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more than 300 words, with no illustrations, unless the paper is specifically released to the press
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AB0 TRACT ThTRODUCTION

Interpretatien of the infomation obtained The knowledce of injectc4 fluil movenent in
from well prafilco is not an exact e:ience. and adjacent to the torehole in un npproach to
Freliminary interprvtation is subject to local datemining rencrvoir tchavior,
conditions, e.vporience, and perfomance data.
As with all types of log interpretatien, otler Interpretatien of these cM:ervations in not
curveya are sometimes required. an exnct science. Were are nsny known param-

etera that apply; tut as with all types of our-
Profilen are valuatic to supply infomation veyn, many more n.uct te anctued. Any preli:tinsry

on completion and production effici(ncy, for interpretation to cubject to alteration by local
centtui of injected vater to obtain sv.imtn eenditiona at:d experience, prict or auteequent
flood sweep, to determir.e the efficiency of the infomation from lecc and perfomaneu data, etc.
mechanical conditions of the well, tsnd to
determine the caw:n of unpre.ictable behavior Useftw nnd valid infornation can be obtained
of a well. in both pricsry nnd eccondary operationu, how-

ever, by utilizing the proper surmyo and equip-
Methods and tools arc discussed in recIcct ment for the informtion dentred. Knowledge of

to each technique * o application to the vell con. both the recponse nnd limitations of vsrious
ditions and the infomation denired. Tyriertl toolo and techniques, and the effects of ponnible
surveys ebows the capabilities an! hole enndi- or pt >bable downhole conditiona are necemeary to
tiono that can centritute to interprotutien tho correct choice.
errora. From thin discunnion, techniquea en
techniques can be selected to obtain the r.rtxtrAn To obtain the decired flood sucep, the
infomation on each well. injection vell conditiona are of the utmost

importance. Aanumptionn na to the mechanical
The future of profilen vill be dotemined conditiona of the well enn te ninlesding and

by the ability to select tho technique and the result in vacted effort. The nature of water-
development of well historien to enable further flood operntionn crentco msny problema in that
. interpretation of the infomation obtslued. the vella are not new, records arn comotices

inadequate, original ccupintiona are not effici-
ent, nn1 equireent la warn. Injectivity profiles

Deferencen und illustrationn at end of teatier. can provide noot of the annvero to queutionn

9512150163 85 - - -

POR ADOCK 04 7 ^7' ' m
C ' - ' -

m



n

MAXIMII41GE OF WELL PROFILE INFO!MATION CpE-1",292*
.

,

concerning the condition of a well, bility or porosity.
,

Profiles are used to determine a vide Toola U;edt

variety of downhole co.litions in both injection
vells and producing wells in waterflood opera. A. Simple crusna detector
tions. Various tools and techniques are avail- B. Ga=a detector with attached dump

able to meet all vell conditions. The two t0st baller
cotxsonly used are the tracejector with dual
detectors and the packer spinner tool, supported Mstorials

by calipers and temperature tools as required
(Fig,lj. A. Solid particles [ sand-renins-

flakes]
FFASE FOR PROFIII3 B. Miscible carriers (vater-oil-

benzene]
1. To confir= predicted perfomance or

detemine cause of unpredictable behavior by: Applications:

A. Initial injection (or production] pat- A. In lost circulation zones
tem. B. In core channels

B. Initial physical problems (thief zones, C. In determining effectiveneso of

channele, partinc plancs, etc. ]. stimulation

C. Stabilized injection patterna.
D. Developed or induced problems. Expanded or LmProved Tracer

2. To deter =ine effective zone flooding by Analytical runs are rede by releasing mis-

obeervity effecta of: cible unterial into the ficv stren s at selected
points [abave zone, bottoms and tops of notiec

A. Precsure tuild-up, and/or perforations, etc. ) . The path and
B. Fill-up. amount and rate of dissipaticn or fluchind 13

C. Flushinc or top waahinc. obnerved by cucceceive loCding runn threuch the
D. Vertical sweep. zone of interent (Fic. 3]. The ch tracter of
E. Fomation solubility or "veatherinc". these cheervationb in interpreted to locate

F. Plucginc. zonco of fluid neceptance, channels, thin zones
or bed linc plance toth in and cut of zone or

3 Tu assist in detemininc economic behind the pipe. Zonen of fluid acceptance in
feasibility ty adjacent strinca and/or by specirdized veli

equipnent [c1 coves, plug valveo,'etc.). Only
A. Indientingextentofpreparationand/or clicht quantitative infor:ntion ic available by

remedlul varn needed for effective operation, this nothzij nni irregular bord. ole, scrde,

D. Detemining optiau;n rates and prccsures paraffin depocito, etc., can cauae miel(.aslire

needed. recults where no cupporting infumation la

C. Ot.servinc formation characteristica available,

under actual operation.
Tmin tbedi

!+ . To detert:ine effectivenesa of stimula-
tion rud corrective measures by c: parison of Gama detector with ejector capable of
perfor.mnce resulto correlated with subsequent repeated and vnriable placement of radio-

curveys. active reateritda.

METHom AND TOO!.'i Ritorirdn :

lpanie Tracero Mincible ard conpatible carriera,
either liquid or cas.

Radioactive matterial in introduecd into
fluid atreu at the surface or du ped in the holt. Appliestionnt

above tho zone with dtep Lailor and its path of
travel and accu .ulation observed by cuecensive A. In qualitative analynic of zonen

loddinc runs over the zone of interest (Fic. 2]. and channula accepting fluid

Qualitativo evaluation la derived from the points, D. In pinnning of loggira techniquas

of accumulation as indicated by cv.sa leg. Vary to obtain guttnLitativo infomation from

little control can to exerted once the naterial profiles

is placed, and conalderable maskinc of true C. In supporting information derived

infomation can result from screentra, sprendite, by other meana (velocitien-flovmeter-
ard full-out. Ecco= ended for frac traecr (cand ternpo ruturo ] .
or recins) and zonen of extren.ely high pcmen-

_ _ _ _ _ _ _ _ - - - _ _ _
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Quantitative Rates zone and storped at a selected position. A
packer or deflector la exptatled againal the

Velocity deteminatioco are made by posi. borehole valla, diverting all, or n known incre-

tioning the tool at a pre-selected point in the ment, of the moving fluid through the meterine'

borehole and a s=all rc:;ount of caterial re- device. E in rate of flow in transmitted to the

1 cased. Ec transiticna over a known distanec curface and recorded as volu.e or percentage of

is recorded and the rate of fluid movement over flow. The tool is then released and moved to

that interval calculated by volu c of interval another position and the process repeated. 2

vs transit time. Variations in indicated vol. voices recorded at each ctation are plotted ant

use are then plotted as injection profile. the praduction or injecticn profiled derived

2ere are several =cthods of determining rate from thece plota. Accuracy in excellent whero

of flow: good packoff or icolaticn can be obtained; but
channela uutolde pipe, er vertical crocien m.1

A. The standing velocity or cultiple fracturind near the Lorchule rtilev fluid by "t a;n

turst. 15terial is released and time =cacured in u:Gutavn amounts. |Ost of thece toolo nre

over a civen icncth cf tool (Fig. 4]. This limited in Lorehole size to seven in.; therd-
procedure is repeated at each staticu. fore, flonetera are not reevnmended for chat

B. Controlled interval or sincle burnt. or enlarced holen. Were toalo are excellent
Ibterial is released and the tool lowered to n for production evaluation tull for use with be-

pre-celected peint, transit time recerded and hole fluid denciemeter to define voluaco of the

the tool again movel to a cu:eeceively lover various fluidc m3ving in the Lorehole. Teper t-

point, etc. (Fig. 5]. There resultant transit ture in canaidered, cince the peker elernta en
som tools are limited to 10GF.ticca are corputed to a cculative tim plot ru;d

reltited to flev rate between intervala of
Tool 6 UMc !!inopecticn.

C. Controlled time plot, sincle turnt.
Ihterial is releted and the tual inne 31ately A turbine er metering device capable of

lowered well beled the material. A logging run beind lowered into the hole arrl recordirc
10 made a* tm index tir.c interynl, notird the either all, ur a known porti(n, of th(

position of the caterift1 in the hole (ric. 6]. fluide r.oving at raty given point.

This process ic repated at precise tim inter-
vale tai the variaticna cf dicta:.ee or ciud D t"Pi"l"I

travel per unit cf time plotted na rate of flow.
Ihme, with the excer tion of an u,pnj-

(All selecity technique: are suty.et to error able In:ker of L1adler used on oeveral of
fran hytrulic dinnetera, torchole J .nfigurn- the toolD.

tica, ones of fluid ecre::;, inrecurate cali-
pe re , c har.nc ic , e t c . ; and s he n us e d at the cale APPIlcutionU3
technique, fall chcrt of emplete infonnticn.
D aults chau21 Le cupportel ty cr.e ur more cf A. In qtumt'tative determ!wstimn of
the other :eth;1c far a : urate deter =inat1<n of flulin mving at ray given poin; [F;g. ,)

conditicns.) D. In identificatien anl icolution of
thin zonen a:Id/or h alec in encing

Toole U mi C. In production evalu'.ttrn (at nec and
ruten of production defirml]

D. In dcLerminind vptinm produ tionOv.ta detectar with ejector or ener.
Cirer carabic of releasing enall rmuntu of raten (fluvicc or gaa lif t vella j
radioactive material to the ficv ctreto. E. In evalustion of cticulntion treat-

mente rtn3 remdial vark

thto riale t
forcho3 n Fluid T&ntf r!ntion

A. Mincible or comptible crtrrier

B. Calid or ionizind nodule or pill A birehole Fluid D nalmeter la lwered to
zom. of in% tion anl a kg vr plot of relative

ArPlientinnri denniti"n at varioun d otha made by two loccing
techniquen, station cettinga or uttutdire rea.1-

A. In quantitative arealynic of rate of ings, ani continuaun leccing run. A cruple of

flutd mycaer.t rtt oclected depthn in the the torehole fluida in imprenced neruna the

borehole to dator ::trie injection prvfile or dotecting elemnta nrri the zvcultant chancea in'

p t to rn. density or reaintunee are plutte i rta fluid iden-

B. In lending quantitative values to tification at their ruwsttive depthu (Fic. 9].

the infur:ntica de rived by othe r twthoda. Ilich reuulution in pcrattle with cslibrated un-
nitivitica. Interpretation to cinple in two-

Volu .etric tyreurmn',n phane flow, moro complicated in three-l hme
~~~

cyctema cince the densitica of the total fluidaA Flovmeter Tool (Fig. 7] in lowered into
-
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listed here. The group discussed chould provideat any Civen point are recorded. Velocity
effects in compressible fluida must te recon. a good crocc-cection for underctanding, since

all others in use at the precent time are varia-
ciled by surface caletttations and dovttole
volu:r.etric r;easurements with n flometer. Iden. tions on the main theme and can te studied at
tification of static or moving fluids is also a lencth in individtrtl articles,

flowreter function. Loc is not recor:~ ended CC;;DITIONS A!TD RECNIIML*TS FOR CIEMf3
where production is 90 per cent water, or more.

Tools U;cd; Fluid movement analysic in subject to a
great nu~ber of conutantly chancinc cou 11tions,

ibvnhole tools enpable of detecting come pmwn and su only accred. To obtain

differences in barchole fluida at an'y depth the moat infomation at the least expence, we
raust reduce theoc varittbles rmd ure.novna na muchin the vell (Fic. 10]. OcVeral r:ethodo nre

used, i.e., resistance betscen electrodes, na poccible.

capacitance, ocnic detectorc ud radiation
de te :te rs . The last la the most co=cnly Pre-job preparation chould inclulu reveral

itema to assure efficient operation tuvl valid
used, since the parte.eters af fecting the
detectors are mare simply recognized anj reaulta, i.e.:

controlled.
A. A check on the physical and mechanical

conditions ot' the vell. Numercua jaca have teenihte rinis r
cancelled or delayed tecause of rectrictc1 tut-

One inc, pin collara, pachera net below lerfora-
tions, undue fill-up, improper valvinc, etc.

D. Positive control of injecticn or pro-Applientions: duction fluida [mlven, netera, chckcc, etc. ]
A. In qualitativ : 1&ntifiention of C. Curface iniicati;n of rateo a..d pren-

cures for currolaticn to prof fic renttltsborehole fluida in place
D. Ctabill ntion. '1hi s in of prir.e irror-B. In quwtitative analynia of prc<!u::.

t4nce. Welle fluctuating in estea require r.uchtion in two- r.nl three-Dree cyatenc
C. In deter"dning gaa/ ail / vater con. lencer to curvey, cince each realinc must le

reconciled with the total rate at that *x .nt.tn:ts .

D. In pinpointing cas anl all er.try Osme zonec are i 41 uteed quite critically, and

points may take fluid at une rate and preccuru and nat
at rmother.

Tom; erature Analvnis E. A hiatory of tr.e vdl, cuch ac loca,
^ ~

litholody, completicn proceduren, verkovera,

The tenp0rature tool has t een ucri, both etc., should Le availatle far reference, an well

cuecescrully nnl uncu2cmfully, in et vi te nn rtny unusual cor.ditienc in the project (brev.-
variety of airlict ticna, kn1 much haa teen throuch, cenling, rarid prucure chnnges, Ilug-

vritten of thece efforts by authorn cu;h na Cindl* A lud shovir.c cor.c imunual reaults e.ay
lueno, l'ird, Dale, Fr.cy, Lvr k, Terry an! he recalved by the firct alte rnate te chnittua,

othero. An oatst u lirg atuiy rtn1 campilation cf inntc al of "riching" or elimirrt'.ing punait tli-

these recorde van presented by Elvttrd T. ties by t rial-nrn!-crror tr.cthudr, .

Connolly with Iy erial Oil Limited of Canada.3
For purpoces of t revity, vc ths11 diaeu's the Opoeial well conditior.s or nua;eatel diffi-

Tegerature loc as suppurtir.c infor ation re. cult legginc conditionr: in rt propoced flot a enn

lated to fluti roverm.t runtlyaic, or flow chara . many timca te alleviated namhat by dreiding

teristice and evaluttian. the type infonration neede i nni trtiloring the
well cet-up to fit the tooln indiented. In the

Tooln U ed; crwe of the dual injector (Fig.11], n ulidirig
nieeve vrw installed Juct nbove the pncher nn i
well telow the zone of interect. Damal injee-A lovnhole t %1 enpe le of datecting

slicht chancco in toreholo tt;qeraturec, either tion m dan the nr.nular craw; tut when cur-

abnolute or differentird, rtnd trann nitting thin veyo vtre needed, a plu;; wrw droIIed on the cunt.

information to the curfnee for recording. The sliding valve van opened, niloving injuctivn
into the tune frun the tubing. After cuffielent

pointe for Armivaisig uttsbilization period the curvey wac run from
^

innide the tubing by ejecting sutterini fr< m the

A. Injection profilee tool; tind ti uir:ple ar.nular velocity lod an.1

11 . Frneturus tuvi stir.ulation tracer van *m urvard frum the buttom of thn
C. Production analycin [can entry} zune.

Comunicr tion [rroiucing welle]D. a
!*lFCTION OF TmMILUy3

Ocyornl tvolo nn! techniques have r.ot teen The itethodu nnI techniqueo avnlinble for
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fluid movement analysis are legion, each having Ulin conco or single-point perforationa may

both strond and vcak points. The information be qualitatively analyzed by either a basic

obtained frcm these operations in overlappind; tracer run or analytical runs (injection volls

but one type may be inndcquate in an aren in or " pump in" production logs] where conditions
vhich another is strong, i.e., a velocity pro- prevent use of flovmeter.*

file alone eny leave doubt na to a channel
behind the pipe and conversely, nnalytical runs Areno of known corrosion build-up reculting

may chov the channel with good detail tut ' he in decrenced or erratic borehole dimetero aret

distribution percentages may be crently in best quantitatively curveyed by the flovmeter,
error, unless the build-up prohibito the une of packers

(sharp projectiona j or tends to flake off, plug-
As with primary legs, complete information ging the turbine.

can be obtained by running all the surveye
offered by coveral different companies, but the Extremely low rates decrease the accuracy

coct would to prchibitive. A ecebination of of all radiation-type techniquen ani increase

Several of these technique 0 in a Qingle preSen. the ti::e needed to obtain a survey, but a cinute

tation is available from a limited number of breakdown of low rateu cay cause several runs

with a flow.cter to chance turbinco.) Ihtesservice companies at precent, but even thece
cust be sdapted to the particular conditions of lover than ceven p/D cannot be detected with
each job. flovmeter.

Flexibility of tool selection 10 coverned llich prescurca limit tools to thoce with

by several acpects. One consideration, for enough weight ta overeo ,e precsure interference

example, is phycieal set-up. C:all dimeter or necencitate the use of opecial surfnce equip-

tubing and/cr packers (1-in. tubing - cc nent. ment (nt extra coctJ.
lined E-in. tubicc limits the teolo presently
availabic to the traect-tyre prubeu with cincle Thece and esny nore y roblenn or considern-
detectors and/or less ccnaltive ecmponents, tions affect the choice of tools and techniques.

thus limiting the A: cunt and quslity of the Miene are tetter nucccated by one who in famil-

infornti _ a re ceived. ] Dual strinc injecterr, iar with all the linitationo of tools and

rmi tanular injectica set-upa require special methodn.
attentien in tool nrrecement and techniques.
luterial cust be introduced ir.to cne ctrem und Die engineer in charce of the project

loged from incide the aljaining tubing to pre. chould determine tia major point of interest and

vent hwcing teals. Dxtl detectors at various discuso thin and any knavn vell or field condi-

apacince tant be used if velocitieu are to te tic nc with the cervice company reprecentative

obtained. Miscille raitoactive anteriala nuat befom peritively colecting the tyre of service

te uned in there inctarces to prevent maching t.oct needed. 'ihin allove tniloring the nervice

effect in th? t.nnulus . to a particular condition and reduces the
probability oi inadequate informaticn.

Ilich injection or prMuction rates asy
affect the choice of tools, cince the fluvmeter MT TYI ' % P!MII"3 DMCIEED DY
hac definite rate linits and the rato any have FullD |t 9.nMN AwdMR
to to altered to alluv eurveyind. This can, in
turn, alter the actual profile until it is ng Corverting fielde to floM nni preocure

longer representatise cf normal cenditicnn. Enihte snee generates msny problems, cinee old
vello are nor: rally und for injectorn. Becords

A cuapectel tedling plane or thin venthemd are unus11y inadequato; perforationn . cay to
and croled zona eny call for a flov eter for plucced or r.cVer have exiated; cone zcnen may te>

pinpoint deterninstien, tut n log in an area of mre preenure censitive than uthers; liner topo

known cherieling ehould definitely include tooln may leak or chsnnele my exint that never chov

cap tble of detecting and delinenting n channel. durind the production g ericd.
,

Producing vello cuat have both flav .eter one exte::ple of thene probleme in the well

and borehole fluid dencioneter fur complete [F16 1D] shich van converted to inji.ction,
analyaic, but qualitative identification of gas una C ' n11 perforntions open nnd open-hole

entry zones can te accompliched with B.F.D. pa rac t . ; equal to those in the perforated

alone at n ecnalderable cavinca la total job interval . Profilca run after t so trantha inJee-
expense. tion chwed only one not of perforationn und a

portion of the open hole accepting fluid. Inter

A quantitative breakdown of total producea remedial vark re-opened plucced perroratiena and
fluida can be the function of flovmeter alone, adjusted profile until it vna neceptable,

with slight indication cf cas breakout or entry

into borehole [ erratic nnd unstable renetton or !!at all forrationn necept fluidn at the

turbine } . chme prennurt 6nd rate. Profiles run nt two

-
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different rateo [ Fig.13), choved that patterns and bedding plane at 4,960 ft na the point
altered considerably by rate 1. crease. Ectter accepting ucarly all the fluid. In this manner,

distribution of fluida at highez rates indicate an inc.ediate problem has been identified and a
that the nomal rate of injectica should be possible troublesome formation characteriutic
increased. pointed out for further reference.

Wells in the same field do not renet in the Fic.19 is a ebart of the incidence of some
same manner, as shown in Fig.14. The three of the problema encotettered in various fielda.
Wells, althaugh completed in the came fomations
at approxi;rately the same senea, show different, All injection problema nre not incumount-

profiles when surveyed. To obtain efficient able, havcVer. Profilea can be chanced by sev-
svecp, remedial action must be taken to make eral different methoda. An undanirable profile

these injecticn patterns acceptable. may many times te made more acceptable by the 1

simple expedient of chancing ratea cund pren-
'

Liner tops always varrant inventicatien. cures. In the ence of relatively new flocl

In Fig. 15, ve find that all injected fluido are effortc, the adverse effect of oriented frac-
Ileaving the borehale at th'e top of the liner. tures, or directional permerttility, can bc

In this insttmee, a simple squee:c job corrected changed by chancing the pocitis.n or orientation i

the situstion. of the injection vello. (Mosa Unit Flood -
1?etor County, Tux.}

Casing chcen are another trouble point in
many old fields. In Fic. 16, all fluida are F.xtreme localized conditis ac may dictate

leaving at, or just belcv, the shee. When this alterations of injection technique, cu;h nn the !
'

condition is cbserved, a channel is imediately intermittent injectica used in the Gprayterry

euspected. Trend aren.

Profiles alone da nat detemine the exis- Individual vella respond to rt edial work

tence or extent of a ch tanel. I,:t' a folluv the in r.any enaco rmd pludginc acer.ta are nuw

technique of further walycio after determining receiving a lot of intercat. !;.:V materiala and

that all fluids are Icavir.g rit the caaing cent, methods are being deviced nni tested, or.e of
I

A further cheek is rate for channelinc by pcsi- which has t een comparatively cucee.:sful (Fic.
tioning the tool at a paint above the ensing 20].
Deat (Fig.17] and ejecting another tur.:t ur
radioactive .atcrial. fWeardincs of thc rene- The two profiles chown here are the before

tion cf totn detectora are run for a perica of nnd after trufilen illu trating tho reaulta of n

time and the ceconhry rcactions interpreted ne chenical gruut rqplication to un unacceptable

fluid moving up outside the cacinc to a point p rofile . l'uch of the injected fluid van cran-.

opposite cr uteve the detectar. (!:'te reactions nelinc nraurri the caning cest na vell tu t eing

detector 2 nnd deteetcr 1 after the initial injected into un unicairnblo ztne. Appliention

burs t . ] of the A!P) crautinc naterial chanced the injec-
tion pattern into one more nestly conntitle

For further information as to the ch umci, with the flood endeavor.

ve must foll:V the path of the rnlioactive
materini (Fic. 10j. In this instance, ceverni CO:mtTIO!;n CNtfRIrtrtu T0 rwon

other ccnciderations entered into the nnalynia.
First, the 100 rer cent rate inliented by the All sur.cyn are either necepted na being

velocity in the pipe vss r;ot ccn31ctent with the correct, or rejecte 1 Leenuac of inemplete or
indiented rate at the surface. Seconi, there var irrational recults. These errntie reculte enn

abnomal netien of the censitive collar locutor cemetiren be ration 411:cd or the reaccue far

at a point two jointo rttove the enainc rshoe. A them c11minated or accounted for 1 y recognizing

new burst of radic,nctive material vaa ejected como of the conditiona that produce them.

above this point, ani its movenent traced by
successive larging runs. !*ste tutt in runs one, Mm r.nehunleal or volumetric tooln are cub-
two and three,1:::.edirste tuild-up of radioactive ject to error or difficulty in oMrntion by

matcritti, or profilind, is apparent above the neveral coalitiono,

casing shoe, although the main body of the slug
han not yet reached the choc. The tuild-up, or In ennen of fluid by-paca, all readinen nre

pnth, of radicactivity indicaten that a portion compared to the totral flow or 300 per cent ren1-

of the rsaterial in leaving the borehole at ing at n Wint that nacureu total fluida cuving

approximately 4,900 ft and covinc down cutaion (in encing or tubing ntove any Nuf ble :enn of

the pi p to nbout 4,W d ft. We main be.dy of the fluid leon]. The packer in cet rud n tatni
burnt caves dovtrsard to the casing choc an1 chnn. fluid flow in diverted through the turuine. All

nels back up outside tha pipe to abwt 4,730 ft, future rendince are catrared with thlo rate.
The sequence of build-u;) red disairstion of As uming a tot cent at ench octting, the rend-

rtidioactive material identifica the thin zone incu would reflJet all fluid moving rat that dept!

_.

%g
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with a valid loc resultinc. Some for: rations, the more incidious hasardc. Conacquently, a

however, have vertical fractures or errocion great renotmt of cure and experience cuat be used

extending past the perireter of the borehole, in determining the reculto.

When the packer is set total seal does not
recult. This allavs a portion of the fluid to One of the more troubleseme, but raore'

move outside the tool and not be measured by readily identifiabic erroco, is that effective

the turbine rotation. The resultant lec re- hydraulic diteeter.

flects less than the actual fluid movinc in the
borehole. The error in then reflected in the Mm effective velocity stream is affected

profile calculated from the volte::es indicated. by such conditican as proximity to tubing or
liner top, perforationc [both type and density],

An example of thin type of error la shown :onca of larce fluid loca, ensing i.cato, bore-

in Fic. 21. A flovmeter vaa run and the larger hole size tuti configurntienc, ratec at any given

portion of fluids was lost above 4,670 ft. point downhole, position of teol in vell, and
others.

Subsequent readinca belov 4,870 ft shoved
tm apparent increase in voltete of fluid moving Come of the problena exictent in loccinc

in the borehole, indicating a poccible zone of under these conditions can be seen in Fic. 23
discharge telow that point. The totalc of all Note obvious chances in velocity, ruri that true

the readings dictate 1 a profile na chovn, with diameter doca not neccesarily :tenn trun hydraul-

a zone in the center of the section discharging ic ditneter. Turtulence and fluid trapn ettu

fluids to the borehole. There was no reverse retain enough caterial to confute a tracer run.

flow obcerved, haveser; and thic, coupled with Velocity chots alone would be very erratie, nu
the engineer's infumation as to the femation chown in Fic. 24 [per cent fluid remaining in

charactcristics, led him to relieve that fluid borehole ] . Careful use of ceveral of the
vaa by'-passind the flv.teter oser the upper techniques available would le needed to recon-

Iorcion of the ::cne. cile the resulta and obtain a valid profile.

A rMicactive profile [ velocity and analyt- Gume of the erratic reaults in ensed hole
ical runs] was run tc1 the recultsnt profile in can be made more canciatent by centralizing the

chavn in Fig. 22, cc psred with the incurrect tool; but in irregular open hole, there is littlt

resultc frun the floater. An seen, the to be gained. Effectise cluc or naterini dir>-
rer,ults chov almcct all the water 1 caving near peraal in the total fluid rtrern ic nnother

the botton of the well. merms of cinimizind this error.

M.c flov .eter resulte, though in error, Effective hydraulic din.wtern c'tn also te

proved a lecilized corriiticn of the fowaticu-- n1terc ! ty nica% nort pertifin, or ecale tutid-
that vertical fracturen exf at in the utper lor- up through ar.1 nij scent to the injection rene,

tion of the :me, but do not extend through the The actual fluid t.trena ditueter may te reduced
it:percentle so:.e frum 4,%0 to 4,9% f t. to two in., or Jean. In the cem of alcac or

other cort deponits, the callrer may not in11cate
paraffin or rticao in rmall qu mtitica erm thin reductit u cinco the lera protru te throur,h

restrict the rotatien of the turbine to a point it. In thic iretance, ditmter reference for
that erroneous readincn res. ult. large qu wti- velocity determin'stion vaull to completely in
ties of praffin, na vell to caad, nerde ru.d error. idcae, baaterin, imd prrafin hwe other
other debris, cem I ud turbine coupletely. undecirnble side effecto, in that radioactivol

materinl h*ta rm uffinity to hydrocurbena. Dvtll
Sulphate or Culphidc crystalo form deposita, or bubblea, of oil nectenuluto rallo-

"neettles" and charp projectionn that conctimes active mrtterial tuti cive the errt navun interpre-
puncture et floater pacher or cause " pin-holen* tution of profilinc awl fluid 1000 at that
that n.ake complete p ckoff impunalble. point.

Unctable and very lov preocure or vaeutn Fluido channeling between Ierforaticnn to a
conditions ururdly recult in erronequa loga, if point behind the p!N ern often indicate fluid
thd readings taken at any cingle interval are loan ht the top or buttom of a cet of perfora-

*

not ruce,nciltd with the tottd rato at that tiw . tionn. Actual 2nno of fluid entry into the for-
Usurtily these pulcationn vill folluu a time mation can te at a poin+ vell renoved frum the
pattern or cycle. Vnitd resulta et a be obtained perforated intervrde. Care in choorvation of

ty reonitoring the entiro cycle and compring material disci ption can identify thone zonen,*

,

total resulta ut each staticn. "Lno cwappind"- howe ver.
cnn also be a Trublen in interpretation, if not
re cognized. Ivu:k-flow, high precoum diachnrc% :one

nvoppinc, tmetable conditionc, etc., alco c.frect
'Ihc radioactivity typen of surveyc, when the reaults of n tradiunctive-tyro curvey -na vitt

used in indivi:!aal technie.ucu, nrt cubject to the flovmoter. Theco erratic reaulta con te

m
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rationalized, however, by proper manipulation of Conversely, expensive work-overa to improve
other techniques. injection into come zones have been curtniled

when profile series indicated n zone to be
Extremely lov injection raten increase the flooded out.

error in profile determination, since the
velocities are based upon cohesive slug travel. The projection of the romations in a West
As rates are reduced, the material tet.ds to Texas flood, no shown in Fig. CS, should serve
spread and reactions are much less pronounced, to strccc the ec=plexity of the problema inher-

causity time intervals to be more subject to ent in eccondary recovery operations.

error.<- .

j

The era of fluid move =cnt analysia no a
-

Tl?4PERATUIC IDGS helpful tool is Juat dawning. Caution uhould Le
taken in the future to prevent inadequate or s

Though much study has been done on te=per- crroneow profile infomation.

nture logs as a waterflood monitoring device, j
no recthod of conciatent quantitative evaluation IEFEIECES

!using them has been diceovered. The qualitative
infomatien overlara with, and is uaually cuch 1. /dberts, A. A. rmd Cocanever, H. D.: "Appli-
less defined thaa, the results of other types of cation of.Indioicotopea to Guh-Ourface

curveys. The tc=perature log is c:;od supporting Curveys", Paper ::a. 3)8-G, preacuted at AnZ
evidence to other resulta, however, rmd adds n IJmual !beting, O m Antonio, Tex. (Oct.,
depth of investication into rumther dis;uted 1%4].
condition--crocs flav vithin the formation due 2. Johnr.on, Wallace nn 1 !!arrie, Billy P.:
to vertical pementility or fractures. "Ibview of Tracer Curveys", Ihier I;o. 900-9

. F, API, Southveat District Divicion of Prc-

Special attention cust be given to opernt- duction, !!idland, Tex. [?hreh 16, l')(A),
ing technique rmd run ceries, ainee the princi. p. Connolly, Edward T.! "Ikcuw red Current
ple of interpretation in the comparinon of Statua en the Uae of loca in Praduation",
relative rate of ccolinc cr heating under con- Six th Annual Opslun Tr mci'tionn, Vol. I
trolled conditient;. Th" relat.ve twat trans. and 11, taciety or Pmfe:,ciur.at Well big
fe.r coefficiente cf caturated and uncaturated Analynts (Thy 4-7, 1965 ] .
fortritiLns cunt to compared to nomal them11 4. Gedley, J. L "!MV Flow eter Givec Water
character 1cties. Arena that do not have a irtree Injection Profilen", 011 an! Gun Jour.

tcount of controlled tenerature log infor ation [threh 12,1960} (f), ho. 11, yJ.
unually need ceveral ru:.: nt space 1 $1::.e inter- 9 Runble, R. C. : "A Subcurface Flowmeter",
vain to correctly judge the renulto.2 Trann., AIME (1%>] @ , 0 %.

6. Bird, ~J. L and 1<ullard, !!. I:. : "Uae of
The tc,grature lug ic an extremely infurn Cubaurfnee Floweter e,rri Fluid D ncity

tive tool, if uced prgerly; but exteriding it Analyzer for Stulytr.c Fluid Flu in Produe-
past its capabilitica etm produce nicir.fumation ir.g ani Injectiun Wellt", Prod. !Onthly

--or at test, no coel atable infartation. [Feb., 1 % ?] C(>, fis. P, 2.
7 Ford, W. o.: 'Huu r;ew Injectivity Profiling

FtmEE OF TEFIIIS Method Works", War 11 011 [ Aug.1,19(2} M,
th. 2, hp.

The crest vrtlue of profileo in nrr.lysind 8. Bird, J. M.! " Interpretation of Tenperature
present con 11tiens, nacir2 ting in perfortance logo", Drill. nrki Pro f. Pene. , API (1W.]
predictiona, and foreind new re r.edini develop. 107
mento, han cauue the iniustry to overlo k 9 Docno, Dm L t "Temperaturv L'gging",
momentarily the period vt.en they vill Locome Itounton Geolocical Cocluty Papera [1/ 6].
infinitely more valtable--the any in the f uturu
when a cerien of profiles Ao correlsted to knwn
perfomance of a recorvoir to deterwine vhother j
n project or flood has been exploited to its
economic limita, or not.

Although the procoon of trun profility. is
still in its infnney, enough correlative renulta
have been accumulated in certain arena to tillow
additional recovery f2un projecto apparently
depleted. Production reculto cenpared with con-
secutive profilca during tLu flooling prococo
ident1 ried tonen still unflur hed an.1 hel;ed

dotetuine the type of remedirtl work needed to
recover oil still remaining in otrata or lenneo.

- .
.
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INTERPRETATIONS OF INJECTIVITY PROFILES-

Billy P. Morris - The Western Company
R. D. Cocanover - The Western Company

ABSTRACT

The increasing knowledge of the problems of fluid injection in secondary
recovery operations has resulted in the need for improved accuracy of well
profile information

As profiling techniques have been improved and well information accumu-
lated, the importance of well conditions to the interpretation of profile

i surveys is becoming more apparant. Conditions such as changes'in tubing
or casing sizes, variations in open hole diameter, paraffin or scale de-
posits, and vertical fractures are some of the factors that cause errors
in interpretation.

The mechanical and chemical conditions, as well as the human factor, are
covered in this paper to provide the engineer with information needed and
the proper procedure to use to obtain more officient profiles.

INTRODUCTION

Fluid movement surveys, or profiles are " coming of age" in the field of
analysis. These surveys, no longer just logs with a rather nebulous
meaning, are being used to detect reservoir behavior heretofore only sus-
pected. The interest evidenced by the use of this "new" evaluation tech-
nique indicates that it should be placed in its proper perspective as a
highly informative survey. The information can only be obtained, however,
if the survey is properly executed and analyzed.

The profile log is derived from observing dynamic, or constantly changing
conditions downhole by means of one or more tools and methods. The in-

terpretation technique, therefore, must also be dynamic in its approach.
A thorough understanding of tools, their reactions, and the conditions
that cause these reactions is essential to conclusive analysis.

The tools, applications and operations have been discussed in detail in
several other publications, so only primary identification is presented
here. The basic " tools of the trade" fall into these categories:

1. Mechanical - Metering Devices Flovmeters, Spinners.

2. Radiation Detectors - Gamma Tools and Ejectors
.

3. Associated Tools - Borchole Fluid Analyzers, Samplers,
Manometers, Temperature,. Calipers, etc.

g..
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MECHANICAL TOOLS

| Assuming absolute or ideal conditions, the mechanical tools probably pre-
| sent fewer probicms in interpreting since the signals are usually presented

| as a direct readout, and can be calibrated for accurate quantitative results. -

i Interpretation of the results falls into the realm of placement technique
and controlled conditions rather than of the actual readings. For example:

(Figure 1 ) This well in a Yates Sand Flood showed good distribution into
the upper zones at 400 BRpD and 540 psi surface injection pressures. The

l survey was run under stabilized conditions and found to repeat over a period
of several hours. Initial stabilization occurred in apprpximately 4-1/2 I

hours and the resultant survey showed that 77% of the additional 180 BRpD
was being distributed rather equally over a 15 foot interval of the lower
end. Three (3) hours later, however, a slight increase in pressure (20
pounds) and a rate decrease to 520 BMPD prompted another profile run. The
results showed that now only one foot (or less) of the lower pay was accep-
ting water, and the upper zone was actually accepting less than at the
original rates and pressures. This condition continued for approximately
2 hours, after which time the survey was terminated. Interpretation of
results seems to indicate that exceeding the initial rates and pressures
did not result in better distribution, but poorer results, and that both
zones could not be flooded simultaneously without additional preparation
or equipment. The lower zone appeared to accept fluid only so fast (or
only a small volume) and the thin section in the lower zone broke down
when pressures exceeded 650 pounds. This information is supported by the
history of numerous premature breakthroughs in this area.

Results are not always so concrete.however, and the reasons are sometimes
operational in nature. The spinner and flowmeter both have similar short-
comings in accuracy.

Fluid Bypass - the reaction of the tools depends upon fluid impressed across
the turbine or spinner (Figure 2 ). As the blades are energized, a pressure
differential is formed across them. The differential, though slight, is
sufficient to force an increment of fluid past the tool outside the perimeter
of the spinner, if the space is not completely scaled. This amount could be
calculated if the exact bypass and precise rate at that point were known,
but in actual operation these are some of the variables to be determined.
The percentage bypassing the spinner would change with every rate or bore-
hole change, and since the survey is attempting to determine the rates at
dif ferent depths, this parameter is not availabic to " plug in" to formu-

,

| lation. Moving the spinner, as in the continuous log, serves to increase

I the probabic error, reducing the survey to only a relative pattern of
' injection.

,

The packer' type flowmeter (Figure _p_) fares only slightly better under
bypass conditions. Ihe calfper cannot serve as a guideline since, presum- '

ably, the bypass area is scaled by the packer. A small bypass area outside
the perimeter of the borehole or casing would result in a small increment
of fluid passing undetected, while a larger one would result in greater
error at the same injection rates. The chart of differential pressures vs
operating capacity calls attention to the lower two-thirds of the capacity.

2-.
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production rates were determined by examining the profile results and the
stimulation results were judged inadequate. Subsequent re-treatment re-

suited in increased production. A point to remember when evaluating flow-
meter production logs is the calibration system used for the tools. Most
surface conditions dictate the calibration curves be derived with a con-
stant medium such as water or refined oil. The volumes are usually ex-
pressed in BWPD,

When calculating downhole flowing volumes of oil and gas, the results must
be reconciled and corrected to the calibration medium. GOR's, pressures
shrinkage, etc. must be considered to reduce the indicated downhole volumes

,
to the actual calibration volumes before the true profile can be determined. I

The proper values for these corrections should be determined by a production
test during the survey, since a previous test is not necessarily indicative
of constant or current conditions.

1otal equivalent volunes downhole (gas, oil 6 unter) cannot exceed the volume
capacity of the flowmeter tools. The packing element begins to bypass fluid
and be " swept away" from the sides of the hole at approximately 12-14 #
differential and above this point the element will burst or the tool forced
up hole. Always check with the service company's operating engineer for the
limitations of each tool and well set up.

Ocbris (sand, scale, algea, paraffin and precipitates, etc.) also cause
operational probier:s (Reference 1 ) due to the precise construction of the
tools. The conditions are often severe enough to make logging impractical
by this method. There are no operating techniques or methods available for
correction when this occurs and another method of surveying should be inves-
tigated. Temperature in producing wells becomes a problem since the
materials used in the packing element become permeabic to gas at 180 or
above and lose clasticity and tensil strength.

RADIATION DETECTORS

Profiles obtained using tracer ejectors and multiple radiation detectors
provide a combination of methods to measure fluid movement in the borehole
and behind the tubing or casing. The use of solution tracers have been
found to provide more reliable interpretations than the earlier activated

solids. (Ref. 4)

The velocity type survey utilizing the dual detector system has climinated
the human error present in the single detector tools. The interpretation
of the information obtained requires a knowledge of the fluid flow types
and the burchole mechanical conditions.

'

FLUID FLOW CON 3IDERATIONS

The interpretation of time readings has customarily been made on the basis
of piston type displacement between the two detectors and utilizing the
calip ed hole diameter over the interval to determine the volume rate of

4
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flow. (Ref. 5) It is possibic that in some cases such interpretations <

.

could be correct, but quite cicarly it would only be happenstance, and
could be in error by 20 to 1007..

The reasons for such large errors can be described as follows. The initial

discussion is based on fluid flow in a round circular pipe without a logging
tool being present. When a fluid flows in a pipe, there exists a continuous
increase in velocity from the wall to the center of the pipe. At the wall

of the pipe the water velocity is zero and increases to a maximum velocity
at the center of the pipe. The maximum water velocity in the center may
range from 20 percent to 100 percent greater than the average water velocity.
This large dif ference between the average and maximum water velocity depends
primarily on the Reynolds number of the fluid. Figure 8 shows a plot of the

daily injection rate in barrels / day versus Reynolds number DV /u for variousp
pipe sizes. This chart was constructed for a salt water of 64.7 lbs./cu. ft.
density and temperature of 90 F., which is believed to be suf ficiently rep-

resentative to have fairly general application of water injection service.

The interpretation of the transit times on the dual gamma ray tool should
consider three fica regimes. (Turbulent, Transition, and Streamline)

Turbulent Flow:

Turbulent flow of water occurs when the Reynolds number execeds 2,850. This
number represents an average value and can vary. Reviewing Figure 8, it
will be seen that turbulent flow will occur in the tubing and for a con-
siderabic distance into the open hole for most all water injection wells
serviced thus far. Turbulent flow provides for mixing inside of the fluid,
but the average fluid velocity will range from about 0.72 to 0.82 of the
fastest streamline measured in the center of the hole. If the water in-
jection rate is 1,000 barrels of water per day through 2" tubing, Figure 8
shows that this corresponds to a Reynolds number of 50,000. For this case,
the average water velocity is only 0.805 of the maximum water velocity.

Transition Zone

The flow regime changes from turbulent to stren.line as the Reynolds number
decreases from 2,850 to 2,100. Referring to Figure 8, it is seen that a
flow of 200 barrels / day in 9" open hole results in a Reynolds number of
2,500. This is in the transition region and the average velocity may range
from 0.5 to 0.72 times the maximum velocity. This is based on circular
hole without the tool present. The t ransition zone should be studied care-
fully, Since this is a region of uncertainty, it is suggested that the
remainder of the interpretation start at the bottom of the hole and work up.

Streamline Flow Zone
.

For an injection profile, the flow will always be streamline at the bottom
of the hole as the water rate is near zeto. In the streamline region, the

,

average water velocity is one-half the maximum water velocity. This value
of 0.5 was developed for circular pipe without a logging tool present.

.s.
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The transition to turbulent flow occurs as follows:

Hole Size Transition Water Rate bbis/ day

5 in, pipe 80
6-5/8 in, pipe 115
9-5/8 in, pipe 170
12 in, hole size 220
16 in. hole size 290
20 in, hole size 370
28 in, hole size 510

From the above table,it is seen that for a water injection rate of 1.000
barrels of water per day, 80 to 90 percent of the injected unter will be
calculated as a tarbulent flow problem. Only the lower 100 to 200 bbls,
a day rate will be in the streamline region for holes of 6-5/8" to 12"
diameter.

!

In the streamline region the velocity ration is constant as 0.5. There jis a sharp increase in average to maximum velocity in the transition
'fregion at values of the Reynolds number between 2,000 and 4,000. The

velocity ration increases from 0.72 to 0.81 as the Reynolds number in-
creases to 100,000, l

It should be noted that the Reynolds number may be based on either the I

maximum or average water velocity. If the radioactive tracer is mixed
with the water by turbulence, the velocity of the fastest streamlines
will be represented by the first arrival times seen on the C/R detectors.

' Annular riov String

The presence of the C/R detector causes the water to flow in the annular
region. In an annular region, the velocity distribution is much different
than that in a round circular pipe,

pigure 9 shows the velocity distribution for streamline flow about a 1-3/8"
diameter tool in a 6-3/4" from the center and the streamlines have about the
same velocity for the radius 1.75 to 2.0 inches. The maximum water velocity
when the 1-3/8" diameter tool is present in a 6-3/4" diameter hole was cal-
culated to be a 1.55 times the average water velocity, or the average water
velocity was 0.645 times the maximum water velocity.

It should be noted that if the radioactive material only extends 1/4" from

the tool, the velocity of the streamline will be about 80 percent of the
average velocity. The tracer should be at a distance of 1" from the tool
to be in the fastest streamline for a 6-3/4" hole.

.

If the C/R tool is in a pipe smaller than 6-3/4", the average velocity in-
creases to a maximum of 0.667 times the maximum velocity.

.

-0
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I^ Turbulent Flow
'

With the G/R tool in the hole, the value of the pipe diameter in the

; Reynolds. number calculation should be represented by the ef fective diameter.
The effective diameter is caual to D hole - D tool) with the units on feet.:

; n is is the appropriate value when the tool is centered in the hole. It

i would seem likely that with turbulence being present for most of the inter-
! pretation one could feel reasonably sure that the tracer reached the fastest
| velocity zone. Without turbulence, the tracer should be sent out vith
|

sufficient velocity to reach the fastest streamline.
1

!

I BORE 1101E CONDITIONS

j Some of the present interpretativo procedures used on the dual gamma ray
j detector tool indicate that the flow in the hole below a particular point

! may be much greater than the flow above this point.

j In reviewing this problem, it was found this frequently occurred where the
caliper logs indicated a washout or enlarged hole diameter, Figure 10.i

| Interpretations for this condition could be made by assuming no fluid loss
{ and calculating the effective hole diameter for a wash-out region. Where
I fluid is going into the formation, the data vill be wrong. Areas of abrupt

) hole diameter changes or restrictions could be by-passed and velocity

|
readings made at the more uniform sectio s. The profile obtained would bc
accurate for comparisons of long intervals only. More detatted and accurate;

j profile information can be obtained using a comparison of trecer runs. A
stack plot of the tracer as shown in Figure IJ , compares favorably with the<

j velocity profile shown on the right. The tracer runs serve as an excellent
j check on doubtful areas indicated by a velocity profile,
i

! An extension of the " Stack plot" and Analytical Run Techniques now affords
i a method of accurate quantitative results from tracer runs. Analysis of

: these runs has heretofore been confined to " plate out" technique in the case
of partical tracers and rate of dissipation in the instance of solumbic'

j tracers. These methods have dealt with the amounts of tracer material
; deposited or lef t behind the moving slug or burst of tracer in the fluid

stream. no problems of erratic accumulation fluid traps material proximity
1

j to tool, extreme borehole diameter change, etc. (Ref. I t. 3) all caused

| error in the interpretation. Measuring the radiation intensity remaining

j in the fluid strenn and deducting this measurement from the total intensity
originally introduced offers a means of comparing finite valuen to derive

3

j the profile,

i
Radioactive materlato decay with a characteristic rate and intensity for!

|. cach isotopo. The emission from this decay can be measured and recorded
i by a gamma detector held in close proximity to the material. Since the
1 confines of the borehole and/or the moving stream of injection water are
|. small enough to hold all, or nearly all the moving material close to the

]
tool detector, each logging run thru a moving slug of material is a graph

l

f

i

!

! 7-
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| of activity, time and dispersal, or re-stated, the total detectable number
of gamma emissions occurring in a given section of borehole at a given

.
time. Intensity recorded varies with concentration of material, therefore,

! the same number of decay occasions can cause high recorAct deficction
|

when concentrated in a few feet, or lower deflections when spread over 20
: to 30 feet of hole
|

| Intensities will eppear higher in tubing and very small diameters of hole f
due to the total emission being held very close to the detector. The very

| wrak radiations that can be shicided by less than one inch of water are

j also detected in this inatance. A correction factor based on absorbtion
coefficie t must be used in intensitics in tubing are used vs those in cas
or open hole.

Using a soluable tracer material, the isotopo follows the water path pro-
portionately, therefore, if 40% of the injected water enters the formation,
40% of the isotope is also lost. the isotope renaining in the borehole
will reficct this loss by a proportionate loss of activity.

Calculation of the amounts is not dif ficult. The active limits of the
moving slugof material are defined by marking the leading and trailing
interfaces and the base line intensity. The triangle thus formed repre-
sents the amounts of introduced radiation remaining in the hole.

The relative number of detectabic particals apparent (Self index) is
determined by triangulation. Camparisor, of the indices of each run reveals
the percentages of fluid loss in direct ratio. Figure 12 shows the basic
concept.

Run #1 in tubing - 100% of radiation
Run #2 in casing - 1007. radiation, 12.4% absorbtion factor

applied to Self index.(Tubing to Casing)
Run #3 in casing - 1007,of radiation (37. difference in index

from tun #2) . . >

Run #4 in casing past perforations - 12% loss indicated,

r,xplanation of the actual calculations are not presented at this time but
the calcualtions have been used on over 300 logs to date, with excellent
accuracy. Any profile logging runs performed properly and using soluabic
isotopes can be calculated by this method. 'Iho technique has the disadvan-
tage of being less selective in depths investigated and, in some cases,
several bursts must be fired and traced before suf ficient break town of mone
results. The advantages are - cicmination of hydraulic diameter and shot
hole error, and quantitativo analysis of injection pattern when all other
techniques are inadequate,

l

)

|
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CONCLUSION*

Interpretation of fluid movement surveys (profiles) is a science which
utilizes not only the recorded log, but all the knowledge of formation
characteristics, hydraulics and mechanical probabilities availabic.
The interpreter must have a good insight into tool operation and reaction,
the conditions that may affect these reactions, and be able to apply this
knowledge with an open mind.

Profiles properly run and analytically applied yeild a wealth of infor.
mation, not only in the wells surveyed, but of the reservoir conditions
therselves. The associated information obtained during profile operations
can Icad to better control, more efficient stimulation of primary producers
in the area and assist in avoiding possible development of future problems
heretofore unknown.
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Exhibit C.

f I ' Regulatory rib Cy.

WELL ANALYSIS COMPANY, INC.
| Subsidiary SONICS,lNTE:llNATIONAI., INC.

_m LC.
_

n ._ _
d P. O. 609

,, ,

::A Odesso, Tczos 79760
Q\ '

| _ . W|/ 10 N ,9"
penhei W ll* S''' O ~,) \n , ,

il.J- 1. J {
0; MAY101972 - [2

! e.s. suva wnt j,-

tir. D.J. Foley, tianager L "$,I[ G j 1pg
QProject Engincering 8u 8*t 48

Nuclear Operation Divinton N'
temHD*

[ Kerr-McCcc Corporation MG ?.,

Kerr-McGee Building G-

MM 101972 * s'
'

Oklahoma City, Okla. 73102 ;
1 T. maritt ?
| Dear Mr. Foleyi k w t W t '4 w

put ctLM ,

RE: Reservoir _Analysin,_Scquoyah Facil_ity, g.h
"b

?!"rraat

To establish feasibility of consistent storage of liquid waste materials
| into targot roncrvoir without contamination of potabic waters and other
i uscable geologic horizona or endangering surrounding nurface environment.
!

Cennral Conditlens f o r_. Cons iderat t on
|

| Target well is completed in the Arbuckle I imcatone with 7" conpletion
| string met through a llunt, Sylan and Simpson and cemented at 1619',

approxinately 260 feet below the top of the arbucklo 1.imentono. Injection
interval completed with uniform 11" open hole extending to the top of the
granite at 3102'. l.ocation in bounded by two major faults, one five milen
to the northwest and one intersected by a third fault, approximately ono
mile to the East southeast. Total radial exponure to the nearest fault
plano approximately 120'. Formation displacement and n11ppage control de-
rived from nelmic data and correlation of two dry hole attempts ( tho Smith
#1, two miles cast and the liighticld #1, approximately three miten nooth-

| southwent).

Target well in located upon Company controlled innd both htface and sub-
surface.

Rencrvoir evaluation was to be based primarily upon computer calculations
and reservoir modeling utilizing high accuracy pressurejflow, time, and
injection profile and inhole flow data developed during a well tunting
program nado up of alternating periods of water injected and zero inflow.
Additional evaluations of the reservoir and of tho voll caning and packor
and near well bore formation from a leakago stand point were to be made
by standard thermalprofilo and radioactiva prof 11e techniqu.'s.

,, , , . .

& ,
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I li.J. Gruy & Associates, Inc. of Dallas, developed the testing program,
evaluated the pressure, flow, time, and injection profilo data, performed
the computer analysis and reservoir modeling, and evaluated the proposed
injection well from an overall stand point. Well Analysis Company, Inc.
of Odessa Texas, provided downhole wireline services and performed caliper
measurements, all thermal measurementa and all radioactive tracer measurements
and calculated the injection pattern and flow characteristles from estab-
11shed radioactive profile techniques and provided a progressive temperature
decay analysis. liigh accuracy downhole and surface pressure recording in-
struments and chart conversion were provided by Sperry-Sun Well Surveying
Company of Oklahoma City, Okla. Water fqjection, total injection flow, time ,

measurements and additional surface prei.nure measurements were made by Kerr-
liccee.

Multiple dependent and unpredictable parameters dictated that the water
injection and data collection be done in phases, cach phanc determining the
details of the subsequent test phase and series of data to be collected.

| This discussion is primarily concerned with the interpretation and sequence
| of the injection profiles and temperature data analysis.
I
! Creater in-depth discussion of the development and application of the

survey methods utilized in this study is provided in the accompanying
techical articles.

"A.P.I. #906-9-E Review of Tracer Surveys.

| S.P.E. #1829 Maximum Use of Profile Information.

A.P.I. " Factors Considered in Interpretation".

S.P.W.L.A. " Computers to Increase Value of Temperature Logs".

S.P.E. #1752 " Fluid Flow Analysis Techniques".
r

S.P.E. #2255 " Computerized Temperature Decay".

!S.P.E. #2685 " Interpretation of Injection Profiles".

I A.P.I. #906-15-J " Practical Field Interpretation of Temperature Surveya".

Other accompanying information
'

5 Panel Conposite of the Survey Resultn for Reference during discussion.
f Panel 1 and 2 are represenative of Phases Onn and Two, respectively.
| Panci 3 and 4 are Injection and Counterflow tests described during Phase

Three. Panel 5 display the injection profiles of each of the three phases,
plotted together for comparison. Panol 5 composit results are the qualified
conclusion of the WACO log analyst. Quantitative results of the surveys
have been modified by qualitative interpretation of both Temperature and
Radioactive Surveys.

.

.
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TECHNIQUES OF PROFILE INVESTIGATION

1. RADIOACTIVITY PROFILES - INJECTION OR PRODUCTION
,

1. Tools t

Instruments used are two gamma sensitive detectors and a
-dispenser of a water solution containing Iodine-131 incorporated
into a single downhole tool. The device is run in the well on a
conductor line to a measured depth and a ba'se radiation activity
of the well bore recorded. A small quantity of the radioactive
lostope solution is then released at a selected interval in the
well and the path and rate of' movement of the shot of liquid
containing the radioactivity within the well bore is charted by
observing the reaction of the' detectors at various depths. These
reactions are recorded and the data evaluated, both qualitatively
and quantitatively, to define the pattern and relative volumes of
injection accepted by each of the subsurface intervals.

2. Calculations and Methods,
8

Two methods of data collection are used in the inver'.igations.

'

a. VELOCITY DETERMINATIONS
,

Radioactive solution is released upstream of the gamma detectors
and is carried past the detectors' by the moving stream of in-
jection. The transit time over a given interval ( 5' normal
spacing) is measured and corrected for parabolic flow variations
and well bore diameters. The volume of fluid contained in the r

measured interval of well bore (5') is calculated; and utilizing
, ,

the rate of fluidthis: information along with the transit time,
movement, expressed in bbl / day, past the interval is derived.
This action is repeated at selected intervals in the well and a
subtraction curve developed. The results are then plotted as,

fluid acceptance intervals, or' the injection profile.

b. RADIATION EQUIVALENT VOLUMES R.E.V. OR SELF METHOD

These measurements are accomplished by releasing a given amount
of solution containing a radioactive isotope at a point upstream
of the zone of interest and measuring its relative activity by 1

recording.the, reactions.of logging tools (radiation detectors)
I during a traverse run through the zone containing the radioactive

material. The resulting curve (or graph) is triangulated and an' '

index number assigned which represents the total amount of radio-
activity-in the designated interval of the well bore. As this

' volu'ee ot ' fluid ; moves downstream, repeated timed traverses are
made through the radioactive zone, charting the position and

,, activity level in each instance. These curves are also triangulated ;

-g >- and their' indices assigned. !
r \

r s

i

t '

o ,

L--__-_---------- ---m-- - _ _ _ - - _ _ _ _ _ _ - _ - - - - - - - - - _ - - - - _ _ _ - _ - - _ - _ _ _ _ - - _ _ _ - _ - _ _ _ _ _ - - _ - - _ _ _ - - - - - _ - - - - -_



_.

.

- *
. . ..

Should a portion or all of the increment of fluid carrying
the isotope Icave the well bore and enter the formation, a
proportional amount of radiation will also be diverted, since
the isotope is completely soluble and mixed within the fluid
stream. (The radioactive material traveling into the formation
quickly becomes non-dectible to the radioactivity instruments).
The variation of the assigned indices will reflect the radio-
activity and hence, fluid loss at each interval and may be plotted
in relative percentage to the original index. When vertical dis-
p'ersal of the isotope increases to the point that accurate
measurement becomes difficult, a new increment of isotope is re-
leased, and assigned the percentage represented by the last
traverse through the original shot or increment. The new shot of
material is then followed downstream by the same logging methods
and the continued reduction of index and hence, loss of fluid into

the formation is defined.

These techniques are both subject to a possible 15% error (re-
lated to 100% fluid travel), but the parameters affecting each
are different than those of the other and accuracy control is

effected by comparison of the two results. Additional infor-
mation may be inferred by these comparisons (i.e., vertical
erosion or fracturin'; adjacent to and connecting witis the well
bore). These would affect the velocity determination, but leave
the radiation equivalent relatively unaffected. Thin zones of
fluid acceptance may be closely defined by velocity techniques
but only averaged over an extended interval by R.E.V. methods.
Caliper logs are essential to velocity calculations but not
needed for R.E.V. velocity calculations usually represent maximum
flow rate at any given interval- R.E.V. measurements are necessarily
minimal determinations.

Profiles derived from these combined methods can be expected to
exceed 95% accuracy with respect to total flow.

11. TEMPERATURE DECAY SERIES.

1. Tools:

The downhole instruments consist of pulsing oscillator controlled by
a calibrated temperature sensor. The downhole tool is run into the
well by conductor line containing signal wire running back to surface
recording equipment and the indingent teuperature is monitored at
each depth. The signals are sent back to the surface and recorded
as temperature in degrees F*.

2. Methods and Techniques:
1

Temperature data are collected in ambient temperature only. Variations
expressed as differential, or delta logs, are derived from the basic
collected data. Data may be recorded by station setting, (tool held
stationary at selected depths for a specific recording time) or by a
continuous traverse over the entire interval of interest. Repeated
runs or traverses made with the smac tools and calibrations reflect the
changing temperatures at all depths with respect to time, and are
termed a " Temperature Decay Series".

. _ _ _ _ - - _ _ _ _ - _ . _. - - _ _ . - _ _ _ _ _ _ __ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Decay series are recorded with respect to time. A basic temperature
under constant conditions is recorded by either traverse logs, or
station settings. The base, or constant conditions are then altered
and the resultant temperature transients during well bore recovery
are recorded at timed intervals.

3. Interpretation:

The data recorded must be considered the temperature of the well bore
only, since the information is collected at the terminal point of an
equilibrium process.

The Temperatures at any point are the net results of all the surround-
ing thermal transfers. The temperature of the surrounding matrix is
the influence for well bore temperature progression, however, and
bore hole fluid attempts to assume the temperature of the adjacent
dominant thermal field.

A depth of investigation may then be inferred by observation of the
rates of change caused by these adjoining fields or cells.

Temperature fields generated by convection thermal transfer differ
in initial recovery rates from ficids caused by radiation or conduction
only.

.

Comparison of these varying rates of recovery identifys the zone of
fluid movement thru the formation by reflecting the influence of the
more nearly isothermic conditions extending to a greater radius from ;

the well bore.

Temperature influence from any matrix surrounding the well bore depends
upon a completely static fluid column, else the reflected temperature
will be distorted by vertical in-hole convection thermal transfer.

4. Information:
!

Properly executed, thermal decay surveys confirm fluid exit or entry
,

intervals in the well, and define zone thickness or height beyond the I

limits of any in-hole rate determination method. Quantitative values
cannot be applied however except under ideal conditions. They may also

[
be useful in determining leakage from the casing or upward around the
casing an thence into a higher formation.

111. ANALYSIS OF SURVEY RESULTS
r

The operating requirement of injectivity profiling and single point pressure
fall off are not compatable to simultaneous surveying. A sequence of L

operation was scheduled to allow the most valid and efficient collection
of all data. ,

Preinjection Testing:

1. After setting up well head for entrance of logging tools, dummy
run was made to check hole for obstruction using simulated in-
strument package.

L_________________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - . _ _ _ _ _ _
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2. Calijer survey of the open hole was made.

3. Pressure survey and static bottonhole measurements.

Phase One Sequence:

1. Well was placed on injection at a selected rate and allowed to
to reach initial relatively stabilized conditions.

2. A Radioactive profile was run using both velocity, and Radiation
Equivilent Volumes for quantitative calculations. A base in-
jection temperature run was made at this time.

3. Sperry-Sun pressure equipment and WACO Temperature Tool placed
downhole G 2900' and Well shut-in (injection stopped) for

monitor of pressure.

4. Sperry-Sun instrument retrieved and well placed back on in-
jection.

5. Injection stabilized and well shut-in for Tcaperature Decay
Series.

6. Well placed back on injection.

Profile and Temperature Analysis of Phase One determined:
Four gross injection intervals.

A. 1720' to 1820' 30% of injection volume with 24% between 1755'
and 1790'.

B. 2610' to 2655' 38% of injection volume.

C. 2760' to 2780' 12% of injection volume.
,

D. 2820' to 2855' 20% of injection volume.

No injection continued below 2860' during the first injection period and
no other zones were accepting fluid at the time of the Radioactive Survey.
(See plots of Velocity and R.E.V. calculations on right side of 1st. panel).

Temperature Decay monitors indicated that a Fifth zone may have opened up
and accepted some small portion of injection during the second injection
period. This is inferred from the definite indication of after shut-in
counterflow from 2700' upward into three intervals. The injection zone
"B" 2610'-2655' and two new intervals, 2300'-2305' and 2360'-2365' strong
countar~ low exists from 2700' into zone "B" (note isothermic pattern of

temperaturedecaycurvesoverthisinterval)withonlyaFAdilamount* cont-
inuing upward to the two new intervals.

The influence of the additional zone of injection, and the after shut-in
counterflow was observed on both the pressure monitor and the station
setting temperature decay. This evidence of the net injection interval
change with fill up caused phase two to be designed around both short and
-long term pressure decline with an injection profile to determine the
current net injection pattern.

[ ._ _ _ _ . _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _
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Phase Two Sequence:

1. Injection resumed arter the decay series temperature program was
completed and continued for 112 hours for stabilization.

2. Radioactive Tracer (Velocity and R.E.V.) was run to establish
~

injection pattern.

3. Sperry-Sun pressure equipment and WACO Temperature Tool run into
hole to fixed position and well shut in (injection stopped) for
testing.

4. Five hour pressure and Temperature monitor run 0 2650', Then tools
removed and replaced with Sperry-Sun pressure instrument only with
recorder set for 72 hour record period.

5. Pull and re-run pressure instrument with recorder set for 72 hour
pressure measurement.

6. Analyze first 72 hour pressure chart then remove pressure equip-
ment and resume injection.

Pnase Two Profile and Temperature Analysis:

Original gross intervals of injection still exist, but with a significant
change in the fluid distribution into zone "B" 2610'-2635'. The net inter-

val decreased to 25' (2620'-2645') and the volume into zone decreased from
38% (Phase 1) to 11% of total injection. The water originally entering this
zone was diverted into three thin intervals between 2710' and 2810' (see
panel 5). Both zone "A" and "D" decreased in net thickness with very little
change in accepted volume.

A small interval just below the small areas which the ten.perature profiles
indicated were accepting counterflow during Phase One, now accepted approxi-
matley 8% of the diverted injection (2420'-2425').

Reference to the decay series of Phase One indicates that this zone may
have been accepting injection intermittently during the first tests. (note
retarded recovery of first shut-in temperature decay with respect to subsc-
quent runs 1st. panel).

Erratic velocities between 2240' and 2370' indicate possible zone inter-
ference during injection but R.E.V. calculations show no significant fluid
losses through the interval.

Phase Two pressure and temperature data again reacted to the after shut-in
counterflow conditions and Phase Three was projected to chart the magnitude
and full extent of fluid movement during shut-in.

Phase Three Sequence:

1. Injection continued for 24 hours.

2. Injection Profile run using R.E.V. methods only.

3. Well shut-in and production profile techniques used to determine
counterflow extent.

|_ _ __ _ __ _ _ _ _ _ _ . __ ___. __ _ _ _ _ _ _ _ _ . ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Phase Three Results:

Injection patterns again changed but the 4 original gross intervals
|

continued to accept fluid. The lower zones show a marked tendency !
toward reduced volumes with continued injection, and the diverted I

fluids are being accepted by the top interval (increased injection
into zone "A" from 30% to 46% during testing phases).

The counterflow conditions during shut-in were more extensive than
first analysis indicated (see panel 4).

Shots of Radioactive Isotope, placed at indicated depths and traced,
show fluid moving up from zone "D" past "C" and"B" and a portion
moving to the top of the section into zone "A".

Rate of initial counterflow is approximately 240-280 bbl / day but about
60% of this volume re-enters the formation between 2280' and 2380',one
of the original zones accepting counterflow. The remainder of the fluid
moves up the hole and is lost to zone "A" (1750'-1800').

Zone "B" (2620'-2645') which originally accepted the major portion of
the counterflow is presently receiving none, but appears to be contri-
buting a small increment instead.

No fluid is moving at 1700' and none is entering the well bore below
2870'. (see shots #3 0 2865' and #8 @ 1675' 4th. panel).

Lines connecting the average slope centcrs of each shot of material as
they progress uphole show a visual reference to the relative rates of
fluid movement.

Zones of fluid acceptance nay also be qualified by distortion of the
material distribution patterns. (See consistant distortion and intensity
loss 0 2300', and runs 10 thru 22).

.

_ _ _ _ _
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Conclusion:

Examination of primary open hole logs show a net probabic injection
zone thickness of approximately 700' over the open hole section. Of
this, only 175' (approximate) is accepting injection.

Permeabilities are layered throughout the entire interval with no
apparent vertical permeabilities or f ractures connecting the zone.
(Hence, the counterflow under shut-in conditions).

Fluid is being accepted well above total depth, (bottom of the hole) and
below the casing point, and there seems to be no problem in containing
injection well within the vertical limits of the formation at this point
in the reservoir.

From analyzing the thermal profiles and radioactive tracer records,
there are no indication of channels, leaks, holes, or other mechanical
failure at the casing seat or above and no channel or leak around the
packer.

Injection zone locations and extent seem rather sensitive to pressure
build up and the amount of fluid injected into new zones could probably
be increased by selective acidizing. The tendency for intermittent
injection seems to bear this inferrence out.

The tendency of the lower zones to accept progressively smaller volumes
points to the possibilities of relativity smaller pore volumes of
permeability pinch outs or local restrictions near the well. Should
the pressure data indicate the latter, selective treatment will al-
leviate this problem.

The opinion of WACO analysts is that net injection interval could be
increased approximately 200% by proper treatment.

A program of consistant scheduled monitoring should be initiated to
identify and control net volume per foot into each interval and to guard
against shortening the life of injection through ineffccient injection
patterns.

CJy
Billy P. Morris
Vice President
Well Analysis Company, Inc.
Midland, Odessa, Texas
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INTRODUCTION
ks

Gamma ray detectors for use in oil wells were developed in the late 1930's.
Since then radioactive isotopes have been applied in various manners in the attempt
to chart fluid movements within the well bore. A variety of materials, tools and
techniques have been used in tracer logging and most of the logging tools were,

satisfactory for their specific purpose. However, failure in understanding the
limitations of and the improper use of isotopes has resulted in a great volume of
erroneous and misicading information. These errors have implanted a deep mistrust

.

of all " tracer" logging operations in the minds of many people.
- The emphasis on secondary recovery operations, of which water injection con-

stitutes the major portion, has increased the need and demand for valid tracer
logging information. .This validity is a direct function of the knowledge and
application of isotopes and detector tools. Therefore, every individual concerned

.

with obtaining valid data should thoroughly analyze the problems and become as
familiar as possibic with radioactive materials and detection tools before attempt-
ing to use them.

First, who can run these surveys? Many service companies, both large and
small, of fer these services in many and' varied forms. The personnel doing the
logging and handling of the isotopes must be operating under a current and valid
Atomic Energy Commission license. This means the logging operator must have been
schooled and tested in the basic concepts of nuclear and atomic structure, types of
radioactive decay, reaction of matter, health physics, radiation tolerances, pre-
ventive safeguards, and first aid for overexposure. In addition to Federal regula-

'

tions an operator must comply with State regulations. Failure to comply with these ;

\/
regulations can result in legal action and possible loss of life.

-

In addition to the preceding, a logging engineer nmst have a thorough knowledge
of well completion, well equipment, production and injection procedures and how
these affect the logging operations. Otherwise, the data obtained will be just so
much blue ink on white paper. In order to obtain a meaningful log, it is necessary
for the logging engineer to be able to calculate and interpret on the job.

RADISACTIVE MATERIAL

Isotopes to be used for surveys should be chosen with consideration as to their
.I properties and limitations. There is no " universal" tracer material that can be

used in all instances. For example I-131 in benzene or xylene carrier will not
disperse in water. Potassium iodide I-131 in water solution will not perform prop-
erly in oil. The conditions under which the isotope is to be used should be con-

,

-

sidered and made known to the service company when the job is planned. Some factors
| co be considered are temperature, type of fluid in the well, acids, and various

oxidizing agents.

~ The yardstick for computing the length of time the isotope will continue to
emit radiation of measurable intensity is its " half life". For exampic, I-192 has.

a half life of 74 days which means that the radiation intensity decreases by 50 per-
cent every 74 days. Wells in which one expects to run a series of surveys should
not be subjected to materials of long life. This is particularly true of particle
type or plate out materials. Radiation from these isotopes interferes with future
survey operations for the life of the material. The following tabulation describes
the more commonly used isotopes.

* Cardinal Chenical, Inc. , f fidland, Texas
+ Cardinal Surveys Co., t-fidland, Texas
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INSOLUBIES

PROPERTIES REMARKS -

ISOTOPE FORM

Can be mixed with cement
Cobalt Co-60 Solid-spherical particles 5.3 years half life.

25 - 1000 microns in diameter . Temperature tolerance 900 F. or propping agents -0

Gamma emitter oxidizes to not recommended for oil
radioactive sulphide residue. .well tracers.

11alf life long enough to

Cobalt Co-60 ? article in nearly neutral interfere with radioactivity For placement in injection-

Aqueous.Collodial sus- logging operations for 21 to streams by surface place-
26 years. ' ment or dump bailer for

pension " plate out" tracer, lost
circulation, filter cake
avaluation, etc.

Attached to downhole tool-
Cobalt Co-60 Solid, Nodule or button tracer material produced

by ionization downhole.
Used in velocity deter-,

t mination
,

'
,

.

Silver Ag-110 Particles in nearly neutral 270 day half life. For placement in injection

)
Aqueous Collodial Temperature tolerance 950 F. stream by surface place-0

High intensity gamma emitter, ment or dump bailer for , _ ,

|
suspension Oxidizes to radioactive plate out operations, yg

co
sulphides. Interferes with Fine particle size 5 -
radioactivity logging 20 microns allows some ., u

intrusion into more per- ,ooperations for 3 to 4 years.
meable zones. y,

84,

Iridium Ir-192 Varnish baked onto Ottava 74 day half life. Temperature For placement in sand or 3,

,

Sand of selected mesh size tolerance of 24540 F. Medium propping agents for frac k4

gamma emitter. Use in oil or evaluation. Can be handled
4 No interference with with reasonable safety.
# water.
i logging after one year.j

7
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INSOLUBLES (Continued) ?

$REMARKS
PROPERTIES ?

FORMISOTOPE I'

Iridium I-192 Impregnated resin. Density 74 day half life. Tem- Surface placement or "'

0 downhole dump bailer
perature tolerance of 212 for " plate out" operations,1.1. Mesh sizes 16-400 F in brine carrier. Un-

stable in oil at 212" F.
lost circulation, filter
cake evaluation, etc.

Surface placement or down-

Iodine I-131 Impregnated resin. Density
8.1 day half life. Tem- hole dump bailer for " plate-

1.1. Mesh sizes 16-400 perature tolerance of out" operations, lost cir-
212 F. in brine. Carrier
is unstable in oil at 212

culation, filter' cake

F. After 45 days no logging evaluations, etc.

interference.

GAS TRACERS

35.9 hours half life. High For surface placement or

Bromine Br-82
Gas tracer containing energy gamma emitter. Boil- special downhole carrier,
Methyl Bromide (CH Br) ing point is 400 F. at 150 Dangerous to handle on3
in pressurized cylinder No interference with surface without proper

psi.
future logging operations, equipment. _

8.1 day. half life. Medium For surface placement or
special downhole carrier.Iodine I-131 Liquid Ethyl Iodide energy gamma emitter.(C II I) in scaled glass Specific gravity of carrier2S

ampules 1.93. Boiling point is
0 F.163

Low boiling point gasSpecific gravity of carrier
Iodine I-131 Liquid Methyl Iodide 2.279, boiling point 108.50 F. tracer for use as above.

(CH 1) in scaled glass3

ampules.

()>| s,e
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OIL SOLUBLES

.

REMARKSt PROPERTIES
-

: ISOTOPE FORM

Cobalt Co-60 Cobalt Naphtenate in 5.3 years half life. 11Lgh energy Surface placement down-

Benzene or Xylene carrier emitter. Completely oil soluble. hole, dump baller or

Insolubic i'n water. Stabic to ejector. "Pumr-in"
tracers on production300 F,
wells. Erratic results
if water is present in'

well fluids.

- Antimony Sb-124 Radioantimony in benzene 60 day half' life. Medium energy Surface placement down-

carrier gamma emitter. Completely oil hole dump bailer or

soluble. Insolubic in water. ejector. Pump in oil
Stable to 4750 F. tracer for high tempera-

ture wells or where ex-
treme chemical stability
is needed, erratic results
if water present in well
fluids.

Iridium I-192 Radioactive iridium in 74 day half life. Medium energy Surface placement or

benzene or xylene gamma emitter. Oil soluble. downhole dump bailer or

Insoluble in water. Stabilized ejector pump in oil ,,
carrier tracer. Erratic results q;jgfor organic solutions. if water present in well aa

, vifluids. __

.o'

Iodine I-131 Solution of Elemental 8.1 day half life. Medium Surface placement or ,

Iodine in Benzene energy gamma emitter. Moderately downhole dump or ejector, g
stable in oil to 250 F. Oil tracers where short *

,,

Cxidizes at temperatures above half life is desired. *
'

250 F. Insolubic in water. Erratic results if oxi-"

* dized or if water present

in well fluids.
.

e
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OIL SOLUBLES (Continued) ?n

" as
5ISOTOPE FORM

PROPERTIES
REMARKS 8Iodine I-131 Liquid - pure Iodo-Benzene

8.1 day half life. Medium energy Surface placement, down- ?
?CHI65 gamma emitter. Specific gravity hole dump or ejector.

*

*
is 1.8. Boiling point is 4000 F. Oil tracer. Very stableOil soluble. Insoluble in water. at high temperatures or.

in organic solutions.,

Erratic results if
water present in well
fluids.

WATER SOLUBLES

Iridium Ir-192 Iridium in water 74 day half life. Medium energy- Surface placement, downsolution
gamma emit ter. Stabilized end
miscible in water and acid. hole dump or ejector.

Water flood injectionInsoluble in oil. No inter- profiles, channelference with logging operations
after one year. location .etc.

Iodine I-131 Radioiodine in 8.1 day half life. Medium energy Surface placement, down-water solution emitter. Miscibic in water. In- hole dump or ejector forsoluble in oil. Available in water flood profiles andthree forns. Stabilized to tracers. Cement top_ prevent oxidation in air, water
or acid. and squeeze locator tag.

Indicate when ordering-

to obtain correct
solution.

7 .,
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. DETECTORS

The detector is one of the basic factors to be considered when planning tracer !:
Since downhole conditions are variable, the effectiveness of the tools willwork.

olso vary. I

The two most. common detectors in use today are the geiger mueller tube and theThe scintillation detector crystal is usually sodium iodide
lier.

end is coupled optically with a light sensitive amplifier tube or photo-multipscintillation crystal. f

flashes that are sensed
Camma rays striking the crystal will produce small lightIt.has exec 11ent efficiency (approximately

i

and amplified by the photo-multiplier. i d produces a good ,

85 percent) in the detection of small amounts of radiat on an The photo-multiplier
quality correlation log for depth control and identification.185 degrees Fahrenheit and re-

!
'aboutsensitive and becomes inoperative at The scintillation detector used inis heat

quires careful handling to avoid shock damage.small through-tubing tools cannot be refrigerated as is possibic intemperature limit is not a problem
large diameter

This 185 degrees Fahrenheitit does not become a problem in producing ,casing type tools. Also,in most water injection wells.
wells until extreme depths are reached in the Permian Basin, j

through-tubing or tracer tools
The geiger mueller tube which is used in mostto 350 degrees Fahrenheit but has a low reso-

This means that it produces poor qual-is more' rugged. It is heat resistant
|

lution efficiency of ten to twelve percent.The efficiency can be improved in larger diameter tools by-

ity correlation logs. Ilowever, the size of through-tubing tools ;

coupling or bundling tubes together.if a quality correlation log is needed, it should not
prohibits this. Therefore, Also, small
be attempted with the small diameter tracer tool with a geiger tube.hole can be com-
amounts of activity or material some distance away from the boreThis is especially true if the fluid velocity,is

_

pletely missed with this tool. ,

high, as it will be in a small channel. |

TOOL TYPES

Several types of through tubing tools are availabic for use in radioactive
Listed below are the three common types and their general uses.

tracer work.
FIGURE No. 1 This
1. Standard Gamma Detector..
detector is used when radioactive,,,,,o

material is introduced in the well
.

,

Apkjsh A jg at the surface. Logging runs are
f ' made to observe dispersal.

I
I , ,

.

2. Gamma-Dump Batler_. Material is -iESE:
i carried down hole in a dump bailer,,

ian==
attached to the bottom of a gamma
tool. The material is dumped by ;

, , , , ,

|E g ciectrical means and af ter waiting,*m aa ==<

timed logging runs are made with ,

I E E

V V E, V the tool,
q
vn. . e i

I IA. I

!'
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3. E locity Meesurements. Rate determinations are made at selected depths for (f
| injection profiles. Small slugs of radioactive material are released and the travel
t rime over a known distance is recorded. The injection rate is then calculated.

Several methods of introducing material into the fluid stream are available.

(a) Ionizing " button"
*

A' cobalt " button" is attached to the tool above the detector. The " button"
is ionized by an electrical current, thereby releasing some radioactive
material into the fluid stream.

(b) Capsule rupture - singic and double detector

Several small ampules of radioactive material are positioned on the tool
above the detector. These are ruptured at will by an cicctrical current
and the material released into the well stream.

- (c) Eicetor c"lind rs - singic and double detector '

This t pe tool has a cylinder which can be filled with liquid radioactive;

material. This material can be ejected into the fluid stream by actuating
an ejector.

There are three types of ejectors presently in use: (1) the solenoid plunger,
(2) well pressure operated, and (3) positive piston displacement. All these types
vary in the amount of fluid the cylinder will hold. They also vary in the amount
of material that can be ejected at a singic time. With some tools it is possible
to make the ejections vary in strength and amount while it is fixed with others.

,

WELL EQUIPIENT '

As with other survey work the well
equipment must be considered. Injec-.a . .. n

",* O " O *,*a tion profiles being the most comon,

;g.o;; application, a typical injection well
- ** *;-= arrangement is shown in Figure 2. This,

ideal arrangement is satisfactory for,,

j all work except for the isotope inter-
_J face survey which requires tubing to

the bottom of the well and no packci.
The well head should permit the tool, _ _ _

to be run into the well without alter-,,,,,, ,,,,,

;=,,**, ;,|,",,*,: ;; > _$7 ' = =- ~= = = ing the injection rate or pressure in_

''"'"a""*"'" any manner. It is also very desirable
to have the tubing and packer set high
enough above the top perforation or
casing seat so as to permit the loca-

E 8 O*,',.***""'"" tion of at 1 cast two casing collars.'''- In addition, locating a channel behind-

f the casing is much more positive when'

( working below the' packer. Channel de-
termination above a packer becomes very-

uncertain and confusing.

FIGURE No. 2

.
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Prior to any injection profile survey the well head should be examined for
h draulic nipples, bent subs and other restrictions. If a iull opening valve is3

net on the well head above the injection valve, one should be installed at 1 cast
24 hours prior to the survey. This will permit the logging operator to attach his
liaricator and run the tool into the well without stopping injection.

The tubing must be open ended and free of restrictions. Also, in making ve-
le ity measurements with ejector tools the 100 percent rate measurement must not be
m.. J r too close to the end of the tubing if any reasonabic accuracy is to be expected

there is a considerabic jetting effect and turbulence near the end of the tubing.as

Some modification of the abovt. equipment is permissibic when using tracer ma-
tirials while pumping into a producing well for channel detection. However, the
sw.eb valve on top of the well head is a desirabic feature in case of troubic.

STABILIZATION

Stabilization of injection is of the utmost importance in injection profile
surveys and it cannot be overemphasi::cd. Nothing should be done to the well to
irterrupt or alter the injection rate or pressure for at 1 cast 24 hours prior to
ri.nning an injection profile survey. In most cases it is "irtually impossibic to
detect unstable downhole injection with tracer tools.

To illustrate the point several exampics of erratic downhole fluid behavior
are shown. Erratic downhole conditions that have been observed during flowmeter

,

*{ seveys cannot be detected at the surface. Briefly, for those not familiar, the
flowmeter makes positive volumetric fluid measurements downhole at any desired
point and the direction of fluid movement through the tool is always known. This
trol has been extremely valuable in interpreting t. racer work and vice versa.

Crratic fluid behavior downhole can completely confuse the running and inter-
pretation of a tracer log, but if one is aware of these possibilities, certain tech-
niques can be employed to advantage,

[anewmu }m+|um!l f[iq Figure No. 3 illustrates a change inijaTfriT1 i Ta 1 ; f n Iil
%m.cr .tu .m

! I i in'sj h M iiiM i! C :
'' ' Profile as a result of a change in injec-

' MDIIF h d.".I.Y.E ~ ' . :
tion rate. The profile was made at 192

- .. IIh hi:.: !!;;- B.W.P.D. and zero injection pressure and

1isas4.s i . . { iTTFyi water was found to be Icavi : the borehole-- t j g- : , ; t ;
Tgg7

N;jM*$| % EONI
+ if. 422-i+ fin =i - + it +-i !I in a good distribution pattern. The rate,

thO was reduced to 72 B.W.P.D. and zero injec-Y.

57I , . iMN]"| $;" ~ : j '; tion pressure. This reduced rate profile*

.Qgy"+ { |
a -t -4-f,-HiE+ti"Hjg showed the thin middle set of perforations

-g 4 j y# yi ;3 i |J.; ; to be taking 100 percent of the injection
ijfi # M : ,"+ -+ + : : ST2.1 water. At the high rate (192 B.W.P.D.) the

i k. by++1 W +;4'44 iji-i R middle set of Perforations was taking 21

r_ ; m' ~ ~=!E:
- . c++m.;33 percent of the fluid or 40 B.W.P.D. These

3;. : :;: ....-

1m n

'h/ht %.'""'"=' M-j 4-{i : |
perforations and the cement job were

55 -DN k.., p-i, checked with a radioactive tracer and noIli f M
= u22+pli communication was found.$q g3-j :,

-H-tilii r21..._4 k m lil r*"
ihhh h m !! ! :. ^ ~ ;4J Iio
e r s piliic = .i . : .4

-

.A.222.J u : : mtn cum.maa u. Lrp
(i i i IIijil i Fi ! [WMa:=yjdhi

.

'. FIGURE No. 3
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'SRate changes in this well during a tracer log would have affected the response
of the tracer drastically, especially if a plate out type tracer were used and
there was no opportunity to allow the well to cicar up and a second survey to be

,
run.

.

Figure No. 4 illustrates a

change in profile by changing in-:g r: .... ::;;,
- - | -Hhj jection rate and pressure. The

i :3.

..' Iaman .-- e ..L. first profile was run at 340 B.W.P.D.
t.q. li: L.

d; he. . , .

l'' ' * 4 e _a !" " ''" and 300 psi injection pressure which
as m 3 . es s* yielded the profile on the Icft.I ';; j,

~;'

,g j ,4 | The accond profile was run at 785*
.

i B.W.P.D. and 400 psi. No appre-g "em< ..,
'

k "" 7 ' i ! ' i ciabic change in profile was noted

j j I
* * * * * * - - T with the exception that the upper

*T ' '' " T zone sctually broke down and ac-
'* 611 .i: cepted 48 percent of the total in-i.. %. ,

.: j jected fluid.
. . .W.'

: ,.

i . ;h. .: ; .

'

: : Figure No. 5. Injection on this

| well had been interrupted for about:

E , , , , _
! 12 hours. Two hours after injectioni

h [ 4' f }'' was resumed all surface indications
< -

't
*' were that the well had stabilized.!- ! r l'

t
' - * - ; - *1---m The survey indicated that all the

-|"-- +;; injection fluid was entering thei -,

'

formation in the upper third por- d
. - . . *

y ! . _. 4 tion of the zone. In the middle
g .

$d . ....+ there was a back flow which divided.t . .

as it entered the well, part of it"
i

-

i

! 9- .; : moving up hole and into the zone' " " '

, g , ,,, f Y( } ] [T directly above, and part moving down~'

i i ,q hole to re-enter the formation. The-~

pi back flow zone was monitored for4 i-
| [s .. ..... ., . .t - cight hours until all back flow

p..,....".1-
p. . .

Ip.._ I L . ceased. The second profile was then. _.

obtained, and it was found that the'

H . ..; ._u . _ ._; . .,

i . .. L - t' middle section was still unstabic

]) : i ! .: . . - > .
i . . : b. . .:..

-

as variations were still taking
' '

J l.
~ '

i ,ii place. It is interesting to note

I -| j that the injection pressure at all
j : ~t ; -

' I
i~*; times was zero.
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FIGURE No. 4

.

_.__.N...____.__m.._.____._-m._ __ . _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _______.__m. ____-__.__.-_m _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ _ . _ _ _ ._._ _ _ _ _



.

.

..

d
Page 11
Paper No. 906-9-E
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i 1 . yy,, g . . . - .. .
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, ;; .g;, n ;- , ,,,, Hany times during injection surveys.....gg: : $ t ,,

I T T'-- the water plant will stop for 10 to 15'IIIlfpd:i
f'C! !?~i"ih " "b'> Tfik.

i
minutes. As a result zone swapping

- . [tm i th:
.- ' + - ;hriH .j : ,

J.:w, <i' rM.- has occurred for two to three hours. A} I$,! l ...-
:

s . .n r..

dp & .;

3I. !:' U"p D$ ]] E:""k'''*.Q "''*:f"
.i .. t .' ot 1

i certain zone will be taking 10 percent~S T liii ?"
' Z. of the fluid and another adjacent zoneT !!3 (11

.2! If:' M[!._,.[
._.Z taking 40 percent, these zones willI D'* d.t:i

;". .q' . j,, .
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LOCGING TECllNIQUES g
.g wThe logging methods possibic with the series of tools illustrated can yield a*

wealth of information if, as stated previously, the technique is used in the manner
intended and the shortcomings and pitfalls of the methods are realized.

.

Surface Injected Slug - Figure No. 6

This is the first and oldest method of tracer logging. An insolubic material.

is injected into the stream, pumpcd downhole into the zone and logged. Interpreta-
tion is based on accumulation of material over the zone, with the " hottest" areas
supposedly the zone of greatest fluid acceptance. This method is very time consum-
ing at most normal injection rates and the slug scatters badly, with as much as 200
or 30C feet of bore hole being occupied with contaminated fluid, thus making sub-
sequential runs for interpretations impossibic. Since the slug is usually pumped
and stopped intarmittently, little or no true injection pattern is obtainabic. Par-
ticles depositing in collars, depressions, packers, turbulence traps and channeling
from perforations further confuse the interpretation. Solubic isotopes used in this
manner also scatter badly, masking the true picture of fluid movement outside casing
with that of the contaminated fluid inside. The one advantage of having enough ma-
terial in the hole to observe profiling in subsequent runs is almost completely~

negated by the disadvantages. This method is practically unused today.

Gamma-Dump Bailer - Figure No. 6-A

This operation is performed in much the same manner as the surface slug inlec- -

tion with the exception that the material is carried into the well and dumped just
above the zone by a dump bailer, reducing both the time consumed in pumping the
slug downhole and reducing the terdency of it to scatter. Insolubles still accumt-
late in much the same manner as with a surface slug. The dump bailer attached to
the bottom of the tool tends to scatter the particles badly on successive trips
through the slug.

Soluble materials can be used by this method with some degree of success if
intermittent pumping is avoided and the log is run under usual injection conditie.s.
The controlled interval method of velocity determination can be used with this t > ,e
placement if successive runs are made with enough material for observing profilir.
while following slug downhole. The time delay in the first stages of the operati~n
usually results in loss of indication of chaneling up fror. perforations or casinv
seat, if any exists. Any delay or waiting time can also result in dissipation os
radioactive material in the zone of greatest fluid acceptance, 1 caving only the
areas of least injection apparent on the log.

Several methods of velocity determinations are used to plot injection proff:es.
A brief examination of these follows:

.

'
.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ ~ _ _ _. . re. 1
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Controlled Interval Log - Figure No. 7

. . : .','S ,,'." .'.".'.. . ' ' . '' . '' ' .
" " " ' " * " " *

I i , it . In this method the down hole travel,

7 *.' 'i%
'..

,

.-% time of a slug is recorded over pre-
,

.< m ,, ,2

4 "" " ^ ' - determined and uniform intervals. Sol-,

A ;;;;,';'.'t | ubic material is released some distance
above the perforations and the gamma

"
l ;;.T:,, ,,. tool is then lowered to a point below

A the slug and held stationary.- The-

, , , , , , , , ,

(f ( arrival of the slug is recorded on*****'n

\ time drive. Next, the tool is rapid-a
q ly lowered to another point downhole,

# 4;j,M.'! !!.".S.. 6 held stationary and the slug arrival
h recorded. This procers is repeated;

l'- M l''M i until the formation has been surveyed.*

k In cased holes these traverse times, , , , , ,

over uniform distances can be plotted~"sa s- - 1,

\ as percentages of injection rates.h 2',,,'*...' * ' * *
V In open holes which have been cali-

.r.a ;;;j,y.'? pered, volumetric calculations over
I cach zonc must be nade.

1L Mut*,M UI "U....
The accuracy of this method is

good in the medium velocity ranges,
llowever, at high velocity rates the

tool cannot be lowered and observa-
,y tions made over short intervals due

to the time available. Therefore, at
FIGUPI No. 7 high rates the inspection zones are

of necessity.over long intervals,
which is not desirabic. At low ve-
locities the exact time of slug ar-
rival at the detector is difficult
to detemine. Generally this occurs
in the last 10 percent to 20 percent

gg
| A

of the total injection volume. Since
1 *A no regular logging runs are made

' ' '
.. .. .. . .

#
I

|
through the formation considerable
information is by-passed and thin or-

! Dt narrow zones of injection will bc
* '

} I p missed. Also comunication between'

1 sets of perforations and channels can
'

3 be missed,
*

i ' 5t e~

; p Controlled Time Log - Figure f'o 8

! ' ~ ' ' ' ' " " ' ' ' * ' ' ' I This method is essentially the
i same as the previous method; however,

in this method the time is held con-
i

stant and the slug travel distance
permitted to vary. A slug is released.

some distance above the formation. The
'

time of release and position is re-,

FIGURE No. 8 corded. Then at regular and frequent
*

i
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In this manner the slug ['time intervtis the gamma tool is pulled through the slug. *

' is logged as it moves down hole. By plotting these runs side by side and in proper
Volumetric calculationschronological order considerabic information is obtained.

-

can be made and channeling or communication detected; however, the rate or volu-
The material used in this method.

metric calculations will not be too accurate.
should be soluble, and the open hole must have been calipered.

Velocity Shot - Figure No. 9

Rate determination is made by
positioning the ejector tool at pre-. _,,,,,

determined depths, ejecting mate-
e m r. ... e. v. .e . m. e. **u*i g rial, timing it over a known tool

.f'2 g/ length and then calculating volume.
-- [

,/ This technique, when properly
g f utilized, will yield accurate rate

O'J measurements in the high and mediumJ
! -

'' injection rates. Generally during.- an injection survey the last 10 tog '"

I --
20 percent of the fluid remaining; ,-

,

g p cannot be accurately broken down
-

[ into small increments. This is due
to the slow movement of the material
making it impossibic to determine

.

FIGURE No. 9 just when the slug arrives at the
detector.

.

The time recordings should not be made with a stop watch and count rate meter.
This type of recording has several considerabic sources of error that should be

The recording should be done with a calibrated time drive on loggingappardnt.
This technique furnishes a record of each time measurement and permits onepaper. This method of fluid volume measure-to analyze the accuracy of the measurements.

ment can give results over short intervals that are reasonably accurate. Inside
.To do this the size andcasing the accuracy can be in the order of 95 percent.

weight of the casing must be known. In open hoics the accuracy can be in the order
of 80 percent to 90 percent. In open hoics there must be a recent and good caliper
log. Obviously this accuracy cannot be obtained in ragged open holes.

The position of the tool down hole when making velocity shots is important.is attempted within a few feetThe 100 percent measurement will be abnormal if it.

*

of the end of the tubing. Since the position of the tool within the bore hole
greatly affects the accuracy, numerous attempts have been made to overcome these

This isSome tools have the ejector ports (3) spaced 120 degrees apart.problems.*

to eject material into all portions of the fluid stream. Another. ejector tool has
two detectors end the slug is timed between them. This eliminates'the probicm of
dispersal. The slug is well formed by the time it hits the first detector, and
this arrangement results in good accuracy for straight velocity measurements.

Velocity measurements using ejector type tools have become a very important
However, when used alone they do not present a complete andphase of tracer work.

valid picture of fluid movement down hoic. Also, velocity shots should be substan-
tiated by other means during the survey. When velocity measurements are supportedthen and only
by logging runs through the tracer. slug, calipers and primary logs,
then can a complete and valid analysis Se made.

>

- - - ---- - --- _ - _ _ __ _.- _ - --_- ---_.-- - - _ - - . _ - - - - _ - - - -___ ' 'w J#-- - -- - . - - . - -
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.

Two examples of typical velocity

,

measurements are shown in Figure*

No. 10. The first one represents a
" ' ' " ' ' ' ' ' " " ' ' ' " - sharp and easily defined slug arrival

' ]N at the detector point. This sharp* '

j curve normally occurs at high't.nd*

4
. j/ ,--

, ,,,,,, ,
nosa? medium injection rates. The second

'
curve is typical of low rates and it
is impossible to determine with any

,

accuracy the time of arrival at the

'*'g|y detector point. All that can be
, ,, ,,,

said about the second curve is the,caan

{
fluid is still moving. This illus-

, ,
trates why velocity shots must be,wu r.:

recorded on calibrated time drive.
/

IICTORg

: *

FIGURE No. 10

0 RECO> MENDED SURVEY METl!ODS

A number of logging techniques commonly used have been discussed. Each of
these has serious shortcomings and when used alone fail to present the complete
picture. However, when the good features of each is combined into a single opera-
tien, then a complete picture is much more likely.

Single Detector - Eiector Type - Figure 11

The example shown is a typical Permian Basin water injection well. The injec-
tion rate is 800 B.W.P.D. at 1800 psi, 5\ inch and 15 pound casing, 2 inch tubing,
packer and 4 3/4 inch open hole. The recommended procedure is as follows:

.'
1. Run open hole caliper, gamma correlation log, collar locator, then base log for
tr.icer operations at reduced sensitivity. The work should be do.nc with a scintil-
Lotion type gac=a detector where temperature permits..

2. Position ejector port at 4895 feet and detector at 4900 feet. Put recorder on
esiibrated' time drive. Eject a heavy slug of water solubic I-131 material and
mo..itor for a sufficient length of time to allow material to indicate a channel
be'.ind the pipe. Cencrally two to four minutes are suf ficient. However, once the
material behind the casing passes the detector it might be flushed out in a matter
of seconds. In this first step we now have the 100 percent velocity measurement
and indication of a channel behind the pipe. . ,

.

> t. Switch recorder back to normal logging (depth correlation). Drop the tool below
the slug for series of timed logging runs over interval (logging runs number one r
trirough nine). Note residual radiation in zones "A" and "B" on run number one

.:e s
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dissipates on subsequent runs. This indicates zones of rapid flushing. Zone "A"
(4890 - 4895 feet) behind the casing first builds up radiation intensity, then.

' flushes rapidly and within eight to ten minutes all traces of material are gone.

These logging runs are made until the slug comes to rest and the hoic cleans!

At this point in the operation considerabic infornatio . is availabic to theup.
logging engineer. By examining these runs he can then plan the work necessary to
thoroughly analyze the fluid movement.

.

t 4. The examination reveals profiling as the material moves down hole. Note log as
slug moves past sections taking fluid ("B" 4930 - 4940 feet, "C" 4970 - 4980 feet,

and "D" 4995 - 5002 fect). There is negligible spreading of material for two rea-
i

sons, (1) the material is solubic and completely miscibic in water, and (2) the
.

tool is smooth and without traps.
<

The closely timed logging runs make it possibic to compete approximate rate of
down hole fluid movement: This is done by knowing bore hole diameter and noting
the rate of down hole movement of the slug. Slug moved from 4942 - 4955 feet in
two minutes; this rate is approximately 188 B.W.P.D. The next interval, 4955 - 4967
feet as shown in runs two and three calculates approximately 170 B.W.P.D. This
indicates a slight fluid loss in this area. Note the slight irridation at 4958 -
4960 feet in run number three. The slug shape at about 4970 feet (run number three)

ishows profile action here. Also profiling as shown on runs four, five and six show
zone "C" (4970 feet) to be taking some fluid. Since runs numbers three and four
are in a rate change area, a velocity check here would be unreliable, liowever, a
check on slug movement as shown on runs four, five and six shows that about 94 - 120
B.W.P.D. are moving between 4976 - 4988 feet. Immediately below 4988 feet the final,.

or lower most zone of injection becomes apparent at 4990 - 5000 feet (zone "D").

We now have this cencral information: (1) 100 percent rate measurement inside
the casing, 800 B.W.p.D., (2) channel behind the casing up to 4890 feet, (3) three
major fluid loss zones 4930 - 4940 feet, 4965 - 4975 feet, and 4988 - 5000 feet. |

About 75 percent of the injection fluid is going into the bore hole above 4940 feet
and into the channel. About 10 percent is entering the formation between 4965 -
4980 feet. Also some water is entering'the formation between 4995 - 5000 feet. :

' ' With this general picture in mind the ganna ray neutron tog and caliper log
should be examined. This examination shows definite changes in 11thology and poros- i

icy at 4937 - 4940 feet, a shale break between 4968 - 4974 feet and another porosity
.

*

change at 4990 feet. The caliper shows a fairly uniform hole except for the slightfect and the 7 7/8 ;

enlargetent at 4990 - 5000 feet, shale wash out at 4968 - 4974 ,
inch drill hole just below the casing seat. Velocity. shots should not be made in .,

these enlargements or. in the middic of a section where rates are changing. |

This procedure is such that cach step provides information to plan the next
i

one. Also it requires that the logging engineer must be well trained and abic to
do more than just run a tool into the hole. The thin zones revealed by the correla- |

!

tion of primary logs, tracer logs and caliper information can now be closely brack-
cted with velocity shots and more accurate quantitative values placed on rates and

;

injection patterns. j'
i

+

+

,

1 i

b's
- - _ _ - _ - . - ____-_____ -._--____________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _
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Figure No. 12. Rates deter- 1

mined at the points indicated by,,

{ [e * * ' ]i
| slugs two through seven correspond
| g g to the general profile deriveds

, from the logging runs, define the
(~~~} |

f
I *? ! E 8I zones much more closely and estab-

! $$N N NS lish the quantitative profile in
3 as the open hole. They also show the

amount channeling up behind thew- -
' w 'e

casing by indicating the down holea
:=

! rate immediately below the casing(
# N I seat (slugs 6 and 7) versus the

.J w- rate determined in the casing,

d / :

;j g
,

a * ; Slug number eight is inten-,

- <

I
tionally very heavy to more com-
pletely identify the extent of,

l ;
l\ ... " the channel behind the pipe.

U'

(Note indication of chtnnel before! ,

! the large slug clears the toolJ inside the casing.) Immediate,

logging runs through the sectione =

also catch the material behind
-- .

. ._
_;j *

the pipe before it dissipates_; ,.

2 : ="

E | 5 I. 3
and more clearly shows the single*

*
thin zone of fluid acceptance.f

-
. .

-- .. *

; :; a __ . : l., "; :: :g
~~ '

JEE: D ig :: E

* * ?. E: 5 3f The overall pattern or profile of*

injection is shown at the right.

V I? " *

hand side of Figure No. 12 and.
"

-
; can now be accepted as a true.,

;2: f;.

-;* 1.2 and accurate pattern.
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(lDouble Detector - Eiector Tvne
4

Often it is necessary to place the detcetor at or near the top perforation.
In this situation a channel and thief zone near this point can be missed. This i>'

because the material vill be af fecting the detector from inside and outside the
'

pipe at the same time.

This problem is easily solved by using a detcetor above and below the electot
Since the material is ejected into the injection stream below the top detector, at.

,-

reaction on the top detector can only be from behind the casing.

- Figure No. 13 represents a typical application of this a ype tool.

1. Run gamma correlation log, collar locator, then base log at reduced sensitivi
for tracer operations. Scintillation detectors should be used.-

2. Position ejector port at 5002.5 feet with detectors 5.5 feet above and below
the ejector as shown in sketch. Tool is held stationary, both detectors recordir
simultaneously on calibrated time drive.

3. Eject heavy slug of material into the injection stream (I-131 vater soluble)
Monitor until material has cicated lower detector. Also, monitor for sufficient
time for channel to be indicated on top detector.

Note - bottom detector shows fluid travel time of 9 seconds inside the easi
(910 B.W.P.D.). The shape of this' recording (ragged return to base curve) indis es

*

possible channeling or fluid trapped at or near the top perforation, lloweve r , -

reaction by the top detector cicarly indicates a rapid channel behind the pipe -
at 1 cast 4997 feet. Also, note that almost complete dissipation occurs in 90 s. ad

4. Switch recorder back to normal logging (depth correlation). Drop tool belos
slug and log up hole as indicated. !!ake several regular and frequent runs t hro
the slug as it travels down hole.

rc It5. Examination of slug travel as indicated by runs number one through eight

(a) Slight indication of activity behind the casing (at 4994 feet) which a

completely disappeared between run number one and two. This cican up

has occurred in four minutes. At this time it is not certain if this 4

the top of the channel or not.-

(b) No indication of communication between top and middle set of perforat is

(c) Profiling between middic and bottom set of perforations indicates cor
,

munication.*
,

(d) Evidence of material indicates fluid moven.cnt below the bottom set
at .r.

forations. At this time it cannot be determined whether it is a chan i.

*

or not.

(c) Approximate rate-volume calculations based upon slug travel down hole
~ '

indicates: 495 B .W .P .D . 1 caving the casing at or near the top perfora io:
*

75 B.W.P.D. 1 caving the middic set of perforations, 170 B.W.p.D.' leave g

near the top of the lower set of perforations, and the remainder mavL -
down hole to 5108 f eet - probably outside the casing.

s

&

I

- - . . - . - - . - - - - - .
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6. Check the 100 percent injection rate again (ejector at 5002.5 feet) to make'

.

certain that,the rate has not changed. The first slug has indicated that a rather
detailed procedure will be necessary to make a complete fluid movement analysis.,

- This slug number two is not illustrated.
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FIGURE No. 14 FIGURE No. 15*

. >

7.- Identify channel at bottom perforations. Figure No. 14. Tool is positioned

as shown with ejector at 5095 feet which is immediately above the bottom perfora-
tion. Slug number 3 is ejected and monitored on time drive. Reaction occurs on*

bottom detector and no reaction on the top detector. This indicates fluid moving
down, probably outside the pipe. Note logging runs numbers 9 through 11 again

,

*

show material as low as 5108 feet.
' :

8. Figure !!o. 15. Ejector is positioned below bottom perforation. Slug number 4 ,

'

is ejected and monitored on time drive. No reaction occurs on either detector.
! Logging runs numbers 12 and 13 at five minute intervals show slug remaining static

at 5100 feet. This procedure proves that the material detected at 5108 feet is .

behind the casing.

.
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FIGURE No. 16 FIGURE No. 17
'

9. Figure No. 16. Ejector is placed immediately below the top of the lower set of,

perforations. Analysis of slug number one. indicates a rate change across these
lperforations and-a channel. Slug number five is ejected and both detectors are

monitored on time drive. Top detector reacts in 18 to 20 seconds indicating fluid,

'

moving up outside the casing. Material reaches the lower detector in about 45, ,

seconds which is approximately 170 B.W.P.D. rate. This checks with the amount |
~ indicated with analysis of slug number one. Several logging runs are made to define
channel limits. Material is detected to 5074 feet which means water leaving top of
these perforations is channeling to 5074 feet. Dissipation or clean up is rapid
which indicates a zone of high permeability behind the pipe..

,

Analysis of slug number one, logging runs numbers 3,.4 and 5 indicated chan-
; neling between the middic and lower sets of perforations.

10. Figure No. 17. Tool is positioned across the middle set of perforations. Slug

number six is ejected and monitored on ti'mc drive. Bottom detector shows fluid mov-
ing inside casing at approximately 340 3.W'.P.D. (approximate because tool is in a
rate change zone.) Shape of recording also indicates a channel outside casing is
retaining some. material. Top detector shows.no channeling up behind the casing.

.

Runs numbers 17 through 20, further substantiate. war,cr channeling down from this''

middic set of perforations to. 5074 feet. j
'

'
.t

#
i f Run number 17 shows material channeling outside the pipe down 5074 feet. Runs

'; number 18 and number 19 show remainder of slut, inside the pipe leaving perforations
at 5084 feet .3nd moving up'to 5074 feet.;

c') _
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' FIGURE No. 18 FIGURE No. 19

.

11. Figure No. 18. Check to determine if top set of perforations is in communica-
tion with the middle set of perforations. Tool is positioned as shown. Slug num-
ber siven is ejected and monitored on time drive. Bottom detector (19 - 20 se.conds)
indicates 420 - 435 B.W.P.D. moving down inside the pipe. Also, rapid return to
base curve indicates no channel downward. No reaction on top detector indicates
n.. ch nnel upward. Logging run number 21 also indicates no channel.

| tigure No. 19. Check for channel from top perforation. Slug number one did
*

r, e clearly define the top of the channel. Tool is positioned as shown and heavv.
si g number eight is ejected. Note reaction times on both detectors - the material

' mm es Schind the casing at a more rapid rate up outside the pipe than downward in-
sace the pipe.

,

.

legging runs 22 through 24 also indicate a high velocity channel to 4994 feet.
\1s i, an apparent zone of injection between 5014 - 5018 feet.

,.

i ). All the preceding work has defined all channels and zones of rate changes.
' lo.:ity measurements must be made above and below zones where rate changes occur..

F.as arements made in a zone of rate change are of little value. Five velocity shots
are made and recorded as shown in Figure No. 20.

L
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FIGURE No. 20

The iniection profile _ is determined as follows:,

185 B.W.P.D. 1 caving the perforations at 5096 feet as indicated by veloc-The injection zone behind the pipe is indi-(a)
ity shot ~(slug number nino). This material is approximately
cated by slugs numbered three and four.
5106 - 5108 feet.,

Velocity shot slug number 10 indicates 300 B.W.P.D. moving down inside the1

The rate dif ference between slugs 9 and 10 is 115 B.W.P.D. -(300(b)
5084 feet.casing.,

This means that 115 B.W.P.D. is moving out atminus 185).
Slugs numbers five and six show it to be moving up outside the pipe toThe dif ference between velocity shors, slugs number 10 and 11,.

*

5064 feet. Slugs numbers 5 and 65076 feet.
show 135 B.W.P.D. to be 1 caving pipe at Therefore,
also show this to be moving down outside the pipe to 5074 feet.

,

j(

the volume into zone "B" (5074 - 5076) is 115 plus 135 or 250 B.W.P.D.

Notice that velocity shots, slugs numbers 11 and 12 do not agree by oneThe rate of 435(c) probably due to turbulence in perforated area.It is known that 475second,
B.W.P.D. (slug number 11) is more representative.5012 - 5021 feet. This is
B.W.P.D. is leaving the perforations between l m
the difference between slug number 13 and number 11. (Refer to s ug nu -

515 B.W.P.D. is moving down inside the pipe (5013 - 5018 feet),),
Therefore 515 minus 435 is 80 B.W.P.D. into zone "C"

(5014 - 5017 feetber 8.)

| as indicated on runs numbers 22 throug. 24.

.
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(d) By subtraction (910 minus 515) 395 B.W.P.D. is the amount channeling to
.' zone "D" (4094 - 4096 feet) . (Refer to slug number eight, runs 22 through

24.)

.' PRODUCTION T?".ILES"

The use of tracer ejector tools and isotopes to obtain production profiles is
not recommended. The main reasons for this are: (1) the isotope presents a hazard
upon returning to the surface; (2) no universal _ isotope is availabic for use in a
three phase mixture of oil, gas and water. Various attempts have been made to ob-
tain production nrofiles by using an isotope that is compatibic with the most repre--

7 sentative well .luid being produced, but this has not yielded valid results. In

selecting an tsotope that is oil soluble for use in a well producing more oil than
gas or water, we encounter a mixture of the three fluids in all zones of investiga-
tion and resulting turbulence will cause the material to plate out or string out.
Thus, any readings obtained will be unreliabic.

CONCLUSION

Tracer logging can be extremely reliable in diagnosing well problems when prop-
erly employed by trained personnel. Two types of probicms outlined in the preceding
examples are indicative of the information obtainabic from tracer logs.

In planning a tracer logging operation, the company engineer has a considerably
more involved task than he has in planning a primary logging operation. First, he,

must consider the physical equipment of the well to be certain it will accommodate"

the logging tools. 1: ext he should be thoroughly familiar with the reservoir con-.

ditions, injection rates and pressures and the information on lithology, porosity
and penneability as reflected by pertinent primary logs. Also, he should determine
what specific information is desired from tracer logs. Then the company engineer
should consult with the logging engineer and discuss the above factors before a
proper isotope can be selected and correct tools and techniques be employed to
adequately collect and esaluatc tracer logging data.

~

A few basic rules for successful tracer logging can be stated as follows:*

(1) llave maximum control over fluid movement, (2) Reduce variables to a minimum,
(3) Avoid use of ccmpressible gases, (4) Use isotopes of short half life, (5) Use
only miscibic isotopes that are compatib.e with well fluids to avoid plate out or-

settling, (6) Observe the isotope in transit, (7) Carefully note clock times of
cach run or operation, (8) Let each logging operation set the stage for following*

.

operations, and (9) Double check each operation if possibic.*

When a trained logging engineer and a company representative confer on loca-
tion as to what information is desired and what data has been obtained as the log-
ging job progresses, a complete picture as presented by tracer logging can usually
be obtained and a preliminary interpretation afforded by the time the well logging
has been completed. In this manner rapid planning of any necessary remedial work
on the well can be accomplished.

,
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r Ted.\perature logs have been utilized to gain information on fluid

move. at'in and odjacent to well bores for many years. Much research,
both field and laboratory, has been done in an attempt to apply mathe-
natical standards to the information obtained. Detailed quantitative

,
interpretation has been generally unsuccessful because of local geology,
bore hole effects, unstable well conditions, and the time required to
approach thermal stability. The application of the temperature log to
injection profiling has focused our attention on these probicas more
pointedly.

The technique discussed in this paper provides a means of investi-
gating injection strata more thoroughly and minimizing the well condition
influence. A digital system is employed, recording a series of runs on
tape at predetermined time intervals. The tapes are programmed through a
ec=puter to establish the terperat.ure decay rate through selected in-
tervals in the well bore. When th- . ate is established, an extrapolation
data provides an accurate progression touard thermal equilibriun in the
strata. This data is used to determine the fluid acceptance profile.
For further analysis of data, a differential is availabic for any selectc'
interval.

Fic1d exampics are presented comparing the various temperature
logging techniques with the compu~erized logs to further demonstrate the
validity of the information obtainel.

INTRODt'CTION

Tenperature logs are one of the oldest means of investigating down-
hole conditions. Many new applications and methods of interpretation of
results have been developed, mwt of them valid to a limited degree.
These "new" premises and techniques are, for the most part, extensions of,
or improvements upon prior work. Supporting information, both theoret-
ical and actual, lend credence to seme indivicual histories, which are then
accepted as the " standards" for their particular approach. Our ability to
compute resulte froa physical data has improved almost without bounds, and
some highly sophisticated data calculations has evolved. The advancement
in this area has pre-supposed that the methods of gathering and extracting4

these basic data has kept pace with our analytical ability

*The Western Company, Midland, Texas
*The Western Company, Fort Worth, Texas

.
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Unfortunately, such is not the case. We still must work with information
collected by, basically, a thermometer in a very restricted environment,
the well bore.

These " thermometers" have been improved radically, and in our zeal
to get to the final answer, we tend to impute capabilities to the tools
that cannot exist under the conditions in which they operate. We then
supply the missing data from our individual understanding of the condi-
tions and our opinions are " read in" to the log as actual recorded data.
The results computed from this information are as varied as the number of
qualitative " facts" we supply.

The widespread differences in temperature log interpretation in- ddicate that we should re-examine the raw data and attempt to validate the
basic components of our formulations.

The total amount of temperature information availabic to us at a
given tire exists in the absolute temperature cnve (Figure 1); therefore,
we must devise a method to extract this data, then determine what condi-
tion affected it. To do this, an understanding of the tools, their
reactions and methods of recording, and the environmental reactions
surrounding them is imperative.
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Figure 1. Absolute Temperature Curves
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TOOLS

Surface recording tools can be divided into three basic
classifications:
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Figure 2. Basic Temperature Tools

1. Absolute or normal temperature: A singic element tool,
calibrated and aligned to detect the existing temperature
downhole and transmit this information to the surface, where
it is recorded as actual temperature versus depth.

This tool measures the temperature of the borehole fluida at
a singic point and is subject to the total of the vertical as
well as lateral ef fects of temperature transition zone. Sharp'

definition of temperature interfaces is improbabic unicss the
differential is extreme, and slight changes of ten go unnoticed
unicss recording sensitivity is high. Total transition from
one temperature to another is usually averaged over a long
vertical interval.

,

1

2. Temperature Differentini: The differential tool utilizes two
elements physically separated by a given distance. Both
cicments detect the absolute temperature of the fluids at their
respectivo depths. These temperatures are impressed upon a |

" comparison circuit" and the difference betwoon them is trans-
mitted to the surface and recorded, llence, if one element

3--
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detects 76 degrees and the other, S' above it, registers 75
degrecs, a 1 degree progression for the interval is recorded. |
As long as this progression remains the same as the tool is
moved downhole, no further deflection is recorded, but should
the rate of change increase to 2 degrees per five feet interval
(i.e. top element 78 degrees and bottom 80 degrees) an addi-

itional one degree deficction would appear on the recording for
the given interval.

The two element tool can be calibrated and used as a "true dif-
ferential" indicator by taking stationary readings. The actual
dif ference in temperature would be determined by the deficction.

'

During most logging operations, the progress downhole.is
usually continuous; therefore, both the rate and the amount of
temperature change affect the readings, and the log is used as
a relative temperature change indicator. The actual. tempera-
ture is recorded simultaneously on a separate circuit. The
advantage in this usage is a more prominent indication of
temperature change over a given interval.

3. A - Priori " Differential": This principic simulates the dif-
ferential effect by using a singic element and an electronic
" memory circuit." The single element detects the temperature
of the well fluids and sends this information to a memory cell
or delay circuit. Af ter a pre-selected time this temperature
impulse is fed back into a " comparison circuit" and is impres-
sed with the impulse currently generated by the temperature
element. The difference in temperature detceted at the two
time-intervals is recorded as differential.

This tool is not a true differential indicator with respect to
depth since it depends upon movement for its depth spacing.
Theoretically, the spacing is controlled by logging speed, but
in actual practice, the time delay for feed back in millisecaxb
and normal logging speeds are not compatible. No consistent
spacing control is possibic without electronic "gateing" keyed
to the depth meter. Continuous movement again incurs effect
from both the rate and amount of temperature change, and con-
fines the use of this curve to an instantaneous slope change
indicator. As with the other differential tools, the actual
temperature is recorded on a separate circuit. The downhole
tool used in the A-priori method'is only the normal or abso-
lute temperature sonde. All the delay circuits are in the
surface instrumentation. NOTE: The electronic description in
the foregoing discussion is not technically correct, but has
been simplified to emphasize'the sequence of occurrence and
reaction.

APPLICATIO:t
Temperature analysis is useful in four separate appitcations.

All the. interpretations have overlapping variations.

1. Definition of long endurinn ef fects, such as cement top loca-
tion. Timing is not critical since the heat evolved by cement

~

reaction is continuous for some time and relatively slow to

dissipate. Good definition is possible for long periods of

4-
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time after operation. Absolute temperature tools are competent
for'this work,-as anomatics are usually quite pronounced.

2. Production Lo uing. Location of production entering well bore.
Identification of channels when produced fluids cause changes
in ambient temperatures. Differential tools assist in inter-
pretation and definition of slight changes of temperature.
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Figure 3. Temperature Analysis Applications

Thin zones of production entry can be better defined with short
spaced investigation.

3. Frae or Stimulation Evaluation. Identification of short term
temperature eficces. Zonc identification is made by compari-
son of normal gradient curve before operations to the anomatics
induced by pumping fluids downhoic. Temperature effects are
comparatively short lived and time is rather critical. Inter-

- pretation will vary with the direction of induced anomatics
(heated or cooled) and with the treating fluids used.

' - Absolute temperature sonde must be used but the differential
curve can assist in defining limits of zones, especially when
differentials from normal gradient are small.

>

4. In iection Analysis. Identification of zones of injection by
observing the changes in well bore temperatures induced by in-
jection, and comparing the relative rates of recovery opposite
various strata when injection is discontinued. The absolute
temperature tool must be used for valid interpretation, and
the differential tool may be used for upper and lower limits
of zones.

3.
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ENVIRONMENTAL EFFECTS

All temperature analysis is accomplished by observing the reaction
when ambient temperatures are disturbed by some means, resulting in down-
hole temperatures other than normal gradient. The gathering points for
all temperature data are confined to the well bore and all measurements
must be considered from those indices only. Reaction in the formation is
inferred from its effect on the well bore temperatures.

The temperature curve is a graph of tenperature versus depth within
the borehole. As such, it considers only two moments -- vertical and
lateral - but the offect of all the conditions surrounding the data point

dictates its temperature at any given time. Since the temperature ob-
served at a specific point is the result of its total environment, a

method of defining the variables and climinating or computing their ef fect
is necessary before valid quantitative work can be accomplished.

The definition must be done with the raw data derived from the
temperature curve, which is subject to the inherent limitations of the
collecting process. A better understanding of these limitations can be
established when we examine the basic principics involved. (Figure 4),

i
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The geothermal gradient is caused by the continuous flow of heat
outward from the interior of the carth. The flow of heat is an equilib-

rium process between the heat sources, the conductivities of the
transmitting material and the temperature differential between two points;
therefore, there is no accumulation of thermal energy in the path of heat
transmission. The thermal gradient for a given medium is dependent upon
its conductivity.

The normal gradient of a given formation is not appreciably dis-
turbed by the existence of a hole or well since the differential still
exists vertically, and the ambient temperature at any given depth remains

' the same throughout the strata. This provides an infinite reservoir of
heat at the existing temperature for a given depth, which can be recorded
by the absolute temperature tool. (Normal Gradient Curve) .

,

Injecting cooler fluids into the well bore causes a differential to
occur between the well and the rescrvoir of heat at any given depth, and
the equilibrium process is established ireediately, forming a horizontal
gradient at that depth. Assuming injection conditions (rate and tempera-
ture) to remain constant, a constant rate of heat replacement is
established that is dependent upon the formation to borchole differential
and the conductivity of the medium between the two temperature extremeties.

Since the rate of heat, flow is constant for these given conditions,
steady state heat flow is approached after the initial injection period,
and thermal equilibrium with the ambient formation temperatures is estab-
lished at some radius from the well boro (Figure 5). Continued injection

results in no further measurabic cooling of the well bore or formation
around it, and the rate of heat absorption by the water becomes constant
for cach depth. Therefore, the well bare gradient is established as a
near constant progression at some temperature cooler than normal forma-
tion gradient.

The zone or zones of fluid entry can sometimes be recognized by
the slight slope change at the top of the injection interval but close
definition of the zones under injection conditions is improbable unless
considerable vertical acparation between zones exists (strata cooling
between injection zones discussed later.) The injection zones have an
additional effect imposed. The fluid entering the zone at some tempera-
ture less than ambient formation temperature, not only cools the formation
face by passage, but the reservoir of heat is displaced to an ever-increas-.

ing radius from the well bore by the fluid. Since the fluid in the bore-
hole is the coolest in the system and the well bore is the co11cetion
point for the temperature data, no additional cooling is recorded at this'

depth as a result of continued injection.

After these conditions have been established, the recorded injec-
tion temperature gradient in the well bore remains essentially constant
throughout the total period of injection,.and a gradient curvo run under
injection conditions will reficct only the temperature of the injection
fluids at their respective depths. The result is a gradient curve of

relatively constant progression, depressed by some degree cooler than
normal formation gradient. The two temperature extremos have now been

-7-
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established and the conditi.'ns are at steady state.

.

When injection is discontinued, the well bore to formation dif-
ferential still exists. The water is no longer moving, and the equilibrium
process attempts to bring the fluid in the well back to the ambient forma-
tion temperature at each depth.

The conductivities of each strata allow a characteristic rate of
heat replacement at their depth, and the relative rate of heating is not
equal for cach zone. The rates of heating at various icvels dif fer but
are proportional for each zone with respect to conductivity and differen- l

tial at any given time.

The result in the well bore is a progressive, proportional heating j
at all depths except the interval that has accepted the injection. This
interval has not only been cooled to the thermal equilibrium radius, but !

the reservoir of heat has been displaced from the bore hole to the point I

that lateral or hor zontal flow of heat to the well is either effectively |-

blocked, or is radically decreased.

Any replacement of heat at the points opposite the injection zones
must come from above or below the strata, or be delayed until the fluid i

bank in the formation is warmed to the degree that it will, in turn,
transmit heat to the well bore fluid. These variances in recovery rate
can be identified by a temperature traverse of the hole with the absolute
temperature tools. Several traverses at selected time intervals after
shut-in reficct these relative rates and a DT with respect to time is
evolved for each interval. Au previously stated, these relationships are
proportional except over the zone of Guid entry. These progressive or
" decay series" curves can be used for qualitative identification of in-
jection zones. Identification c f the true injection incurred anomatics
is not always simpic, since many conditions can affect the recovery rate
observed in the well bore. (Figare 6).

Mechanical conditions such as casing, tubing, hole size and cement-
ing prog, rams behind casing, changing bore hole size, thin zones widely
separated, or closely spaced, or any other than uniform physical conditions
can cause variations in well bore heat replacement rates. A sufficient
number of subsequent traverses must be made to identify the truc injection
zones.

Theoretically, once the zone is identified, the DT with time
establinhed after recovery of the injection zone commences can be used
for quantitative calculation of percent fluid intake por interval.

This application, used without other control data, assumes several
hypothetical conditions:

1. Each strata is thermally independent of adjacent formations.
2. Vertical heat interchange between' strata and within the bare

hole is negligibic.
3. The heat flow effects precisely reverse themselves during the

recovery period.

-8-
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Grephic examination of the sequence of thermal transfer will reveal
that these effects must be considered in any quantitative work.

|

! STADtu2tD INJECTION TEMPERATURES
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Figure 5 Figurc 6. Conditions Affecting Recovery Rates

THEORY AND VARTATIONS

The many attempts at quantitative evaluation of injection well
temperature logs have evolved an approach that is closely analogous to the
radial flow pressure decline calculations, which assume only two dimen-

|
sional flow. The application to thermal evaluation considers individual

t
strata, with the cooling approaching the ideal or complete thermal equilib-
rium at an infinite radius. Figurc 7-A.

l

At the initiation of injection, the radius of cooling is slight'

(TI), increasing throughout the period of injection to the ideal tempera--

ture diatribution (T6). This progression is assumed to be independent of
boundary temperature effects. F:gurc 7-B illustrates the temperature dis-
tribution in adjacent strata under this assumption.

Theorizing that temperature flow of fects precisely reverse them-
i scives upon interrupting injection allows calculation of the rate of

recovery within the well bore. Relating this recovery rate to the heat
transfer co-officient of the formation, period of injection, total in-

jection volume, and ambient to injection temperature differential, a
formula can be evolved that should indicate the injection distribution.

9
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The mechanics of heat flow are not limited by vertic51 permeability
boundaries as are pressure or fluid flow effects; therefore, this approach
touard evaluation must be modified to consider the ef fects of heat flow
within the formation upon the well bore temperatures.

The constant proportional progression of heat distribution through
a given strata which must be assumed quantitativo evaluation does not
actually exist. Figurc 8-A illustrates the compicxitics of heat flow
mechanics by joining the conter points of the isotherm distribution of
Figurc 7-B.

It becomes apparent that as the vertical heat differential between
strata not accepting fluid becomes more pronounced, a greater amount of
heat is taken from the adjacent strata to attempt local equilibrium.
These effects becomo scif-limiting, and disrupt proportional cooling pro-
grcssion of individual strata. For practical interpretive uses, the
cumulative cooling is fixed at some finite radius. Figure 8-B.

This radius cannot be established as a constant for a given forma-
tion without also considering the strata thickness, since a thin formation
will be more affected by the adjacent temperatures than a thicker one.
As a result of those reactions, a calculation based upon the radial flow

principic must consider additional control data to become accurate. The

premise of precisely reversed recovery of fects is also invalid for calcu-
lations. The zones do not reverse the heat flow but the reactions observed
in the voll bore are reversed, with limitations.

- 10 -
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Figure 8. Compicxitics of Heat Flow Mechanics .

|

The steady state heat flow approached during injection cannot be
! established during shut-in since there is no heat carried away under

static fluid conditions. The rates of recovery observed in the voll bore
constantly diminish with the decreasing temperature dif ferential until
recovery to ambient formation temperature is effected. The resulting

isothermic distribution sequence is depic ted in Figurc 9.

As injection is interrupted, only slight vertical differential
exists between strata in the proximity of the well bore, but the well to
ambient formation differential is at its maximum. Lateral heat flow from
the formation to the well is at peak rate a'nd very slight vertical heat
inter-change occurs near the well. During the collapse of the heat sink,
or cool cell, the recovery of the more conductive formations surpasses the
slower conductive strata, and a temperature dif ferential develops between
zones, establishing a local equilibrium proccas near the well bore.j

The formations of lower transmitting efficiency are then warmed by
vertical, as well as lateral heat flow, and in turn, affect the well bore

| Since all the temperatura data in gathered from the vc11 bore,fluids.
these ef fects obliterate the lateral recovery rato data needed for quanti-
tative calculations.

The period of maximum lateral, and minimum vertical effect on the
well bore temperature is transient, occurring during the initial recovery

The recovery rate data must be collected duringprocess after shut-in.'

this " optimum time" period when the rates more nearly approach the lateral
i

I
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flow characteristics necessary for valid calculations.

These initial data may be extrapolated through the time interval
where distortion occurs to the total recovery point, or ambient formation
temperature. The extrapolated rates then reficct the truc lateral re-
covery characteristics, relatively independent of vertical flow ef fects.
Projection of these data from injection temperature to indigenous forma-
tion temperature will identify tbc zones that have accepted injection,
since their proportional recovery rate has been interrupted. (Figure 10).
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Figure 10. Actual versus Extrapolated Progression

The source of heat required for proportional recovery has been dis-
placed past the thermal equilibrium radius by the injection fluid, and
does not contribute a lateral flow of heat to the well bore during the
inspection period (logging time duration). Figure 11.

Ileat for recovery opposite the injection zones must be supplied
vertically from adjacent strata. Those formations have been cooled by
proximity to the injection zone and cannot contribute heat flow at normal
fornation temperature. The source heat for recovery is less than ambient

formation temperature; therefore, proportional extrapolations, based on
decay data, cannot approach gradient ternperature at these depths.
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An example of this first basic extrapolation step is shown in *

Figure 12. The average DT with tinc from three runs is used for brevity
: in explanation rather than the proportional extrapolation that must bc

used for truc quantitative work.,

Through the 84 hour extrapolation based on 2 hour decay time, the
deepest point to equal normal gradient is 8030 (118.5 degrees). All

points above 8032 were climinated from the next extrapolation at 95 hours.1

! Temperatures from 8057 to TD were also equal to normal gradient and
climinated as injection zones.'

The 95 hour extrapolation eliminattd the zones from 8032 to 8040
and the 2' interval from 8055-57. A thin zene from 8047-49 cxceeded the

i gradient temperature at 327 hours and the ratio of progression of the two
| remaining zones indicate that extrapolation to normal gradient would re- *

quire an unrealistic time, even considering an average DT with time.

The remaining temperature differences at four inspection depths
were prorated to percentage injection in these zones. The assignation of

these percentages must be modified by the eficcts of zone cooling and zonc
: thickness in multi-zone injector.

Figurc 9 depicts a single zone of injection bounded on both sides
by non-injection zones. Multi-zonc injectors must consider strata not
accepting injection sandwiched with zonca which have had the indigenous
heat reservoir displaced by injection water.

4

l
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These formations are effectively isolated from vertical heat flow,-

and a portion of the lateral flow replacement heat is constantly scavenged
by the injection strata on both boundaries. (Figure 13). Since the source

of replacement heat is being constantly displaced further from the well
bore, the temperature in these zones is of ten reduced to approximately
injection zone temperature.

Upon shut-in, the recovery rate of these strata is retarded by the
continuous thiefing of heat over the lateral path to the well bore, and
by the lesser formation to well bore differential at a given radius. The

bequilibrium effects do still exist; however, and all but the very thin
:zones can be identified. Conversely, a thin injection zone between non-

injection strata is af fected by the proximity of the two dominant heat
sources, and the recovery within the well bore is accelerated.

Qualitative identification of the injection zones can usually be
made af ter a relatively long shut-in period. A singic traverse is mado
end the cool anomalies assumed to be the injection zones. Vertical heat
effects tend to average all the temperature parameters, however, and only
the top and bottom of the gross injection interval can be determined by
this means. These interpretations are subject to error due to the myriad
temperature influences on the well boro fluids.

Projecting the initial data through the time of maximum vertical
effects allows identification based on lateral heat flow. This establishes
a rate of recovery at each depth that is the result of temperature dif-
ferential at a given radius, formation characteristics, veil bore
mechanics', injection conditions. These projections provide data that can
be used in formulations based on the radial flow concept of heat transfer.

The data derived from extrapointion of lateral recovery rates
evolves a relationship that can be used in quantitative calculation of
water distribution in the injection well.

Projection of the non-injection zone temperature to the normal
gradient leaves the anomatics caused.by the water injection zones. These
anomatics have a relationship tSat reficcts the distribution of water, but
only if additional correction based on zone thickness and bore hole to

: formation differential is applied. Determination of the actual zonc
thickness presents a probicm, but a method incorporating the angic of;

; slope change and degree of slope progression is being used at present,
with good results.

'Sufficient corroborating data has not been compiled at this writing
to present thest calculations, but a progress report to the industry will
follow at a lat er date.

4

INSTRIR4ENTATION

The heart of the computerized applicatirn is the sensitivo digital|

recording system.i

!

j Through use of digital tapes, accurate recording of slight tempera-
ture changes is possibic. Regular analog recording systems use time

i
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constant circuitry that averages many of these pertinent data, and visual
definition becomes impossibic.

The major objective of a digital recording system at the well site
is to record the information obtained from the sonde in the bore hoic with
maximum accuracy, climinating the variabics inherent' in electronic conver-
sion systems and accuracy limitations of strip chart recorders.

This is accomplished by recording the frequency output of the sonde
directly on tape as frequency and making the conversions to temperature in

Additional information, such as vertical and horizontal dif-a computer.
ferentials, can be computed with realistic values at maximum accuracy.
The compt.tcr output can then be printed in columnar or graphic forn for
visual interpretation.

The mechanics of the system are shown schematically in Figure 14.
The temperature sonde uses a sensitive probe (usually a linear compensated
thermistor).
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Figure 14. Digital System Schematic

This sensor will vary with resistance depending upon its tempera-
ture and is incorporated in an RC circuit which controls a relaxation
oscillator. The frequency output is directly proportional to the resis-
tance of the sensor. The downhole signals are fed through the ennductor
cabic to an event counter, coded, and put on magnetic tape in a BCD 1248
code. The BCD output will also go to a digital to analog converter which
will drive a strip chart recorder. The function of the strip chart

17 --
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recorder is to provide a visual record of the temperature runs for refer.
ence only. 'All interpretations will be made from the digital tape through ,

a computer. A minimum of four temperature logging run data is digitally
recorded on tape. The first run during injection and runs 2, 3, and 4 at ;

a set interval not to exceed 2 hours between runs with the well shut in. I

Temperature readings can be recorded 1/2 foot intervals or one foot, f
two feet, etc. as desired.

COMPUTER PROGRAM

r "

The digital field tape containing runs data is processed through
the program tapemake and a Fortran tape is output. This data in in fre-
quency and is converted to temperature. A report on all real runs is
generated and through a program the ability is provided to extrapolate new
runs to any elapsed time.

Each run real or extrapolated contains temperatures per depth
interval, vertical differential at selected depth intervals, and horizon. '

tal decay rate from previous runs or to the normal gradient. Computer
plots of this information can better define the injection zone as to
vertical span and injection volume. All computed variables st.ch as dif.
ferentials have real values providing improved interpretation information. ,

Typical computer print-outs are shown in Figure 15.
[
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Figure 15. Information from Computer Print-out

'

- 18 -
t

. _ . _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ . _ _ _ _ . _ _ _ _ _ _ _



- . . - - . _. --. - - .= - . - . - - - - - - _ _ ._

. .

. .
,

The first column is thc injection temperatures versus depth. The
second column is the horizontal differential or rate of decay vs. depth
from the injection run to the first shut-in run. The third column is the
first shut-in temperatures versus depth. The fourth column is the horizon-

. tal differential between shut-in Run 1 and 2. The fifth column is the
vertical differential versus depth for the first shut-in run, and can be '

selected for any vertical depth interval. Coluens 6, 7, 8, 9, 10, and 11
|

are the shut-in runs at indicated times, decay rate, and vertical dif-
forential. Column 12 is the extrapolated run at a aciccted time based on
the decay rate of the previous runs. Any number of extrapolations can be

i made to observe the data until the indigenous temperature of the undis-
turbed rock is reached. Column 13 is the normal gradient for the locali -

Any set of figures can be printed separately and compared for morearea.
detailed int.erpretation. After column 13, the percentage distribution
versus depth is shown. Further information on total volume injected can
be obtained by applying the percentage figures to the volume injected.

I CONCLUSIONS

| The use of digital recording and computer analysis, coupled with
logging technique, allows the selection of meaningful temperature data;

! exclusive of the masking effects inherent in regular logging methods.
1 Extrapolation provides a means of projecting this " pure" data to

established reference indices, resulting in an accurate injection water
distribution pattern from temperature logs.

This concept of temperature log analysis is in its infancy, and
the forthcoming months will provide a base of well histories to support

'

;

; the validity of this new service to the industry.
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