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BBenenue

Hcnonb3oBaHue KUCIOT JUIsl CTUMYJIMPOBAHMS WM YIy4dlIEHUS A0OBIYU
He()TH U3 KapOOHATHHIX KOJUIEKTOPOB OBLIO BIEPBBIC MpeanpuHaTo B 1895 romy.
Toraa ObLTM BBIMYIIEHBI MATEHTHI HA UCMOJIB30BAHUE KaK COJITHOM, TaK U CEPHOM
KHUCIIOT. XOTA ObUIO MPOBEIEHO HECKOJIBKO «00PabOTOK CKBaXXMH», ATOT MPOIIECC
HE BBI3BaJ BCEOOIIETr0 MHTEpEca M3-3a CUILHON KOPPO3UH 00CAJHON KOJIOHHBI U
JPYroro MeTajuIm4eckoro oo0opynoBanus. Clenyromue MONBITKH HCIO0JIb30BaTh
KUCIOTYy Tnpouszouut wmexnay 1925 wu 1930 romamu. OHHM cocTOsUIM B
ucnosib3oBaHuu cosstHon kucnotsl (HC) ans pacTBOpeHUs: CONEBBIX OTIOKEHUHN B
CKBOXKMHAX Ha MecTOpokJaeHuu [nenmyns B mrare OkinaxoMa M YBEJIUYUTh
n00b11y U3 KapOoHaTHBIX mopoj (popmanun Txeddepcona (neBon) B KeHTykku.
Hu ogna u3 3TuX ycuiauit He ObUIa YCIEUIHOM, U «KUCIOTHasE oO0paboTKa» CHOBa
OblJ1a OCTaBIICHA.

OTkppITHE  WHTMOMTOPOB  MbIIbAKA, KoTopble  mo3Bomwm  HCI
B3aMMOJCMCTBOBATh C TOpPOJOM 1miacta 0Oe3 Cepbe3HOr0  IMOBPEXKICHUS
00OpyZI0BaHUSI U3 METAJUIMUYECKOW CKBAKMHBI, BO3POJUIIO MHTEPEC K KHUCIOTHOM
obpabotke HedTu B 1932 roxy. B to Bpemsa Pure Oil Co. u Dow Chemical Co.
ucrnosib3oBaiu 3T HHruouTopsl ¢ HCI ayis 06paboTku CKBaXKuH, JOOBIBAIOIIYIO U3
M3BECTHSIKOBOTO Tlacta B okpyre M3zabemna, mrar Muuuran. Pe3yiabTaThl 3TOTO
noaxona Obutu  BhimaronuMucs. Korga mnomoOHble 00pabOTKHM B COCEIHUX
CKBO)XMHAX Jaiy eule Oojiee BIEYATISAIOIINE PE3YNbTAThl, POANIACH KUCIOBATAS
MPOMBIIIUICHHOCTh. B TeueHue Jer, MpomeauxX ¢ TeX paHHUX 00paboToK,
UHAYCTpUS KHUCIOTHOM 00paboOTKM BhIpOCia [0 OJHOM, HCHOJB3Yys COTHH
MUJUTMOHOB TJJIOHOB KHUCIIOTHI, MPUMEHSIEMOU B JECATKAX ThICAY CKBaXXKHH B TO/I.
TexHonorus pa3BUBaJaCh C HapacTaromie OBICTPOTON, W ObUIO CIEIaHO MHOTO
W3MEHEHU W HOBOBBEACHHWM JUIsi TOBBIMICHUS A(G(OEKTUBHOCTH KHUCIOTHOMN
o0paboTku. 3-3a HOBBIX METOJOB MPUMEHEHUS M Ppa3pabOTKU J100ABOK IS

W3MEHEHUs] XapaKTepUCTUK CaMOM KHUCIOThl KHUCIOTHas o0paboTka crajia



BBICOKOKBAIU()UIIUPOBAHHON Haykou. s pa3pabotku 3¢ (eKTUBHON KHCIOTHOMN
00paboTku TpeOyeTcs 3HaHUE AOCTYIHBIX MaTepUaIoB, XUMUYECKUX PEAKLUN MpU
00pabOTKE M YCIIOBUH O3KCIUTyaTallMd, CBOMCTB KOJUIEKTOpAa U XapaKTEPUCTHUK
TOPHBIX MTOPOJI.

JlanHast mpoGieMa KUCIOTHBIX 00pabOTOK M [0 HACTOSILEE BPEMs SIBIISETCS
aKmyanbHoll, TaKk Kak Ha MecTopoxkaeHusx ¢ cuctemont I/ Bo3nukaet spdext
HaOyXaHMs TTMHHUCTBIX YACTHI] B pe3yJbTaTe Yero, CHUKACTCS MPOHHUIIAEMOCTh U
KaK CJIEJICTBHE MPOAYKTUBHOCTb U IPUEMUCTOCTh HATHETATEIbHBIX CKBAYXKUH.

Ilenvto wuccnenoBaHus  SABIATCSA OLEHKA A(P(EKTUBHOCTH IPOBEIACHHBIX
paboT MO TIJIMHOKUCIOTHBIM 00pabOTKaM CKBa)XMH Kak J0OBIBAIOIIMX TaK MU
HarHeTaTeJIbHbIX.

Jlna 0ocmusicenuna nocmaesieHHOU yeau 0y0ym peuteHnvl ciedyruiue

3a0auu:

— M3y4uTh reo’0ru4ecKkoe CTPOEHUE MECTOPOXKIECHHUS U €ro 0COOCHHOCTH
pa3paboTKu;

— Paccmotperts u u3yunts Texnonoruu OII3 u ux KUHETHKY;

— IlpoBectn anamusz sddextuBHOCTH mpoBeAeHHBIX OII3 Ha nanHOM
MECTOPOXKICHUH;

— [IpousBectu pacuer Jyisi CpeiHel CKBAKUHBI MECTOPOJICHUS 00bEMOB XUM.

peareHToB, HeoOxoaumbIx st OI13.

— C)IGJ'I&TB BBIBOAbBI U pCKOMCHAALINH.



AHHOTAIUA
Ounenka 3¢ GeKTHBHOCTH OT KHCJIOTHBIX 00pa00TOK NpU3a00iiHOI 30HbI
CKBAKMH HA MeCTOpo:xaeHun «X» (ToMckasn 00.1.)

['eosornuecknii pazpe3 MECTOPOKIACHUS «X» NPEACTABICH TEPPUTECHHBIMU
OTJIOKEHUSAMU Pa3JIMYHOTO JIUTOJIOTO-(haluaTIbHOTO cocTaBa
ME3030MCKOKAaHHO30MCKOr0 IUIATOPMEHHOTO YeXJia W B Pa3HOW CTENeHH
MeTaMOp(U30BaHHBIMU M JUCIOLMPOBAHHBIMU  OOPa30BaHUSIMH  JIOIOPCKOTO
(masreo3orickoro) GyHaamMeHTa.

XapakTepHOil OCOOEHHOCTBIO T'€OJIOTMYECKOrO0 CTOPOCHMSI OCaI0YHOIO
yexyjia U KPOBJIHM JOIOPCKOTO OCHOBAHUS HA M3y4aeMOW TEPPUTOPUH SBIIAETCA
IIMPOKOE  PAa3BUTHE TEKTOHWYECKMX HapymeHud. OCHOBHBIE — Pa3JIOMBI,
KOHTPOJIUPYIOIIME 3aJieku HepTH U Traza, HUMEIT CcyOMepuaAHOHAIbHOE
IIPOCTHPAHUE U 3aTParuBaroT IIOYTH BCIO 0CaT04HYO Toumy. [Io Mepe HakoneHus
OCaJIOYHBIX OTJIOKEHWH B HMXKHEW 4acTH IJIATPOPMEHHOI0 4YexJia TEKTOHHYECKast
aKTUBHOCTh 3aTyXaeT. JIM3bIOHKTHBBI CTAHOBSTCS MEHEE NPOTSKEHHBIMU,
MaJOAMIUIATYAHBIMHA, HO OPHEHTHPOBKA OCTAETCs yHaciaenoBaHHOW. [Ipu ananmse
BEPTUKAJIbHBIX BPEMEHHBIX CPE30B Ha YPOBHE OTpa)karoIux ropu3oHToB 16 u 116
OTMEUYAETCA, YTO MPAKTUYECKU OTCYTCTBYIOT OCHOBHBIE MPHU3HAKH AMIUIATYAHBIX
JU3BIOHKTUBOB — BUAMMBIE CMelleHusi oced cuHpazHocTH. O Haluuuu
TEeKTOHMYECKMX  HAPYLIEHWH HAa  YPOBHE  BEPXHECIOPCKUX  OTJIOXKEHUU
CBUJETENBCTBYIOT TOJBKO JIOKAJbHbIE M3MEHEHUS! TMHAMHYECKUX XapaKTEPUCTUK
OTPa)KEHHBIX BOJIH.

OcHOBHBIM He(Tera3oHOCHBIM 00BbeKTOM sBisgeTcs miact F0;. OH mmeer
CIIOKHO€ CTPOEHHWE, NPEACTABICH pa3HO(alMalbHbIMU [E€CUYaHO-TJIMHUCTHIMU

MPOIUIACTKAMH, B PSAJIE Pa3pe30B CKBAXXHUH — € IPE00IalaHUEeM MTECYAHUKOB.

[Inact FO; Ha MecTOpPOXKIEHUM BCKPBIT BCEMHM CKBaKMHamMu. HecMoTps Ha

CBOIO JOBOJIBHO PC3KYIO JIUTOJIOTUYCCKYI0O HM3MCHYMUBOCTL IIO0 IMPOCTHUPAHUIO, B



[IEJIOM OH XOPOIIO BBIACPKAH M YETKO MPOCIEKHMBACTCS IO IUlomanu. B Hem
BBIJICTISIIOT TPU TOJIIIM — TOAYTOJIBHYI0, MEKYTOJIbHYIO ¥ HaTyTOJIbHYIO.

[lo pe3ympTaraM HMHTEpPIPETAIUN TEOPHU3NUECKUE UCCIEAOBAHMS CKBAXKHH
ko3 urment npornaemocty mwiacta FO,' cocraBiser B cpentem 6.6x10° Mrm®.
CpenHeB3BEIICHHOE 3HAUEHHUE 110 CKBAKWHHBIM JaHHBIM  Kod(uiimeHTa
nopuctoctu miuacta coctaBmwio >0,1 moneit enuuun. Kosdduuuent navanbHOMN

HE(TEHACHIIIICHHOCTH PAaCCYUTaH KaK CpPEIHEB3BEIICHHOE 3HAYECHHUE IO BCEH
3¢ (HeKTUBHON HEPTEHACHIIIEHHOMN TONIMHE U NPUHAT paBHbIM 0,53 10511 €AUHMLL.

OGBEKTOM pa3paboOTKH Ha MECTOPOKIEHHH «X» sBisiercst miact FO;',
IIPUYPOUYEHHBIH K BEPXHEBACIOTAHCKOM MOJCBUTE BAaCIOTAHCKOIO TOPU30HTA
OKC(OPACKOTro sipyca BEpXHEro OTJeNa IOpCcKoW cucteMbl. IIpoayKTUBHBIN Maact
CJIOKEH IIECYaHUKAMU CBETJIO-CEPBIMU, MEJIKO-CPEAHE3EPHUCTBIMU,
CPEIHEMETKO3EPHUCTBIMHU 151 MEJIKO3EPHUCTHIMU, aJIEBPUTUCTBIMU 51
AJICBPUTOBBIMUA, C HAMBIBAMHM M HPOCIOSMH CIIOJACTO-YTIIUCTO—TJIIMHUCTOTO
MaTrepuraa.

(37%) paboTaroT ¢ 00BOITHEHHOCTHIO MPOYKIIUHU BbIiie 60%.

KoaddunmenT skcrnyaranuu A00bIBaroero (GoHaa CKBaXXUH COCTaBIISET

0,7-0,98, xordpunment ucrmonaszoBanus ot 0,8 10 0,99.

. 1
Becnb JTOOBIBATOLIMI dbonp 00BeKTa 1O, AKCIUTYyaTUPYyETCs
MexaHuzupoBanHbIM criocooom (DIIH). Cpennee 3a0oiiHOe aaBieHHE MO BCEMY

dbouy cocraBisieT okojio 5,5 MIla, yto HMKe naBleHHUs] HAchIeHHS (MeHee 12
MIIa).

Beuay HM3KkHX (DUIBTPAIMOHHO-EMKOCTHBIX CBOMCTB KOJUIEKTOpAa Ha BCEX
CKB)KHMHAX BBITIOJIHSIOTCS OTMIEpaliiy 00JIbIlle 00BEMHOTO THIPABINYECKUN Pa3phIB
miacTa, Kak OJHOTO W3 caMblX 3(PGEKTHUBHBIX METOJOB IMOBBIIMICHUS HEDTIHON
ornauyu. [Ipumensempie MpoOUIN M KOHCTPYKIIMU CKBAKHUH, METOJBI BCKPBITUS

I1J1aCTOB u OCBOCHU CKBa)XHH Ha MCCTOPOKIACHHUN «X» SABJIAIOTCA
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aHpO6I/IpOBaHHI)IMI/I pInIb | YCJIOBI/Iﬁ JAaHHOI'O MCCTOPOXIACHUA KW IIPAKTUYCCKU HC
BBI3BIBAIOT OCJI0KHCHUM. MCCTOPO}KILGHI/IG ITOJIHOCTBIO O6y0Tp06HO C TOYKH

3PCHHUA CUCTCMBbI c60pa, y4uc€Ta U HOATOTOBKH IMPOAYKIINH CKBAKHUH.

Kucnornas o6paboTka kapOOHATOB M CHJIMKATOB — 3TO JBE COBEPIICHHO
paznuuHble oOnacTu. KapOoHaTHBIE MOPOJIBI, BKIIOYAIOIINE TJIABHBIM O0Opa3oM
U3BECTHSKU U JIOJIOMUTHI, OBICTPO PACTBOPSIIOTCS B COJSTHOM KHUCIIOTE W CO3/1al0T
MPOAYKTBI PEAKIUU, JIETKO PACTBOPSIOLINECS B BOJE.

Jlns cpaBHEHHS: peakius MEXAYy IUIABUKOBOM KHCJIOTOM M TMECYAHUKOM
NpOXOauT Topazno MenjeHHee. llenbro 00paOOTKM TIMHOKHUCIOTON SBISIETCS
CKOpee pa30JIOKUPOBKA CYIIECTBYIIMX KaHAJIOB IyTEM PACTBOPECHUS 3arpsi3HCHUS
CKBAXMHBI U MUHEPAJIOB, 3aMOJIHAIIMX MPOMEXYTOYHOE MOPOBOE MPOCTPAHCTBO,
YeM CO3/laHME€ HOBBIX KaHaJoB. [lnaBuUKOBas KuUCIOTa OBICTpEE pearupyer ¢
MUHEpAJIaMl M3 CEpUU IIECYAHUKOB, 4Ye€M C KBapuem. KHCIOTHbIE peaklud,
BBI3BIBAEMBIE COMYTCTBYIOIIMMHU MHUHEPAIIAMHU — TJIMHAMU, MOJEBBIMU IINATAMU U
CIIOJJaMH, MOTYT CO3/aBaTh OTJOXEHHUSA, NPUBOIANIME K 3aKyNOPHUBAHUIO.
3HauyuTEeIbHAA YaCTh MPOSKTUPOBAHUS KUCIOTHOM 0OpabOTKHU MecuaHuKa OOBIYHO

HalIpaBJICHA HAa BO3MOXHOCTbB IIPCAOTBPAIICHUA 3TOI0 ITponccca.

Jnst  oO0paboTaHHBIX CKBXKMH MPOBOJMIIACH OLIEHKA 3(PQPEKTUBHOCTH
00paboTku mpr3abONHOM 30HBI ¢ UCTIONB30BaHUEM (pakTopHOrO aHanm3a. OreHka
nokazana, 4yro B 80% MpoIEHTOB ciaydyaeB OOpaOOTKH TJIMHOKHUCIOTON Ha
MECTOPOKACHUHN «X» ObUIM YCHEIIHBIMU, TO €CTh HaOIIOAANCS MPUPOCT I00BIYU

He(dTU Ha poTsoKkeHuu 6 mec u yBenudyenue Knpon Oenee uem Ha 1 1/cyt/atm.

Omneparun OI13 3HaYNTEIHLHO MOBBIIAIOT JOOBIYY HE(PTH, KOTOpas B CBOIO
ouepenp yBesmunBaeT YJIJ[ Ha 14%, yTO MOKa3bIBa€T OYEHb XOPOIINE PE3YJIbTATHI
s gaHHoro tumna oopadotok. Y/l 6omee 5000 MiaH. py0 HAKOIUICHHBIX 3aTpat
NPAaKTUYECKA HE YBEIUYMBAETCSA, 3TO TOBOPUT O TOM, YTO OCHOBHas macca

JICHEKHBIX CPEACTB 00pa3yeTcs B HayalbHBIA mepuoj. TakuMm oOpa3om yem
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panbie OyayT mpoBoguThesi OII3 Ha ckBaxkmHax, TeM 3P (GEeKTUBHENW OHU OyAyT

KaK JJI1 DKOHOMUKY NPCAIIPUATHUSA TaK U JJI BBIIIOJTHCHUS I1JIaHa I10 ,Z[O6I>I‘{€.



Acidizing

Introduction

The use of acids to stimulate or to improve oil production from carbonate
reservoirs was first attempted in 1895. Patents covering the use of both
hydrochloric and sulfuric acids for this purpose were issued at that time. Although
several “well treatments” were conducted, the process failed to arouse general
interest because of severe corrosion of well casing and other metal equipment, The
next attempts to use acid occurred between 1925 and 1930. These consisted of
using hydrochloric acid (HCI) to dissolve scale in wells in the Glenpool field of
Oklahoma and to increase production from the Jefferson Limestone (Devonian) in
Kentucky. None of these efforts were successful and “acidizing” once again was
abandoned.

The discovery of arsenic inhibitors, which allowed HCI to react with the
formation rock without seriously damaging the metal well equipment, revived
interest in oilwell acidizing in 1932. At that time, Pure Oil Co. and Dow Chemical
Co. used these inhibitors with HCI to treat a well producing from a limestone
formation in lIsabella County, MI. Results of this treatment were outstanding.
When similar treatments in neighboring wells produced even more spectacular
results, the acidizing industry was born. Throughout the years following those early
treatments, the acidizing industry has grown to one using hundreds of millions of
gallons of acid applied in tens of thousands of wells each year. Technology has
developed with increasing rapidity, and many changes and innovations have been
made to improve the effectiveness of acidizing treatments. Because of new
techniques of application and development of additives to alter the characteristics
of the acid itself, acidizing has become a highly skilled science. A knowledge of
available materials, chemical reactions at treating and well conditions, reservoir
properties, and rock characteristics are required to design an effective and efficient

acidizing treatment. Since it is beyond the scope of this text to cover all aspects of



acidizing in detail, this discussion will be limited to a general description of
materials, techniques, and design considerations. A bibliography is provided for
those requiring a more detailed discussion of a particular subject. Also, the major
well stimulation companies providing acidizing services offer literature and
technical assistance for problem analysis and treatment design.

General Principles

The primary purpose of any acidizing treatment is to dissolve either the
formation rock or materials, natural or induced, within the pore spaces of the rock.
Originally, acidizing was applied to carbonate formations to dissolve the rock
itself. Over a period of time, special acid formulations were developed for use in
sandstone formations to remove damaging materials induced by drilling or
completion fluids or by production practices.

There are two primary requirements that an acid must meet to be acceptable
as a treating fluid: (1) it must react with carbonates or other minerals to form
soluble products, and (2) it must be capable of being inhibited to prevent excessive
reaction with metal goods in the well. Other important considerations are
availability, cost, and safety in handling. While there are many formulations
available, only four major types of acid have found extensive application in well
treatments: hydrochloric, hydrofluoric, acetic, and formic acids.

Hydrochloric Acid (HCI)

An ageuous solution of HCI is most commonly used for acidizing treatments,
for reasons of economy and because it leaves no insoluble reaction product. When
HCI is pumped into a limestone formation, a chemical reaction takes place,
producing calcium chloride, CO*, and water. This reaction is represented by the
following equation:

One thousand gallons of 15% HCI will dissolve approximately 10.8 cu ft
(1,840 Ibm) of limestone. It will liberate approximately 7,000 cu ft of CO1 ,

measured at atmospheric conditions, and produce 2,042.4 Ibm of calcium chloride.
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This salt is dissolved in the original water of the acid solution, plus 39.75 gal of
water formed during the reaction. The specific gravity of this solution will be 1.181
(20.4% calcium chloride). While 15 wt% HCI has been the most commonly used,
concentrations of 20 and 28% have become extremely popular over the past 2
decades. Regardless of the acid strength used, the reaction is the same and
equivalent amounts of carbonate rock are dissolved. For example, 10,000 gal of 3%
HCI solution will dissolve the same amount of rock as 1,000 gal of 28% HCI. Fig.
54.1 shows the effect of acid concentration on the amount of limestone dissolved.
The main differences between the two solutions are their reaction rates (or
spending times) and their physical volumes. Although lower concentrations of acid
have greater equivalent volumes, their reaction times and depth of penetration into
the reservoir, from the wellbore, are considerably less than those of the higher-
strength solutions. Reaction rates and penetration will be discussed later.

Similar reactions occur when dolomite or impure limestone is treated with
HCI. Dolomitic lime contains a large percentage of magnesium combined as
calcium magnesium carbonate. Although it reacts more slowly, this mineral also
dissolves in HCI, and the resulting magnesium chloride is soluble in the spent acid.
Other impurities occurring in limestone and dolomite are often insoluble in acid,
and if appreciable percentages of such components are present, special additives
must be included in the acid solution to ensure their removal.

HCI ordinarily is manufactured in concentrations of 32 to 36 wt% HCI and is
diluted at service company stations to 15, 20, or 28% for field use. The
concentrated acid, the various chemical additives, and water are mixed in the tank
truck used to haul the acid to the wellsite. Table 54.1 lists the weights of various
concentrations of HCI. These data are useful in calculating mixing proportions for

acid dilution, using the following equation:

i V.'Iu ("elu Y da

cu

C( alHCHY ¢a
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where

Vda = final volume of dilute acid, Cda = desired

concentration of dilute acid, Ada = specific gravity of

dilute acid, Vca = volume of concentrated acid

required, Cca(HCI) = percent of HCI in concentrated

acid, and yca = specific gravity of concentrated acid.

Approximate proportions of concentrated acid and water required for dilution .

Determination of acid strength can be estimated in the field using either a
hydrometer or a field titration kit. The accuracy of hydrometer readings depends on
the care and technique used by the field engineer. Both the hydrometer and the
glass cylinder in which the test is made should be free from oil or dirt. The spindle
should float freely in the acid, and all readings should be made at the lowest level
of the acid meniscus. The temperature of the acid sample should be taken and the
hydrometer reading corrected to 60°F.

Determination of acid strength by titration is simplified by the use of 0.59 N
standard sodium hydroxide solution. If a 2-mL sample of the acid is titrated with
this standard solution to a methyl orange end point, the burette reading (milliliters
of sodium hydroxide used) will be equal to the acid strength (percent HCI).

Acetic and Formic Acids

Acetic acid (CH3COOH) and formic acid (HCOOH) are weakly ionized,
slowly reacting, organic acids. They are used much less frequently than HCI and
are suitable primarily for wells with high bottomhole temperatures (BHT’s above
250°F) or where prolonged reaction times are desired. The reaction of these acids
with limestone is described by the following equation:

2HOrg+CaCQj +CaOrgz +HzO+CO,.

HAc is available in concentrations up to 100% as glacial HAc. while
HCOOH is available in 70 to 90% concentrations. For field use, HAc solutions

normally are diluted to 15 % or less.
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Above this concentration, one of the reaction products, calcium acetate, can
precipitate from its “spent acid” solution because of its limited solubility.
Similarly, the concentration of HCOOH normally is limited to 9 to 10% because of
the limited solubility of calcium formate. At a 10% concentration, 1,000 gal HAc
will dissolve 740 Ibm of limestone, whereas 1,000 gal HCOOH dissolves 970 lbm.
Where more dissolving power per gallon of acid is desired, HCI is sometimes
mixed with HCOOH or HAc. Such blends still provide extended reaction times.
when compared with HCl. HCOOH and HAc also may be blended together. Table
54.2 illustrates some of the more common acid strengths and blends.

Hydrofluoric Acid (HF)

HF is used in combination with HCI and has been referred to as “intensified
acid” or “mud removal” acid. Depending on the formulation and use. HF is used
primarily to remove clay-particle damage in sandstone formations, to improve
permeability of clay-containing formations, and to increase solubility of dolomitic
formations. Its utility is based on the fact that some clays. silica, and other
materials normally insoluble in HCI have some degree of solubility in HF. For
example, 1000 gal of an acid solution containing 3% HF and 12% HCI will
dissolve 500 Ibm of clay and up to I .450 lIbm of CaC03.

In carbonates, application of HF/HCI mixtures must be controlled carefully
because of cost and possible precipitation of reaction products such as calcium
fluorides or complex fluosilicates, which have a very limited solubility. For
reaction with silicates, such as natural clays or clays in drilling fluids, the blends
usually contain 2 to 10% HF and 5 to 26% HCI. The concentration of HCI used in
the blend should be equal to or greater than that of the HF.

13
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The so-called “intensified acids” used in dolomitic formations are mainly
HCI containing small concentrations of HF, usually about 0.25 % Intercrystalline
films of silica, insoluble in HCI, often occur in the crystal structure of dolomite.
When such are present, they prevent the acid from contacting the soluble portions
of the rock. The presence of fluoride intensifier in the acid will destroy such films,
allowing the acid to react more completely with the soluble portions of the rock.
Illustrates the comparative reaction rates of HCI and intensified acid on dolomite
formations.

More recent developments of HF involve the use of delayed-action agents in
sandstone acidizing. The first of these was a self-generating mud acid system,
reported by Templeton et al. > The system provides slow generation of acid from
the hydrolysis of methyl formate. Yielding methyl alcohol and HCOOH acid. The
acid then reacts with ammonium fluoride to yield HF in situ. They attribute the
success of the system to getting the HF reaction away from the wellbore into areas
that conventional HF solutions normally do not reach before spending. Equally
important factors are the techniques of application and of returning the well to
production following treatment. The treatment technique mvolves use of an
aromatic solvent and mud acid preflush, along with the self-generating mud acid

(SGMA). The wells are returned to production by opening the choke gradually
14



over a 90—day period and never allowing an excessive drawdown. The process is
available from most service companies as SGMA.

A significant development in this area of slow-reacting, HF-supplying,
claydissolving acid has been the fluoboric acid system reported by Thomas and
Crowe.” This acid hydrolyzes to form hydroxyfluoboric acid and HF, which will
dissolve clays.

HBF4 +HZO-HBF30H+HF.

This reaction provides a slow-release source of HF, which can penetrate
deeply before spending. Perhaps more important, the slowly generated
hydroxyfluoboric acid reacts with clays to form a nonswelling, nondispersing
product that stabilizes fine clays and holds fine particles of silica in place.

Acid Reaction Rates

A knowledge of the factors affecting the reaction rate of acids is important
for several reasons. First, these factors, correlated with reservoir and formation
characteristics, form a guide for the selection of acid type and volume for a given
treatment. Next, a study of these factors can furnish an understanding of what
parameters govern spending time, which will determine how far a given
formulation can penetrate into the formation before spending. Many factors govern
the reaction rate of an acid, such as pressure, temperature, flow velocity, acid
concentration, reaction products, viscosity, acid type, area/volume ratio, and
formation composition (physical and chemical). These factors have been the
subject of extensively reported research for many years. Details of such studies are
available in published literature.

Only a brief general discussion will be presented here.

Pressure

Fig. 3 shows the effect of pressure on the reaction rate of 15% HCI with
limestone and dolomite at 80°F. Above 500 psi, pressure has little effect on

reaction rate. At bottomhole treating pressures, there is only a small difference (a
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factor of 1.5 to 2) in the comparative reaction of acid with limestone and dolomite

compared to the rather large difference (a factor of about 10) at atmospheric

pressure.
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Figrure 2-Effect of pressureo n reaction rate (15% HCI tit8 0°F).
Temperature

Acid reaction rate increases directly with temperature. At 140 to 150”’F, the
reaction rate of HCI and limestone is approximately twice that at 80°F. It must be
recognized that the temperature controlling the reaction is affected by the injection
temperature of the acid (a major factor), and by the heat liberated by the reaction
itself (a minor factor). Computerized programs are used to estimate the bottomhole
fluid temperature at various stages, allowing more effective acid treatment design.

Flow Velocity

Fig. 4 shows that increased flow velocity increases the reaction rate of 15 %
HCI with CaCO 3. This velocity effect is more pronounced in narrower fractures.
Reaction rate is a function of shear rate, 6 v/b, set - ’ as illustrated by the following

equation:
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L y/hy 0.8 -6
R=[(28.5 v/B)® 3 +184)x107C, .. ...coonivin. (D) here R is the

reaction rate in lbmisq ft-set, v is the flow velocity in fracture, ft/sec, and b is the

fracture width, ft. (The reaction rate is for 15% HCI with marble at 80°F under

1,100 psi pressure.)
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Figure 3-Effect of flow on reaction rate (15% HCI with CaCO3).

The flow velocity in fractures and channels depends on injection rate and

actual geometry of the flow path.

v,f=0.18i,,r/(rfb) (radigl FEECHITE),: oowmvmmermss (2a)
v,f=1.15im./(hb) (linear fracture), ........... (2b)
Voo =17.2i,./d* (cylindrical channel). ........ (2¢)
where
v = flow velocity in fractures and channels,
ft/sec,
{4 = acid injection rate, bbl/min,
ry = fracture radius, ft,

h = fracture height, ft,
d = channel diameter, in., and
b = fracture width, in.
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Acid Concentration
Reaction rate increases with acid concentration up to 24 to 25% HCI, but not

proportionally, as shown in Fig. 54.8. Above 25% HCI, the reaction rate actually
decreases because of reduced acid activity. As acid spends, the reaction rate
decreases as a result of reduced acid concentration and the retarding effect of

dissolved reaction products, such as calcium or magnesium chloride.
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Figure 4-Effect of concentration on reaction rate and spending rate.
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Area/VVolume Ratio

Area/volume (A/V) ratio is one of the major factors affecting reaction rate

spending time, and may vary over a wide range. This ratio, the area in contact with

a given volume of acid, is inversely proportional to pore radius or fracture width.

Fig. 6 shows the time required for 15% HCI to spend on marble, at 80°F and 1,100

psi, for three different A/V ratios.
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Figure. 5-Effect of A/V ratio on spending time (15% HCI,

psi).

80°F and 1,100

The term “spending time” has very little meaning or value by itself. It must

be related to flow geometry and, thus, to the distance the acid penetrates before it is

spent. In matrix acidizing, extremely high A/V ratios may be encountered. For

example, a 10-md, 20%-porosity limestone may have an A/V ratio of 28,000 to 1.

In such a formation, it would be very difficult to obtain significant penetration

before spending. A natural fracture, 0.00 1 in. wide, has an A/V ratio of 3,200: 1. A

0. I-in. fracture has an A/V ratio of 32: 1. The smaller ratios in wider fractures

allow greater penetration of the acid into the reservoir before spending is complete.

19



Formation Composition

Probably the most important factor that governs effectiveness of an acidizing
treatment is the rock composition. Its chemical and physical characteristics
determine how and where the acid will react with and dissolve the rock.

From the standpoint of chemical composition, there is little difference in the
reaction rate of HCI on most limestones, all other factors remaining constant. The
physical rock texture. however, can control pore size distribution. A/V ratio, pore
geometry, and other properties. This, in turn, influences the type of flow channels
created by acid reaction and is the key to acid response. Two formations having the
same acid solubility and permeability may respond differently to acid treatment
because of variances in physical structure.

Acid Additives

The use of a corrosion inhibitor as an additive made possible the first
commercially feasible acidizing treatments. Since that time, many auxiliary
chemicals have been developed to modify acid solutions, influencing their
application and recovery.

Corrosion Inhibitors

Inhibitors are chemical materials that, when dissolved in acid solutions,
greatly retard the reaction rate of the acid with metals. They are used in acidizing to
avoid damage to casing, tubing, pumps, valves. and other well equipment.
Inhibitors cannot completely stop all reaction between the acid and metal; however,
they do slow the reaction, eliminating 95 to 98% of the metal loss that would
otherwise occur. Most inhibitors have practically no effect on the reaction rate of
acid with limestone, dolomite, or acid-soluble scale deposits.

The length of time that an inhibitor is effective depends on the acid
temperature, type of acid, acid concentration, type of steel, and the inhibitor

concentration.
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Organic inhibitors in HCI are effective up to 400”F, but above 200°F
relatively large concentrations are required. The effect of temperature on corrosion
inhibition. Equations have been developed for estimating BHT’s during acid
treatments. By knowing these temperatures, adequate corrosion protection can be
provided, even in wells with static BHT s up to 400°F.

Surfactants

Surfactants are chemicals used to lower the surface terlsion or interfacial
tension of fresh acid or spent acid solutions. The use of a surfactant improves the
treating efficiency in a number of ways. The presence of a surfactant improves the
penetrating ability of the acid solution entering a formation. This is extremely
desirable in matrix acidizing treatments. Because it provides deeper penetration of
acid into the formation. In addition, surfactants permit the acid to penetrate oily
films clinging to the surface of the rock and lining the pores, so that the acid can
come in contact with the rock and dissolve it.

The use of surfactants also facilitates the return of spent acid following the
treatment (Fig. 6). Wetting of the formation is more nearly complete and there is
less resistance to flow of the acid, so that the spent acid is readily returned through

the treated section. This is especially important in low-pressure wells.
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Another advantage in the use of surfactants in acid is the demulsifying action
obtained. Many surfactants are capable of inhibiting the occurrence of emulsions or
destroying those already formed.

Surfactants also promote dispersion and suspension of fine solids to provide
better cleanup following treatment. These solids may be either mud solids or
natural fines released from the formation. They are suspended and physically
removed from the formation.

Special surfactants are used as antisludge agents. Some crudes form an
insoluble sludge when in contact with acid. The sludge consists of asphaltenes,
resin, paraffin, and other complex hydrocarbons. The acid reacts with the crude at
the interface, forming an insoluble film. The coalescence of this film, which results
on the sludge particles, can be avoided by use of proper additives. Ethylene glycol
monobutyl ether is a mutual solvent surfactant used in matrix sandstone acidizing
to water-wet the formation. This agent prevents particle migration and subsequent

particle plugging. It improves cleanup by preventing the stabilization of emulsions
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by fine particles. Many different surfactants are used in acidizing. Type and
concentration for a particular application should be selected on the basis of
laboratory testing.

Silicate-Control Agents

Various silicate compounds, commonly known as clays and silts, usually are
present in most limestones and dolomites. One of the characteristics of these
silicates is that they will swell in spent acid. Naturally, this is undesirable because
swollen silicate particles may block formation flow channels, reducing well
production.

Silicate-control additives are chemicals that prevent released silicate
particles from adsorbing water. Some buffer the pH of the solution near the
isoelectric point (where the volume of the swelled clays is at a minimum). Others
cause shrinkage of the silicate particles by replacing the adsorbed water molecules
with a waterrepellent organic film. Thus, possible formation plugging is prevented,
treating pressures are lowered, faster cleanup is provided, and the occurrence of
particlestabilized emulsions is minimized.

Iron-Control Agents

Iron control is approached two ways. The oldest and most common approach
IS to use sequestering agents, which act by complexing iron ions, thereby
preventing precipitation when the acid spends. A second method is use of reducing
agents that reduce any ferric ions (Fe3+) to ferrous ions (Fe2+), which do not
precipitate as the hydroxide or hydrous oxide until the pH of the system is above 7.
Since acids in contact with the formation rock will not spend to a pH that high, the
hydroxide will not damage the well. Spent acid usually has a pH between 4.5 and
6.5, no higher.

Erythorbic acid is one of the most effective reducing agents that can be used
for this purpose. The reduction of all the ferric iron to ferrous iron, however, does

not prevent the precipitation of ferrous sulfide (FeS), which precipitates when the
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acid spends to a pH of 2, as it will readily in almost any formation. To protect fully
against iron precipitation in a sour well, a complexing agent is needed. Citric,
lactic, and acetic acids as well as EDTA or NTA are popular sequestrants. In some
wells where H2S can become mixed with the acid it also may be advisable to use
both the reducing agent and the sequestering agents, since ferric iron can react with
H2S to precipitate free sulfur, which itself can damage permeability The loss of
effectiveness of acetic acid at temperatures above 125°F and the possibility of
precipitating calcium citrate also are factors that should be considered in guarding
against iron precipitates.

Alcohols

Methyl and isopropyl alcohols sometimes are used at concentrations of 5 to
20 ~01% of acid to reduce surface tension. Methyl alcohol is sometimes used at
concentrations, up to 66 % to increase vapor pressure of the acid and spent acid
solution. Use of alcohols thus improves both rate and degree of cleanup, which can
be particularly helpful in dry gas wells.

Gelling and Fluid Loss Agents

Natural gums and synthetic polymers are added to acid to increase the
viscosity of the acid solution. 3 This reduces leakoff into large pore spaces and, to
some extent, into natural hairline fractures. It also provides some degree of reaction
rate retardation.

Other materials used to control leakoff are fine (I0OOmesh) sand and fine salt
These materials bridge in hairline fractures to reduce fluid flow out of the main
fracture during fracture acidizing treatments.

Another successful fluid-loss control agent is a mixture of finely ground,
oilsoluble resins. Originally designed as a diverting agent for use through gravel
packs during sandstone matrix acidizing treatments, this agent was later shown to
be effective as a fluid-loss agent in fracture acidizing, when used at higher

concentrations. ’
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Liquefied Gases

Liquid nitrogen and liquid CO2 sometimes are used in acid solutions to
provide added energy for better well cleanup. Nitrogen also is used to make
foamed acid, which provides excellent leakoff control in low permeability rock.

Retarded Acids

It is often desirable in acid fracturing treatments to retard the reaction rate of
the acid to provide deeper penetration of active acid into the formation. Retardation
may be accomplished by use of slower-reacting acids (HAc and HCOOH), by
adding chemicals to reduce reaction rate, or by increasing concentration to extend
spending time.

HAc and HCOOH are weakly ionized and sometimes are used to obtain
longer reaction time. The additional cost of these acids may prohibit extensive use
in certain formations. Deeper matrix penetration than would be obtained by HAc or
HCOOH is obtained by the fasterreacting HCI because the channeling or wormhole
effect produced by the HCI reduces the A/V ratio, thus prolonging reaction time. In
fractures, the HAc and HCOOH would obtain deeper penetration than HCI;
however, larger volumes would be required to dissolve an equivalent amount of
rock.

Some chemicals, added to HCI, form a barrier on the rock surface, which
interferes with its normal contact and “retards” the reaction rate of the acid. Acidin-
oil emulsions generally exhibit retarded reaction rates. The acid in the emulsion
does not completely contact the rock surface because of the presence of an
interfering oil film. This is particularly true for emulsions with at least 20% oil as
the outer phase. Certain surfactants recently have been found to be beneficial in
reducing reaction rate and, thus, extending spending time and penetration distance.
These surfactants, in the presence of oil, provide a hydrophobic or water-repellent,

oil-like film on the rock surface that restricts acid/rock contact. Fluid-loss materials
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and gelling agents (acid-thickening additives) also tend to reduce the reaction of
HCI by film development on rocks.

Acidizing Techniques

There are three fundamental techniques used in acidizing treatments.

1. Wellbore Cleanup. This entails fill-up and soak of acid in the wellbore.
Fluid movement is at a minimum, unless some mechanical means of agitation is
used.

2. Matrix Acidiz,ing. This is done by injecting acid into the matrix pore
structure of the formation, below the hydraulic fracturing pressure. Flow pattern is
essentially through the natural permeability structure.

3. Acid Fmcturing. This is injection into the formation above hydraulic
fracturing pressure. Flow pattern is essentially through hydraulic fractures:
however, much of the fluid does leak off into the matrix along the fracture faces.

The technique selected will depend on what the operator wishes to
accomplish with the treatment.

Matrix acidizing may be selected as a proper technique for one or more of
the following reasons: (1) to remove either natural or induced formation damage,
(2) to achieve low-pressure breakdown of the formation before fracturing, (3) to
achieve uniform breakdown of all perforations, (4) to leave zone barriers intact, or
(5) to achieve reduced treating costs.

The principal types of formation damage are mud invasion, cement,
precipitates, saturation changes, and migration of fines. The effect of damage on
injectivity or productivity is shown in Fig. 7. It can be seen that the greatest flow
increase results from restoring the natural rock permeability. The magnitude of this
primary flow increase depends on the extent (radius) of the damage. Further
increase in pore size by matrix acidizing results in only a limited increase in flow

(stimulation).
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If the producing formation does not have enough natural permeability, then a

hydraulic fracturing treatment should be considered. The primary purpose of

fracturing is to achieve injectivity or productivity beyond the natural reservoir

capability. An effective fracture may create a new permeability path, interconnect

existing permeability streaks, or break into an untapped portion of the reservoir.
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Figure 7 — Effect of damaged zone on flow.

The success of any fracturing treatment depends on two factors: fracture

conductivity and effective penetration, as illustrated in Fig. 8. If enough etched

fracture conductivity can be achieved, then increased penetration becomes

important. For any given formation, there will be an optimum conductivity and

penetration, which will be controlled by cost. In other words, there will be some

point where production increase per dollar spent will be a maximum. This must be

determined by pretreatment design.
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Laboratory Testing
The physical and chemical characteristics of the formation rock often affect

the results of an acidizing treatment. In some cases, the use of special additive
chemicals will improve the action of the acid or avoid cleanup difficulties in
returning the spent acid following the job. It is important, therefore, that samples of
the formation rock (either cores or cuttings) and, if possible, samples of the crude
oil and formation brine be subjected to laboratory testing before acidizing to design
the most effective treatment.

Customarily, permeability. porosity, and oil- and watersaturation tests are
run on formation core samples, using standardized core-analysis procedures. In
addition, acidsolubility tests are run to determine to what extent the formation will
respond to an acidizing treatment.

Formation solubility may be determined two different ways. In the first

method, a weighed chunk of the rock is immersed in an excess of acid and
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maintained at formation temperature. After an hour, any insoluble residue is
washed. dried, and weighed. With samples known to contain silicates, additional

tests may be run in which the rock is exposed to the dissolving action of combined

HCI and HF.
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3ak/IroueHue

['eonornyeckuii pazpe3 MECTOPOXKICHUS «X» MPEACTaBICH TEPPUTCHHBIMU
OTJIOXKCHUSIMU Pa3IUYHOTO JIUTOJIOTO-(haluaIbHOTO cocTaBa
M€3030MCKOKAaMHO30MCKOT0 IJIAaTMOPMEHHOTO uYexja W B pa3HOM CTeNeHu
MeTaMOp(U30BaHHBIMU M JUCIOLMPOBAHHBIMU  OOPa30BaHUSIMH  JIOIOPCKOTO
(maneosoiickoro) gpyHmameHTa.

XapakTepHON OCOOEHHOCTBIO T'€OJIOTMYECKOT0 CTOPOEHHUS OCaJ0YHOrO
yexJia U KPOBJIM JOIOPCKOrO OCHOBAaHUS HAa M3y4aeMOW TEPPUTOPUU SIBISETCA
IIMPOKOE  pa3BUTHUE TEKTOHMYECKUX  HapymieHud. (OCHOBHBIE  Pa3jOMBbl,
KOHTPOJIUPYIOIIHUE 3alie’kd HePTH W raza, HUMEIT CyOMepuINOHAIbHOE
IPOCTHUPAHUE U 3aTParuBaroT MOYTH BCIO 0CAI0UHYO Toumy. [lo Mepe HakomIeHus
OCaJIOYHBIX OTJIOKEHUM B HIDKHEW 4acTu IMIaTGOPMEHHOIO YeXJia TeKTOHUYECKas
aKTUBHOCTD 3aTyXaeT.

OCHOBHBIM HE(TEra30HOCHBIM 00BEKTOM sBisieTcss miact FO;. OH umeer
CIIO)KHOE CTpOEHHUE, NPEICTaBICH pa3HO(aIMaIbHBIMUA [€CYAHO-TJIIMHUCTHIMU
MPOIUIACTKAMH, B PSAJIE Pa3pe30B CKBXKHUH — C TIPE00IaIaHUEeM ITeCUaHUKOB.

[Tnact FO; Ha MECTOPOXKIEHUH BCKPHIT BCEMU CKBaKMHaMH. HecMoTpsi Ha
CBOIO JIOBOJIBHO PE3KYH JIMTOJIOTMYECKYI0 W3MEHYMBOCTH IO IPOCTUPAHUIO, B
LEJIOM OH XOPOIIO BBIJIEPXKAH W YETKO MPOCIEKUBACTCS MO MIoWaad. B Hem
BBIICIISIFOT TPU TOJIIIU — HOOY201bHYI0, MENCY20TIbHYI0 U HAOY201bHYIO.

Ha Tekymmii MOMEHT MECTOPOXKIECHUE «2» HAXOAUTCA B MPOMBIIUICHHON
paspabotke — II cramus pazpaboTku;

JeOuThl BHOBb BBOJMMBIX CKBAKHH HEYKJIOHHO CHHUXAIOTCS 10
re0JIOTHYECKUM MpuurHaMm (OypeHHe B 30HaX MAaKCUMAJIbHBIX HE()TEHACHIIIIEHHBIX
TOJIIIMH 3aKOHYEHO);

HaunGonbmme motepu 0a30BOM M0OBIYM CBSI3aHBI C SHEPTETUKOW TUIacTa U
MPOrPECCUPYIOLIUM OOBOIHEHUEM CKBAXKWH, OJTHOM U3 MPUYUH KOTOPOTO SBIISIETCS

npuoImKeHue (GpoHTa HarHETaeMOM BOJIBI K IOOBIBAIOIIMM CKBaKHHAM;
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Bripabotka 3anmacoB cocraBmia 31%, rexymmumit KUH — 0,107,
Cucrema pa3pabOTKH Ha MECTOPOXKICHHH  SIBIISICTCS  MPAKTHYCCKU
c(hOpMHPOBAHHOH - B 30HaX aKTHUBHOTO OYpPCHHS IEPEBOJ CKBAKHH B MOIBEME

IJ1aCTOBOI'0 AAaBJICHHA HC COOTBCTCTBYCT IPOCKTHBIM PCUICHUSAM.

Ha mectoponeHn ¥ nmpuMeHSIOT JiBa BuAa 00pabOTKU Mpu3a00iHOIN 30HBI.
COJITHOKUCIOTHBIE  (peiKko) ©  TAuHOKHCHOoTHble. Haumbonpmmuit  sddext
nocturaercsa oT 'KO, Tak kak kapOOHATHOTO MaTepuasna B MPOAYKTUBHBIX IJIacTax
HE3HAUUTEIbHO, a pa30yXxaHuWe TJIMHUCTOrO MaTepuia M3-3a OCYIICCTBICHUS
noabéMa  IUIACTOBOIO  JaBJi€HUS  Haubojee  3HAYUTENbHO  BIMSIET  Ha
(UIBTPAIMOHHO-EMKOCTHBIE CBOMCTBA MPU3a00ITHOM 30HBI CKBAKHH.

[IpoBenena  omenka  sddexTuBHOCTH  TpoBeAeHHBIX  OOpabOTOK
pU3a00MHON 30HBI MPU MOMOIIM (HaKTOPHOTO aHaIU3a MOJOKUTENbHBIN hdeKT
Ha foObIBaromieM Gouje, 12 u3 14 ckBakuH Aajy NPUPOCT 1O HEPTHU. Y BETUUECHHE
Knpon nabironaercs B cpeaHeM Ha 1.2 .

Ha narneratenbHOM (PoHJIe Takke ObUTH MPOBEJEHBI 5 onepaiuii 00paboToK
npu3ab0MHONM 30HBI, KOTOPBIC Jajld TOJIOKUTEIbHBIA 3(DPEeKT — yBeIUdYeHUE

MPUEMUCTOCTH KaKIOW HATHETATEIIbHON CKBAKUHBI.

Paccunran 06bem kuciotsl (HCI+HF -12%) st 06pabotku He Gonee 30Mm>
¥ He MeHee 10 M.

[lo pesynpTaTaM OIIEHKH SKOHOMHUYECKON 3(PGEKTHBHOCTH OT 00pabOTOK
npu3ab0MHON 30HBI OBLIO BBISIBJICHO, YTO YHUCTHIA JAUCKOHTUPOBAHHBIA J10XO] B
cpenHeM yBenuuuBaeTcs A0 14% — 4TO MOKa3bIBA€TCS 3HAUMMOCTH MPOBOIUMBIX
00paboTOK MPU3a00IHOM 30HBI HA MECTOPOXKICHUHU.

B rmaBe conuanbHas OTBETCTBEHHOCTh BBISIBIICHBI BpeAHBbIC (DAKTOPHI,
BIIMSIONIME Ha OKPYXAIOIIYIO Cpeay, IpH omeparusx o0paboTok mpu3aboWHON
30HBI U Mephl 0€30macHOCTH IO paboTe C XMMpeareHTaMu, a TakKe MEpBI 110

NpCA0TBPAIICHUIO ITOITa/IaHNA XUMHUYICCKUX BCIICCTB B BOOAOCMbBI U IIOYBY.
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