pressurgase may be linked to the effecdf the acid treatment
whichalso lel to an increased gas productiobut itis probably due to the string cleaning
operations since the pressure drop across the reservoir, in this casederate. Anyway,

it is possible to state that even this treatment was successful since the water flow rate has
significantly decreased.he pressure trend in the yellow shaded area represent an error of

reading, as a matter of fact the pressure in this tipggiod should be nihilThe following

96



Analysis of ENI treated wells

table illustrates the average production parameters of the well before and after the

treatment:
[ >m <> m+ORt < o vergt «Pgey
A0 L, [0 8 ggdovomaid Yo gad0 8 g4y OVOBGI
27 000 3,7 95 46000 1 130

Table3-5: Pozzo 2 @roduction parameters before and after the RPM treatment.

As conducted in the previous paragraphsibnce again possible, with the aidegfuations
(3.1),(3.3),(3.2), and then( 2.1), to evaluate the water effective permeability, before
and after the treatment, thus the water residual resistance factére only problem is that
the flowing ottom-hole pressure after the treatment is unknown, sasiinotthinkableto
precisely evaluate the new near wellbore permeability. Anyway, the cogeivablevay
to proceed with the calculation is typothesizethat the bottom-hole pressure remains

constantafter the polymer injectionThese resultare displayed iTable3-6:

v o mt <Pt
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Table3-6: Pozzo 2 Computed parameters before and after the polymer treatment.

The average water effective permeability beforeettreatment appears to bower than
the provided onep 1 a O, but very close to itMore interesting is thereduction of
residual resistance factasf aboutp ctimesin the near wellbore area that extends for

Thp T around the casingThis reductio is higher that the once obtained in the
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laboratory tests, and even high#dranthe one obtained in the previous case. This could be
due tothe hypothesized constant bottorhole pressureghat might actually be a bit higher
than expected. fie following pla, similar to the one presented in the previous cagees

an interesting overview of the pressure drop across the researarhelps to clear the last

statement
Flow rate VS. Radius (Pozzo 2 C)
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performance
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Radius [m]

Figure3-8 showsthe pressure drop only in a limited radiasross the reservoir, in the near
wellbore area, so that is possible to appreciate the induced skin factor to water. The solid
black line shows the pressure trend before the treatment is performed, while the red
dashed line shows the pressure drop afterAt an infinite distance from the well, the
reservoir radius, the two line would collide, still, the reduced water production caused
fewer pressure losses that justify the position of the red line above the black one. The gray
shaded area highlight thexpected pressure drop in the near wellbore area, with the well

post treatment production parametersf the permeability reduction effect would be the
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one obtained in the laboratory tests. The upper limit of the gray shaded area refers to a
water residud resistance factor otft 7 while the lower border of it refers ta water
residual resistance factor gfw @In this case the red dashed lines stop when it reaches the
radius of the treated zone since the unknown bottdémle pressure does not alloto
compute the near wellbore pressure drop. Anyway, since the treatment appeared to be
successful, the pressure drop in the near wellbore area is very likely to be situated in the
gray shaded area, just like the previous case, and not belas ithe approxirated "O

indicates withthe green dotted line ifFigure3-8.
3.3- (AsE3: PozzA3 L

Pozzo 3 Las for all the others welis located offshore in theAdriatic Sea and it was
completed, as a short siekeackafter themain well,Pozzo 3between November 2009 and
February 201Qthe same period of the well in the previous ca&tarting from the
beginning 02011 the wellkegistered a decline of its performance and a constant increase
of the water production. This condition lastedrfone year until the well completed levels

were shut and others were perforates. These new levels produdtaut any problem up
to JulyAugust 2013 when the gas flow rate had to be decreased tDTQ"Yé‘,Q o do

reduce the water and sand production. The value of the flow rate was decided so that the
superficial velocity of the gas inside the string would not be high enough to lift and carry
liquid to the surfacejustifying as it is furtherllustrated,the extremely lowwater flow rate
LA

The RPM treatmenperformed on this well hdthe goalof allowinghigher gas production
without the associated water and sand problems previously encountddeduckily the
operating conditions of the well before the treatment do not consent an effective
evaluation of the water effective permeability, since the water production rataffected

by the gas flow rate regulationThe treatment was performed between January and

February2014, and itis chronologically théhird one, afterPozzo 2 CandPozzo 1 C
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The procedure followed during the injection is the same one usedherother wells
explained in the introduction of chapter But this timethe injection test proved good
injectivity of the polymer solutionthus no acid was used to clean the formation
Nevertheless a cleansing of the borehole was performed with simple brine. This operation,
can operate a fines displacement from the completed formation and it can restae th
permeability of the welleven though the washing effect is not as high as the one obtained
with the acid

Data available foPozzo 3 kre illustrated in the following tabléable3-7:
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Table3-7: Pozzo 3 preliminary properties.

To have a complete set of information regarding the welgure 3-9, just like for the
previous casg illustrates a seismic log of the formation giving an insight on thezpag,
thus theperforated depth.

From the data illustratedn the following figurat is possible to notice thahe salinity of
the formation sonceagainhigher, abouto d> , thanthe one used for théaboratorytests,

while the water effective permeability i® times lowerthan the one of the test cordn
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Figure3-9: Pozzo 3 keismic log schematic, the orange highlighted areas indicates the petbiaterval.Image fron

ENI archives.

this case the average permeability of the completed zone is not revaluated due the
inconsistence of the available data.

From the seismic log, is possible to se¢hat the formation has been perforate igsix
different zones of mixed shale and sandstone, whérer of them may be vertically
connected, while the othetwo are certainly isolated from thdirst onesby a shale layer.
The considerations about the heterogeneity of the pay made for the previous vaellse
extended to this one too, tdl, in accordance with the hypothesis presented in the
introduction, if they subsist,they are neglected and the formatioms considered
homogenous.

Once morat ispossible present the data collected during the main treent phase, which
included the injection ofu tanks of polymer solution with rising concentration (from
L TUAE N dn the first to¢ v M) an the last, with steps ob 1t § each one with a
volume ofudo & , exception made for the third one which was@frtd . The polymer
used for the treatment wathe same one used fd?ozzo 1 Gvhichismore adapt to lower

permeability
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Polymer injection (Pozzo 3 L)
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Figure3-10: Injection rate, well head pressure and their ratio during the polymer injection phd&ezd 3 LDate
provided by ENI.

Figure3-10illustrates the registered well head pressure, green, and the injection rate, blue,
versus time, during the polymer injection phase. The red curve is obtained as a punctual
ratio between the pressure and the flow rate during the injection, and &n easyo-read

curve which can be quickly compared with the one obtained during the test, since the
injection rate used in laboratory was constant. The shaded orange and purple areas
indicates the time interval at which the polymer solution, at a certain concentration, first
reaches the formation. The border between one shaded area and the other indicates when
one slug of polymer has completely entered the formation, and the followiag is about

to enter it: since the polymer slugs are injected one after the other, the shaded areas are
consecutivesFromFigure3-2, consideringhe normalized recturve it is possible to see

that the pressure profile is quet linear aside from the transitory occurred when the
polymer reached the formation and when the injection rate was diminished. Just like in the
first case study it can be inferred that the polymer treatment produced a pressure response

very similar to theone obtained in laboratory, and once more the only difference is that
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linear trait of the curve, the first yellow shaded area on the lafgy be attributed to a

transient phase at the beginning of the polymer injectid@iven the behavior of the

pressure response during the injection, it would be very like to state that the treatment

was a success. Still, for the reasons illustrated in the introduction of this parggraph

statement may be hard to provespecially by looking at the following figure:

Production History of Pozzo 3 L
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Figure3-11: Pozzo 3 Iproduction history. The blue line refers to water, the red line refers to gas, while the bl
indicates the top well head pressufghe yellow shaded area indicated ttreatment period. The dotted vertical li

indicates the backflow of all the injected water from the polymer solution. Data provided by ENI.

Figure 3-7 clearly depicts a raise of water production, almost doubled, right after the
treatment, which is to opposite of what should Fahappened. Anyway must also be
noted that the gas production is two times and a half more than it was before the
treatment, while the pressure, aside from an initial peak, is following the same trend. The
scenario would be easier tenderstandwith more reliableproduction data in the period

of time prior the polymer injection, but itis still possible to glimpse the effect of the
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permeability reduction: the well is capable of sustaining a much higher gas flow rate
without suffering from high level of ater, thus sand, productiothat caused the former

gas flow rate control This result was nothing less but what was expected from the
treatmentthat, despite the increase of watdlow rate, was a success.

The following table illustrates the average protlan parameters of the well before and

after the treatment:

F>m<«rm+O B+ <+ o verg+ «Mg-<t
Iy 10 mL, |0 0 od OYOBGIE YO QL dD O g ] OYOR G
20000 128 95 45000 0,2 128

Table3-8: Pozzo 3 production parameters before and after the RPM treatment.

In this case iis not possible to verify the permeability before the treatment, so the
reference value will be take into accourithe only wg to compute the water effective
permeability after the treatment, as therés no sign of variation of the bottofinole
pressure after the treatment, is thypothesizethat the latter is constant. Usirgguations
(3.3),(3.2), and then( 2.1), leads to the value of the newater effective permeability,

and tothe water residual resistance factor. These results are display&dhie3-6:

v v mt <P ed
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Table3-9: Pozzo 3 tomputed parameters before and after the polymer treatment.
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The value of the residual resistance factor indicates, gikiervalidity of steadiness of the
bottom-hole pressure, that the treatment increased the water effective permeability
instead of decreasing it. This conclusion is hardly true, especially considering gnéact
no acid was injected in the formatipandthe brine cleansing of the bottom hot®uld not
cause such a gain of permeabiliffhe only explanation to this phenomena is that the
pressure at the bottom of the well is lower that the hypothesized dFee following plot,
similar to the one presenteth the previous caseclarifiesthe inflow performance in each

of the depicted case scenarios

Flow rate VS. Radius (Pozzo 3 L)

175,80
175,70
175,60 Estimated
permeability range
_ 175,50 of variation
8 175,40 Water effective
O D e o YO0 1O O A S i e bt permeability
§ 175,30 |-t BEFORE treatmen
th_) 175,20 - ==-Water effective
175.10 permeability AFTE
' treatment
17500 4— e Hypothesized near
174.90 wellbore inflow
' performance
174,80
0 1 2 3 4

Radius [m]

In the figure above the solid black line shows the pressure trend before the treatment is

performed, while the red dashed line shows the pressure drop aftéxs in the previous
similar plots, at an infinite distance from the well, the two line would collide, still, the
increased water production caused higher pressure losses that justify the position of the

red line below the black one. The green dote lis@btained continuing the red dashed
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one when the previously stated hypothesis is applithatis relevantis that Figure3-8
shows that a variation of tenths of pressure could cause significant variation of the
computed permability. This is due to the fact that the pressure drop from the outer
boundary of the reservoir and the well is very low, only few pé#ras is very difficult to
predict the real trend of the inflow performance after the treatment. A plausible situation,
given the good results of the first two treatment, would place the inflow performance curve
somewhere in the gray shaded area, & tatter highlight the expected pressure drop in
the near wellbore area, with the well post treatment production parametefsthe
permeability reduction effect would be the one obtained in the laboratory tests. The upper
limit of the gray shaded area refers to a water residual resistance factt of while the

lower border of it refers t@ water residual resistance factof yfw ¢
3.4- CasH: PozzaA L

Pozzo 4 located offshore in the Adriatic Sea, was completed as a-gigek of the main

well, Pozzo 4between February 2006, the same period of the well in the previous case. At

the well startup it producedy v 'Q“Yd,Qd)d)of gas, but the production performance

declined over time, and now the well water production reacrp:eatd Q & gyWhile the

gas production dropped to OTQ“Yd'Q & d)The well is not affected by high quantity of

produced sad, but the high level of water flow rate decreatbe well performancesand
significantly contributes to saturate the water treatmeamnd-disposal offshore authorized
limits. These are the two reasons behind the RPM treatment performed during March
2014 which is the latest one performed.

As for all the other wellshe procedure followed during thpolymerinjection is the one
explained in the introduction of chapter. & this casehe injection test proved goor

injectivity of the polymer solutionhusan acidcleansingvasexecuted
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Analysis of ENI treated wells

Data available foPozzo 4 fre illustrated in the following tabld able3-10:
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Table3-10: Pozzo 4 preliminary properties.

To have a complete set of information regarding the welgure 3-9, just like for the

previous case, illustrates a seismic log of the formation giving an insight on the pay zone,
thus the perforated depth:

Shale layers
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T
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Figure3-13: Pozzo 4 keismic log schematic, the orange highlighted areas indicates the perforated interagk fron
ENI archives.
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Analysis of ENI treated wells

From the data illustrated in the following figureis possible to notice thahte salinty of
the formationis, as for all the other caseabouto d> higherthan the one used for the
laboratory tests, while the water effective permeabilitytiee lowest yet encountereds
times lower than the one of the test corts value will be verifiefurther in this chapter.
The main difference from all the other analyzed well, is that, as illustrated isefsnic
log, the formation has beeoompleted in just one layer. Thenist plausible to expect that
the properties of the pay are homogeneouscainglyto the hypothess presented in the
introduction. Another important aspect is that this is the well that was treated with the
highest quantity of acid if related to the length of the completion zoned  distributed
over aglp & perforated zone. Since is very likely that the near wellbore area is
damaged, as the injection test proved poor injectivithjst operation could lead to
significant gain in the near wellbore permeability due to thenoxal of high skin factor
thus an increased gas and water production.

Even in this last caseis possible present the data collected during the main treatment
phase, whichconsisted of aninjection of v tanks of polymer solution with rising
concentraton (fromu 1AL dn the firstto¢ v ) dn the last, with steps af TTEn §
each one with a volume af & . The polymer used for the treatment was the same one
used forPozzo 2 CGand also for the laboratory test, and litas never been usedrdested

on a reservoir with such a low expected permeability.
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