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ABETRACT T 1

Interpretation of the informeation obisined
from well profiles iz not an exuct saience.
Preliminary inte:rpretation ig subject to local
conditions, erxperience, and performasnce dats.
As vith all types of log interpretation, other
surveys Are sometimes reguired,

Profiles are valusble to aupply inforsation
on conpletion and production efficiency, for
eontrol of injected “ater to obtaln asdimun
floud sweep, to determine the ef'ficiesncy of the
wechanical conditions of the vell, and to
determine the cauwsea of uapre. ictabtle behavior
of a well,

Methods and toole are discussed in reepect
to each technique’s application to the well con-
ditions and the infommation desired, Tyrical
surveys ahows the coapabilities and hole cundi-
tions that onan contribute to interpretstion
errors. Yrom this discussion, technigues on
technigues omn be selected to obtaln the max Lsu
informmation on each well,

The future of proiiles will be determined
by the ability to select the technlique and the
development of well histories to enable further
interpretation of the infurmaticn oblajued,

Reterences and Lllustrations st end of vaper.
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The knovledge of injectes fluild movement in
and adjacent to the Lorehcle o an approfich i«
detemining reservolr Lehavior.

Interpretation of these chservations is not
an exact science, There are sany known parass-
eters thet applyp btu* as with all types of surs
veys, maty more must be ssoured. Auy prelisicary
interpretation s subject to alteration by looal
conditionn ard experience, pricr or sutsequent
information from logs and performance datm, eto,

Usefi. and vallid i{nforsation can be obtainsd
in both primary snd secondary operations, hows
ever, by utilizing the proper surveys and equip-
ment for the information desired, Knowleage of
both the response and iimitations of varlious
tools and techniques, and the effects of possibidg
or probable dowuhole conditions are necessary to
the correct cholce.

To obtadn the desired flood sweep, the
injection well conditions ave of the utmost
fmportance., Assunptlons as to the mechanical
conditions of the wvoell can bLe nmisleading and
result in vasted effort, The mature of watare
flood operations creates many protlems ifn that
Lhe wells are not nev, records arv nometlimes
inadequate, original completions are uot efficis
ent, and squipment s worn., Injectivity pmﬂlﬂl

can provide most of the answers to questions
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eongerning the coudition of a well.

Profiles are used to determine a wide
variety of downhole co.iitions in both injection
wells and producing we!ls in waterflcod operas
tions, Various tools and techniques are availe
able to meet all well conditions. The two most
commonly used are the tracejector with dual
detectors and the packer spinner toeol, supported
t(:y calipers and temperature tools as required

Fig. 1},

REASONS FOR PROFILES

1y To confim predicted perfomsance or
deteraine cause of unpredictable behavior byt

A. Inivial injection [or production] pat-
tern.

B. Initial physical probless [thief zones,
dlmu. "n:n& ;lee., Q‘C.l-

C. Stabilized inJection pattierns.

Dy Developed or induced problems.

2. To detercine effective sone flooding by
obperving effects oft

A,
E.
C.
D.
E.
|

Pressure btulld-up.

Flll-up.

Flushing or top washing.

Vertical swsep.

Formation solubility or "weathering”,

5. To assist in determining economic
feasihility byt

A. Indicating extent of preparation andfor
remedinl work needed for effective operation.

B, Detammining cptisus rates and pressures
pecded.
Cs Ouserving furmation characterisiics

wider actual operation,

& To deteruine effectiveness of stinmuine
tion and corrective mensures by comparison of
perforsance results correlated with subsequent
PUrVEYE.

| METMODS AND OO
Basic Tracers!

Radionctive material is introduced lnte
fluid strews at the surface or dumped in the hold
sbove the zome with dump baller and {te path of
travel and accunulstion obgerved by successlve
logging runs over the zome of interest [Figs 2],
Qualitative evalustion is derived from the poin
of accwsulation as indicated by gw aa log. Vory
| Little control can be cxerted once the waterisl
is placed, and cotisiderable masking of true
| faformation can result from screening, spreading,]
and fallecut, Recommended for frac tracer [sand |
or resine) sod zoues of extremely high permesns

bility or porosity.

Tools Used:

A. Simple gamna detector

P. Gamma detector with attached dump
bajler
Materialst

A. Solid particles [sand-resins-
flakes )

B. Miscible carviers [water-oile
venzene )
Applications?

As In lopt eirculation zones

B In some channols

s In determining effectiveness of
stisulation

Bxpandcd or Improved Tracer

Analytical runs are made by releasing mis~
eible material into the flow stremm 4t selocted
points [above zone, vottoms e tops of 2ones
and/for perforstions, ete, ). The path and
amount and rate of dissipation or flushing ias
obsurved Ly suceessive logging runs sthrough the
zone of interest (Plg. %) The charvecter of
these chservations iz interpreted to locate
zones of fluld accepimice, channels, thin szones
or bedding planes both in and owt of zone or
behind the pipe. JZones of fluld ascceptance in
adjacent strings and/ur Ly epecialized well
equipment [sleeves, plug vaives, evc.). Only
slight quantitative (nformation s sveilable by
thie method) and irregular vorehole, sonle,
pararftin depucits, ete,, onn canse miglendlog
results shere no supporting luformation le
available.

Used

Gamma detector with ejector capable of
repeatsd and variable placesent of radios
actlve materinls.

Matertale:

Miscible and cumpatible carriers,
elther liquid or gas.

Applioations

A. In qualitative analysis of zones
and chiannels sccepting fluld

Be In planning of logglng techniquen
to obtain quantitative information from
profiles

Ce Im supporting inforsation derived
by other means [velocities-flowmeters
Lompe rature |
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Velocity detemminations are made Ly posi-
tioning the tuol at a pre-selected point in the
borehole and a small suount of material ree
leased, The transitions over a known distance
is recorded and the rate of fluld movement over
that i{nterval ¢alculated by voluse of ilnterval
vs transit time., Variations in indicated vol-
wre are then plotted as injection profile,
There are several methods of determining rate
of flow?

As The standing velocity or mwltiple
burst. Material iz relessed and tine measuted
over a given length of tool [Flge #]¢ This
procedure is repeated at each gtation,

B, Controlled Interval or single burst,
Mauterial is released and the tuol lowered to &
pre-selected point, transit time recorded and
the tool sgain moved to & successively lover
point, ete. [Plg. 5]¢ These resultant tranait
tices are computed %o & cuswlative time plot ancdl
related %o flow rate between intervals of
inspecticn,

€. Comtrolled time plot, single burst.
Material is relessgsd and the tuol fmpmediatel:
Jowered well btelow the material, A logging run
s nade et ma Lndex time {nterval, notipg the
position of the muterial in the hole [(Pig. 6).
This process & repeated ay precise time {nters
vale and the varistions of dlsgtasce of alug
travel per unit of time plotted as rate of f{luw,

(ALl veloglity techuigues are sublect %0 errop
from hydraglic dluseters, vorehiode cunfisurne
tion, zones of fluld egress, lnacourstoe calie
pere, chanrels; etc.} and vieau Used ag the gole
technigue, fall short of complete fnformaticn.,
Braulta should be pupportud by coe or mure of
the other aethouds for acourete determinasion of
conditions. )

dogls Uredi

Gamma detegtor with eleclor or ensrs
glzer cagable of relensing soall wnoante of
radioactive materiel (o the flow gtream.

Materinie)

A
B

Migelble or compatible carrier
S0ltd or londzing nodule ur pill

entiongt

A, Ia quantitative walysle of rate of
fluid mocvement at selected depthe in the
boreholes to dotormine injection priflle or
patters.

Bs In Jesdiag guantitative valuss to
the information derived by other petlhods.

Volusetrlice Wy 1Y

A Plowmeter Tool (Fig. T) ts lowered into

zone and stopped at a gelected position. A
packer or deflector is expanded agalust the
borehole walls, diverting all, or a known {ncres
ment, of the moving fluld through the metering
device. This rate of flov i transmitted to the
gurface and recorded as volune Or percantage of
flow, The tool is then released and moved to
another position and the process repeated, The
volunes recerded at each station are plotted aod
the production or injection profiled derived
froum these plota, Accurscy is excellent where
good packaf? or fsolaticn uan be obtadned; bul
channels outside pipe, or vertical ercclus ani
fractuwring near the bordehole allow Tlufd by-pain
in wnknown swounts, Moet of these tools wyre
limited in borehole size Lo seven imej§ there-
fore, flowmeters are not reccamended for ghot
or enlarged holes, These Loole are excellent
for production svaluation and for use with bures-
hale fluid denpgloseter to define volusan of the
various flulde moving in the wrehole, Tooperss
ture is considered, since the packer slessmts on
gome tools mre limited to 1AOF,

Tools Usedt

A wurbine or metering device ceapable of
belng lovered into the hole and recurding
elther all, oF & known porticn, of the
fluids moving st any given polut.

None, with the excuption of mn expands
able packer of biadder used on puvernl of
the toola,

Applicntioney

A Ih guantitative detemination of
flulds moving at say given podas [(Figs o]

B. In jdentification and lsclation of
thin zones and/or holes in caslng

G+ In production evaluntion [zones and
rates of production defined)

De In detemining optimgn produstion
retes [rloviog or gne LifY wells)

E. In ovadustlon of stisulation treats
meuts and remedial work

Borehole Fluld ldentifization

A Borencle Fluld Denaslogeter 1s lowered %o
one of fncpection and & log of plot of relstive
dongitien 4t various depths made by two logging
techuiquens; ataticn settings or stunding reade
inga, snd continucus logglag rane, A snaple of
the borehole flulds is impressed ncpass the
doteoting elemants and the reawltant chiviges In
dengity or reafetance are pilatted as fluid idens
tiftention At thelr recpective depths [Fig. %),
Hign resclution 1s possitle with calibrated Lone
eltivities. Interpretation is einple in tyvos
phase flow, sore cumplioated in thressphase
systems aince the densities of the toutal flulds
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ot any glven point are recorded. Velocity
effects in compressible fluids must be recon-
elled by surface calcuiations and downhole
voluretric measurements with a flowmeter. Tden-
tification of static or moving fluida 12 also &
flowmeter function. Log is not recommended
where production is 90 per cent water, or pore.

s Used:

Downhole tools capable of dotecting
differences in borehole fluids at any depth
in the well (Fig. 10). Several methods are
used, l.e., resistance between electrodes,
capacitunce, sonie detectorg wd radintion
detectoras, The lagt 1s the most pomnronly
used, since the parameters affecting the
detectors are more simply recognlized and
controliled.

Materinls
Nune

Applications?

As In gualitative
borehale flulds in place

B. In quantitative analysis of produce
tion in two- and three-phsse systerme

fontification of

C. In determining gns/oil/vater cone
tacts

D. In plopoisting gas and ofl entry
poluts

Tampe rature Analydais

The tempersture tool has been used, both

| guccessfully and unsuccessfully, in & wide
variety of applicaticns, and such has been
vritten of these elforts by suthors such as
Boone, Bird, Dule, Rusey, Nowuwck, Terry and
others, An outstanding study sad compllation of
these recordz was presented by Edward 7.
Conuolly with Iaperial 081 Limited of Cannda,”
For purposes of brevity, wve shall discyss the
Terperature Log as supportlog inforsation re-
Iated to fluld movement analysie, or flow chiaracd
teristices and evaluation.

Zools Useds
A Aowmhole tonl capable of detecting
slight changes in borehols teaparatures, «ither

sbsolute or differential, and transmitting this
information to the eurface fur recording.

£ alya
A.  Injection profiles
B Prastures and stisulsation
€. Production analysis [gns entry
D. Comsunieation (producing weils

Several tools and techniques have not bLeen

| as way unususl conditions in the project [Lrenis

| The sliding valve was opened, allowing tujection

-

1listed here. The group discussed should provide
a good groso-section for wnderstanding, since
all others in use at the present time are varia-
tions on the main theme and can be atudied at
length in individual articles.

CONDITIONS AND REQUIREMENTS FOR SURVEYS

Fluid movement anslysis is subject to a
great number of constantly changing conditions,
gome proven and saue only sssumed. To obtsin
the most information at the least expense, we
must reduce thege variables and wiknowns ag mush
as possible,

Pre<Jjob preparation showld include several
ftems to assure efficient operation and valid
l"ﬂ.\lltl‘ ‘.Qb:

A. A check on the physical and mechanical
conditions of the well. MNuersus Jobs have been
cancelled or deloyed because of regtiricted tube
ing, pin collars, packers set below perfora-
tions, wdue t'ill-up, fmproper valving, eto.

B, Positive comtrol of injection or pro=-
duetion fluids [valves, meters, crokes, etc.)

€. SBurface indication of rates a:ld pree-
sures for correlation Vo profils results

D: Stabillizmtion. This 18 of prime {opore
tance, Wells fluctunting in raetes require much
longer O survey, since each reading must Le
reconciled with the total rate at that moment,
fSome zones are balanced quite critically, and
may take fluid at ooe rate and pressure and pot
at another,

E. A histury of tne well, such as logs,
1ithology, completion procedutee, wurkovers,
eta,, should be avallable for referense, an well

throwgh, sesling, roepid presoule changes, pluge
gingl. A log showing soame wiusual results muy
be resolved by the flrst altervate technique,
insteasd of "flabing” or eliminasing possitilie
ties by trial-and-arror methods,

Speeinl well conditions or suapected diff1a
eult lugging conditions in & proposed [locd can
many Yimes bte allevisted someviat by deciding
the type infomation needed and tailoring the
vell set=up Lo fit the tools {ndicated, In the
caie of whe dual fnJector (Flg. 11), & sliding
elevve was fnstalled Just above the packer and
woll below the sune of lntereat., Hommal injec-
tion wae down Lhe saniar space] ut when sure
veys wore readed, s plag was dropped on the gseaty

into the zone from the tubing. Alter sufficlent
stabllization period the survey wns run from
fuside the tubing by ejlecting material from the
tonl} and a slemple sanular velocity log and
tracer wae “un upward from the Lottom of the
BB .

SELECTION OF THCHITYES
Tie methods and techtiques avallable for
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fluid movement analysis are legion, each having
both strong and weak points. The information
obtained from these operations is overlapping;
but one type may be inadequate in an area in
which another is strong, l.e¢.; & velocity pro-
file alone may leave doubt as to a channel
behind the pipe and conversely, analytical runs
may show the channel witk good detail but the
distribution percentages may be greatly in
error.

As with primary logs, complete infommation
can be obtained by running all the surveye
offered by several different companies, but the
cost would be prohibitive. A ccsbination of
several of thees techniques in & single presens
tation is available from a limited mumber of
service companies at present, but even thege
mast be adapted to the particular conditions of
each Johc

Flexibility of tool eelection is governsd
by several acpects. One otusideration, for
exanple, is physioal set-up, Small dlameter
tubing and/or packers [l-in. tubing — cemente
lined Sein, tublng limits the teols presently
available to the tracer-type proves with single
detectors andfor leus senaitive cumponents,
thus limiting the wrcunt and quality of the
fuformnti. oo recefved,] sl string injectors
and antular {pjection seut-ups reguire spectal
attention in t00l arrangement and technlques,
Materisl mast be introduced into one stremm und
logeed from inside the sdjoining tubing to pree-
vent hagling tocls. Dual detectors at various
apacingr nust be used Lf yelocities ave to be
ebtalned, Miscllls mdioactive snterials muast
be used in these Lnstances to prevent masking
effect in the wmnulus.

High injection or production rates may
affect the chulce of touls, since tha flowmseter
has definite rate limity and the rats may have
to be altered to slluw awrveying. This van, in
turs, alter the actual profile until it 4= 2o
longer repreasentative of nommal conditions,

A puapected bedding plane or thin wentherwd
and eroded pone may call for a flowmeter for
plupoint determinaticon, but & log 1o an ares of
knowtt shanneling should definitely inelude touls
capable of detecting and delinesting & channel.

Producing wells must have both flowmeter
and borehole fluld donsiometer fur complete
analysis, but gqualitative ldentification of gas
entry sones oan be accomplished with B.F.D.
slone at a considerable savings 1o total jJob

expense.

A quuntitative breakdown of total produced
fleids can be the function of flowseter alone,
with slignt indication of gas breakout our entry
foto borohole [erratic and unstable reaction of
turtine ),

Thin zones or single-~point perforations may
be gqualitatively analyzed by either a basic
tracer run or analytical runs [injection wells
or "pump in" production logs] where conditions
prevent use of flowmeter.

Areas of known corrosion bulld-up resulting
in decreased or erratic Lorehole diameters are
best gquantitatively surveyed by the flowmeter,
unlesg the bulld-up prohivits the use of packers
[sharp projections] or tends to flake off, plug-
ging the turbine.

Extremely low rates decresge the sccuracy
of all radiation-type technlgues and {ncrease
the time peeded to obtain & survey, but a minute
breakdown of lov rates may cause several runs
with a flowmeter to change turbines.” lates
lover than seven P/D cannot be detected with
flowmeter.

High pressurce limit tools to thope with
encugh welght to overcome pressure interfereace
or pecessitate the wee of epevial surface eguip-
ment [at extra coet).

These and many more proulems or conslderss
tione wf'fect the cholee of tools and technlques.
These are better suggested by one who ie famil-
far with all the lisitsticms of tools and
methods .,

The engineer in charge of the project
should determine the major puint of fnterest and
discuss thls and any known well or fisld condi-
ticne with the service conpany repreasentative
before porlitively seleoting the Lype of service
noet needad. 'This allows tadlorisg the service
to & partiowlar condition and reduces the
protablliity ou inadeguate Laformation.

33% B} 3 FIONAS DISOGED BY
LD M RARET ARALTOLS

Corverting fields to flood and pressure
mathtoratice generates many probless, sipce old
vells are norwmally used for injectars. Records
are wsually laoasdequats ) pertforationn many te
plugged or never have existed] some zones muy be
moPe pressure senaltive than otheysj liner tops
nay leak or chuantials may exist thatl pever show
during the production periced,

ne axaaple of these problene 14 the well
(Pig. 12] which was converted %o injection,
answn’r  all perforations open and opanshole
poroal. . egqual % those in the perforsted
interval , Profiles run after teo months injecs
tion showed only one get of perforntions and o
portion of the open hele sceepting fluid, Luater
resedial work re-opened plugged purforsations and
adjusted proflile wntil it was ascceptable,

Not all formstions accept flulds at the
f#tne preseure and rate, Proflles run st two
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rutmnm. rates [Pig. 13]), ghowed that patierns
altered cousiderably Ly rate i.crease. Better
distribution of flulds at highe: rates indicate
that the normal rate of injectioa should be
increased,

Wells in the same field do not react in the
same manner, &s shown in Fig. 14, The three
wells, although completed in the same formations
at approximately the same zones, shov different
profiles when surveyed. To obtain efficlent
sveep, resmsdinl action must be taken to make
these injection patterns acceptable.

Liner tops always warrant investigation,
In Pig. 15, ve find that all injected fiuids are
leaving the borehole at the top of the liner,
In this instance, & sizple squeeze Job corrected
the situation.

Casing shoes are asother trouble point in
many old flelds. In Fig. 1€, all fluids are
leaving at, or Just below, the shoe, When this
eondition is clserved; a channel is {muediately
suapected.

Profiles alone do not detemsine the exis-
tence or extent of & channel, lLet's foliow the
techuique of further aualysis after determining
that all flulds are lesving at the cusiug seat.
A further check 1z pade for chauneling by puais
tioning the tool at & point above the casing
geat [Fig. 17] and electing another burat of
redicactive materinl, Hecordings of the reacs
tion of both detectors are ran for & period of
time and the secondary reactions interpreted o
fluld moving up outalde the casing to & point
opposite or sbove the detestor. [Note reactions
detector ¢ and detector 1 after the inivial
Mn‘lt-]

For further inforsation as %0 the channel,
we must follow the path of the radicsctive
material [Fig., 10). To this instance, several
other conciderations entered into the analysis,
First, the 100 per cent rate indlosted Ly the
velocity In the pipe was not comsistent with the
indicated rate at the surface. fecond, there was
abnormal sction of the sensitive collar looator
at & point two Joints above the cacing shoe, A
few burst of radionctive sateriul wad ejeoved
above this point, and its movement traced Ly
successive logging runs. Note that ir rune oue,
tvo and three, lamediats bulld-up of Mdiosctive
paterial, or profiling, ia apparent above the
casing shoe, although the sain body of the slug
has not yet resched the shoe. The btulld-up, or
path, of radiosctivity indicates that a portion
of the material ia leoaving the borehole at
approximately 4,900 Tt and moving down outside
the pipe to about 4,000 fr, The sain body of the
burst moves downward to the casing shoe and chan-
nels beck up outside the pipe to about 4,000 4,
The sequence of build-up and dlesipation of
radicactive material fdentifies the thin sone

| CONDITIONS CONTRIMUTING TO EROR
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and bedding plane at 4,580 ft as the point
accepting pearly all the fluid. In this manner,
an immodiate problem has been identified and a
possible troublesome formation characteristic
pointed out for further reference.

Fig. 19 is & chart of the ilncidence of some
of the probless encountered in various flelds,

All injection problems are not insurmounts-
able, hovever. Profiles can be changed by sevs
eral different methods. An wndesirable profile
may many times be made more acceptable by the
gimple expedient of changing rates and pres-
gures. 1In the case of relatively new flood
efforts, the sdverse effect of orlented fracs
tures, or directional permeatility, can be
changed by changing the positicn or orientatlion
of the inJection wells. [Moss Unit Flood -
Ector County, Tex.)

Bxtrene localized conditi as may dictate
alterations of injfection technique, such as the
intermittient injection used in the Gprayberry
Trend area,

Individual wells respond to remedial work
in many cases and plugging agents are now
receiving a lot of interest. New saterials and
methods are belng deviged and tested, une of
vhljch has been comparatively succeaaful [Fig.
20).

The tvo profiles shown here are the befure
and after profiiles fllustrating the resuldts of a
chemical grout applicstion to an unacgeptable
profile. Much of the injected fluld was chans.
peling around the caslng oedat wa well as belng
injected into an undosirable zone, Applicavion
of the AM-9 grouting material changed the injecs
tion patlern inte one wmore nearly compatitble
wvith the flood endeavor,

All surveye are either sccepted as beling
correct, or rejected beenuse of Incoaplete or
irrational results, Thease erretic regulis oan
gometimes be ratjonalized or the reascas for
them eliminated or sccounted for by recopnizing
gome of the copditions that produce thewm,

The mechanical or volumetric tools are sube
Jeet to errur or dAirficulty in operation by
soveral conditions.

In easen of fluld by-pass, all readinge are
campared to the total flow or 100 per cent reads
ing At & point that assuwres total flulds smoving
(16 casiug ar tubing sbove any poseible rone of
fluld leen)s The packer La set and & total
fluid flow is diverted through the turtlne.
futwe readinge are coupared with this rate,
Assuming & tot  senl b each sotting, the reads
inge would reflsct all fluld moving at thst dvp-u]

ALl
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'~ When the pucker i{s set total seal does not
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with a valid log resulting, Some formations,
however, have vertical fractures or errogion
extending past the perimeter of the borehole.

result. This allows a portion of the fluid to
move outside the tool and not be measured by
the turtine rotation. The resultant log re-
flects less than the actual fluild moving in the
borehole. The error is then reflected in the
profile calculated from the volumes indicated.

An example of this type of error is showm
in Fig. 21. A flowmeter wvas run and the larger
portion of fluids vas lost above 4,870 1,

Subgequent readings below 4,870 ft shoved
an apparent iucrease in volume of fluld muving
in the borehole, indicating a possible zone of
discharge telow that point. The totals of all
the readings dictated a profile ss shown, with
& zone in the center of the gection discharging
fluids to the borehole, There was no reverse
flow observed, hoveverj and thie, coupled with
the engineer's informution as to the foration
characteristics, led him to believe that fluid
wua by-passing the flowmeter over the upper
portion of the zoune,

A rasdtcactive profile [velnclty and analyt-
ieal runs) vas run and the resultunt profile is
shown in Flg, 22, ccmpared with the incurreet
results frez the Tlowmeter. As seen, the
results ahov alsost all the water leaving near
the bottos of the well,

The flowseter results, though in error,
proved & looalized conditicn of the formationes
that vertical fractures exist in the upper pars
tion of the 2uone, but do not extend through the
izperventle zone from §,900 to 4,565 fu,

Paraffin or alghe in small quantities can
restrict the rotation of the turbine to & point
that errunecus readings result. large quanti-
tice of puraffin, ws we¢ll aa saud, seale and
other debvis, can plug turtine completely.

Bulphate ur Sulphide crystals form
"needles” and sharp projections that pometimes
puncture & floweatey pachor or cwuse "pin-holes"
that nake complete puckof) lmpossible.

Unstabls and very lov pressure or vaouws
conditions wsually result in erronecus logs, If
the readings taken at any single I(ntervsl are
not reconciled with the total ravw at vhat tise,
Usunlly these pulastions will follww & tise
pattern or cycle, Valid results < i be obtained
by monitoring the entire cycle and gomparing
total resulta wt each station, "Lone swapping™
ean &lso be & probles in interpretstion, if not
regognized.

The rediosotivity types of aurveys, when

used in individual techniques, wrr subject Lo

the more ingidious hazards. Consequently, a
great amount of cuare and experience must be used
in determining the results.

One of the more troublesome, but more
readily identifiable errors, is that effective
aydraulic diameter,

The effective velocvity stream is affected
by such conditicns as proximity to tubing or
liner top, perforations [both type and denaity],
zones of large fiuld loes, cnsing weats, bore-
hole size and configurations, rates at any glven
point downhole, position of tool in well, and
others,

Some of the problesa existent in logeing
under these conditiong can be seen in Flg. 2%
Note obvious chenges in velocity, and that true
dimmeter docs not neceesurily sean true hydraul-
iec dlameter. Turvulence and fluld traps can
retain encugh material to confuse n tracer ruo.
Velogity shots alone would be very erratic, as
ghown Lo Pilg. =4 [per cent fluld remalaing in
vorehole ). Careful use of several of the
techniques available sould Le needed to recone
¢lle the results and obtaln a valild profile,

Some of the erratic resyults Iin caned hole
can be made more consistent by centralizing the
tool; but in irregular open hole, there 1s 1ittlq
to be galned, Effective slug or saterinl dis-
persal in the total fluld siream ie another
means of minimizing this error.

Effective hydradlie disseters can also be
altured by slgne, soft parrafin, orF scale bullds
up through and adiagent tu the injection rone.
The sctunl fluld streas dimmeter may be reduced
Lo two fne, or less. In the coae of algas or
other gof't depoaits, the enliper may not indiom
this reducticn ednce the legs protrude through
ite In this inetance; dlmoeter reference for
veloeity detemmipation would be pompletely in
error. slgoe, bacteris, and puaresf'in bhave uthor
undepirnble side offects, in that rediosctive
material has an affinity to hydrocarbonas Ssall
deposits, ur bubbles, of oll scnenulste redio-
active materinl and glve the erroneous loterpres
tation of profiling and fluld loss at thst
point,

Flutds channeling between perforations to &
podnt behind the pips oan of'ten indioste fluld
lons st the top or buttom of & set of perforas
ticns, Actusl zome of fluld entry Into the fore
mutlon cen be at & poin' well removed from the
perforated lotervala. Care in ohpervation of
materinl dissipution can identify these pones,
howe ver s

Bok<flow, high pressure dlscharge, asvhe
svapping, wstuble conditlons, ete., aleo affect
the resulta of & redlonctive-typs survey--as withi
the flowneter, These erratic results sun be
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rationalized, however, Ly proper manipulation of
other techniques,

Extremely lov injection rates increase the
error in profile detemmination, since the
velocities are based upon cohesive slug travel.
As rates are reduced, the material tends to
spread and reactions are mych less pronounced,
caus time intervals to be more subject to
error.,

TRMPERATUS: 10GS

Though much study has been done on temper-
ature logs as & waterflocd monitoring device,
B0 method of conglatent quantitative evaluation
using them has bteen discovered. The gqualitative
information overlaps with, and is usually much
lesa defined thaa, the results of other types of
surveys. The tempersture log is good supporuing
evidence to other reoults, hovever, and adds a
depth of investigation into another disputed
conditionescroge flov within the formation due
to vertical permeability or fractures.

Bpeclial attention must be given to aparate
ing techulque and run series, since the princi-
ple of interpretation is the comparison of
relative rute of cooling or heating under cone-
trolled sonditiong. The relative poat transe
fer coefficients of saturated and wisaturated
formaticns must be compared to normal themal
characteristics. Areas that do not have a large
amount of vontrolled temperature log inforsation
usunlly need several runs at spaced B&m inter-
vals to correctly Judge the resulis.

The Leaparature log o an extrooely Anformas
tive tool, if used properiyj but extending it
past its capabilities cmn produce misinfopmation
~=0r at best, no compatable inforwation,

TUTUIE OF PROYILES

The great value of profiles {n anslysing
present conditions, scalsting in perforeance
predictionsa, and forcing uev remedinl develops
ments, has cause the lndustry to overiook
momentarily the period vhen they will become
infinitely more valuable--the day in the future
when a series of profiles is correlated to Known
performance of & reservoir to detercine vhather
8 project or flood has been exploited to its
economic limits, or not.

Although the process of true profiling is
still in its infancy, enough correlative results
qhﬂhﬁ&umm in certain aress to allow

sdditional recovery from projecic appurently
depleted. Production results compared vith cone
secutive profiles during the flooling process
{dentified somes atill wnflustied and helped
detemmioe the Lype of remedial vork necded to
recover oll still resaining in strata or lensee,

Conversely, expensive work-overs to lmprove
injection into some zones have been curtailed
when profile series indicated a zone to be
flooded out,

The projection of the fommations in a West
Texas flood, as shown in Fig. 25, should serve
to stress the complexity of the problems inher-
ent in secondary recovery operations.

The era of fluid movesent analysis as a
helpful tool is Just duwning. Caution should be
taken in the future to prevent isadequate or
erroneous profile fnformation.
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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
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
ir 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 efficient 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 te conclusive analysis.

The toocls, applications and operations have been discussed in detail in
several other publications, so o1ly primary identification is presented
here. The basic "tools of the trade"” fall into these categories:

1. Mechanical ~ Metering Devices, Flowmeters, Spinners

2. Radiation Detectors - Gamma Tools and Fjectors

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



MECHANICAL TOOLS

Assuming absolute or ideal conditions, the mechanical tools prohably pre-
sent fewer problems in interpreting since the signals are usually presented
as a direct readout, and can be calibrated for accurate quantitative results,
Interpretation of the results falls into the realm of placement technigue
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 BWPD and 540 psi surface injection pressures. The
survey was run under stabilized conditions and found to repeat over a period
of several hours. 1Initial stabilization occurred in approximately 4-1/2
hours and the resultant survey showed that 77% of the additional 180 wWpPD
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 BWPD 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 i{nitial 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, {s
sufficient to force an increment of fluid past the too! outside the perimeter
of the spinner, {f the space is not completely sealed. 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 {s attempting to determine the rates at
different depths, this parameter {s not available to "plug in" to formus
latfon. Moving the spinner, as in the continuous log, serves to increase

the probable error, reducing the survey to only a relative pattern of
injection,

The packer type flowmeter (Figure _" ) fares only slightly better under
bypass conditions., The caliper cannot serve as a guldeline since, presum-
ably, the bypass area is scaled by the packer, A small bypass area outside
the perimeter of the borchole or casing would result in a small {ncrement
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-thirdy of the capacity.




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

shr 'nkage, etc. must be contidered to reduce the indicated downhole volumes
to the actual calibration volumes before the true profile can be determined.
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.

Total equivalent volumes downhole (gas, oil & water) 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 1214 #
differential and above this point the element will burst or the tool forced
up hole, Always check with the service company's operating engincer for the
limitations of each tool and well set up.

Debris (sand, scale, algea, paraffin and precipitates, etec.) also cause
operational problens (Reference _1 ) due to the precise construction of the
tools. The conditions are often severe enough to make logging fmpractical
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 vsed in the packing element become permeable to gas at 180° or
above and lose elasticity 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 eliminated
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 borehole mechanical conditions,

FLUID FLOW CON3TDERATIONS
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



flow. (Ref. _5 ) It is possible that in some cases such interpretations
could be correct, but quite clearly it would only be happenstance, and
could be in error by 20 to 100%.

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
g%ctcace 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 difference 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 various
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 sufficiently 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 flow regimes. (Turbulent, Transition, and Streamline)

Turbulent Flow:

Turbulent flow of water occurs when the Reynolds number exceeds 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-
siderable 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. 1If 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 1s only 0,805 of the maximum water velocity.

Transition Zone!

The flow regime changes from turbulent to strea line as the Reynolds number
decreases from 2,850 to 2,100, Referring to Figure 8, it {s 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 veloclity may range
from 0.5 to 0.72 times the maximum velocity. Thie is based on clreular
hole without the tool present., The transition 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.

eamline Flow Zone

For an injection profile, the flow will always be streamline at the bottom
of the hole as the water rate {s near zero, In the streamline region, the
average water velocity is one~half the maximum water velocity. This value
of 0.5 vas developed for circular pipe without a logging tool present.




The transition to turbulent flow occurs as follows:

Hole Size Transition Water Rate, bbls/day
S 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 water will be
calculated as a turbulent 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
is a sharp increase in average to maximum velocity In the transition
region at values of the Revnolds number between 2,000 and 4,000 The
velocity ration increases from 0,72 to 0.81 as the Reynolds number ine
creases to 100,000,

1t should be noted that the Reynolds number may be based on either the
maximum or average water velocity., If the radiocactive tracer {s mixed
with the water by turbulence, the velocity of the fastest streamlines
will be represented by the first arrival times seen on the G/R detectors,

égnu!nr [law Str;g‘

The presence of the C/F detector causes the water to flow in the annular
region, 1In an annular region, the velocity distribution (s much different
than that in a round circular pipe.

Figure 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 vater
velocity was 0,645 times the maximum water velocity.

It _should be noted that {f the radicactive material O“li extends 1/4" from
t tool, the velocity of t streamline will be about percent of the
average velocity, The tracer should be at a distan e he too
to be in the fastest streamline for a 6-3/4" hole.

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




Iurbulent 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 effective diameter.
The effective diameter is eaval to D hole - D tool) with the units on feet,
This is the appropriate value when the tool is centered in the hole. It
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
the tracer should be sent out with
streaml ine,

BOREHOLE CONDITIONS

Some of the present interpretative procedures used on the dual gamma ray
detector tool indicate that the flow in the hole below a particular point
may be much greater than the flow above this point.

In reviewing this problem, it was found this frequently occurred where the
caliper logs indicated a washout or enlarged hole diameter, Figure 10
Interpretations for this condition could be made by assuming no fluid loss
and caleulating the effective hole diameter for a wash-out region. Where
fluid {s going into the formation, the data will 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 be
accurate for comparisons of long intervals only. More detailed and accurate
profile information can be obtained using a comparison of trecer runs. A
stack plot of the tracer as shown in Figure 1!, compares favovably with the
velocity profile shown on the right, The tracer runs serve as an excellent
check on doubtful areas indicated by a velocity profile.

An extension of the "Stack Plot" and Analytical Run Techniques now affords

a method of accurate quantitative results from trecer 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 soluable
tracers. These methods have dealt with the amounts of tracer material
deposited or left behind the moving slug or burst of tracer in the fluid
stream. The problems of erratic accumulation fluid traps material proximity
to tool, extreme borehole diameter change, ete. (Ref. 1 & 1) all caused
error in the interpretation. Measuring the radiation intensity {ggglnin‘
intihz.§*21% ggiigg and deducting this measurement from the total intensity
originally Introduced offers a means of comparing finite valuer to derive
the profile.

Radioactive materials decay with a character.stic rate and (ntensity for
each isotope. The emission from this decay can be measured and recorded
by a gamma detector held in close proximity to the material, Since the
confines of the borehole and/or the moving stream of injection water arve
small enough to hold all, or nearly all the moving material close to the
tool detector, ecach logging run thru a moving slug of material s a graph




of activity, time and dispersal, or re-stated, the total detectable number
of ganma 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 recorder deflection

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

Intersities will appear higher in tubing and very small diameters of hole
due to the total emission being held very close to the detector. The very
wrak radiations that can be shielded by less than one inch of water are
also detected in this instance. A correction factor basesd on absorbtion
coefficie ¢ must be used in intensities in tubing are used vs those In csg
or open hole,

Using a soluable tracer material, the {sotope follows the water path pro-
portionately, therefore, Lf 407 of the injected water enters the formation,
40% of the {sotope is also lost., the isotope remaining in the borehole
will reflect this loss by a proportionate loss of activity.

Calculation of the amounts is not difficult, 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 mmber of detectable particals apparent (Self index) (s
determined by triangulation. Comparison of the indices of each run reveals
the percentages of fluid loss in direet ratlo. Figure 12 shows the basic
concept .,

Run #1 in tubing - 1007 of radiation

Run #2 in casing - 1007 radiation, 12.47 absorhtion factor
applied to Self index.(Tubing to Casing)

Run #3 in casing ~ 1007 of radiation (3% difference In index
from sun ¢2) .

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

Explanation of the actual calculations are not presented at this time but
the calcualtions have been used on over 300 logs to date, with excellent
aceutacy. Any profile logging runs performed properly and using soluable
fsotopes can be calculated by this methed, The technique has the disadvan-
tage of being less selective in depths fnvestigated and, in some cases,
several bursts must be fired and traced before sufficlient breakdown of zone
results, The advantages are « elemination of hydraulic diameter and shot
hole error, and quantitative analysis of Injection pattern when all other
techniques are inadequate,




CONCLUSION

Interpretation of fluid movement surveys (profiles) i{s a science which
utilizes not only the recorded log, but all the knowledge of formation
characteristics, hydraulics and mechanical probabilities available.

The interpreter must have a4 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 surveved, but of the reservoir conditions
therselves. The associated information obtained during profile operations
can lead to better contrel, more efficient stimulation of primary producers
in the area and assist in avolding possible development of future problems
heretofore unknown,
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Exhibit C

Regiatory File Cy.

WELL ANALYSIS COMPANY, INC.

Subsidiary SONICS INTERNATIONAL, INC

- \ 563.0331
) P. O Box 18609
Odessa, Texas 79760
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L T
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Mr. D.J. Foley, Manager
Project Engineering
Nuclear Operation Division
Kerr-McGee Corporation
Kerr=McGee Building
Oklahoma City, Okla. 73102

L LT
b

gy ‘r‘v

MAY 161972 = ";
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A WA SETION [
P putki! GU“ 1

Dear Mr, Foley;

RE: Reservolir Analysis, Sequoyah Facility
Purpose

To establish feasibility of consistent storage of liquid waste materials
inte target reservolr without contamination of potable waters and other
useable geclogle horizons or endangering surrounding surface environment.

General Conditions for Consideration

Target well s completed in the Arbuckle Limestone with 7" completion
string set through & Munt, Sylan and Simpson and cemented at 1619°,
approximately 260 feet belovw the top of the arbuckle Limestone. Injection
interval completed with uniform 11" open hole extending to the top of the
| granite at 3102'. Location {# bounded by two major faults, one five miles
| to the northwest and one intersected by a third fault, approximately one
mile to the East southeast, Total radial exposure to the nearest fault
plane approwimately 120°, Formation displacement and slippage control de-
rived from seimic data and correlation of two dry hole attempts ( the Smith
#1, tvo miles eant and the Wighfield #1, approximately three miles south~
southwest) .,

Target well is located upon Company controlled land both wuiface and sub-
"f'“. »

Reservoir evaluation was to be based primarily upon computer caleculations
and reservolr modeling utilizing high sccuracy pressure,flow, time, and
injection profile and inhole flow data developed during a well testing
program made up of alternating periods of water injected and zero inflow.
Additional evaluations of the reservoir and of the well casing and packer
and near well bore formation from a leakage stand point were to be made
by standard thermalprofile and radiocactive profile techniquos,

~
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H.J. Gruy & Associates, Inc. of Dallas, developed the testing program,
evaluated the pressure, flow, time, and injection profile 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 measurements and all radicactive tracer measurements c
and calculated the injection pattern and flow characteristics from estab-

lished radiocactive profile techniques and provided a progiessive temperature
decay analysis. Wigh accuracy downhole and surface pressure recording in-
struments and chart conversion were provided by Sperry=Sun Well Surveying
Company of Oklahoma City, Okla. Water {njection, total injection flow, time
measurements and additional surface pressure measurements were made by Kerr-
McGee .

T REREEIRREE = IR=

N——

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

R R R R R R R R R RO,

This discussion is primarily concerned with the interpretation and sequence
of the injection profiles and temperature data analysis. F

Greater in-depth discussion of the development and application of the
survey methods utilized in this study Is provided in the accompanying
techical articles.

AP.1, 0906-9-E Review of Tracer Surveys.

R R,

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

A.P.1, "Factors Considered in Interpretation”,

$.P.W.L.A, "Computers to Increase Value of Temperature Logs".
$.P.E. #1752 "Fluid Flow Analysis Techniques".

$.P.E, #2255 "Computerized Temperature Decay"”.

$.P.E. 12885 "Interpretation of Injection Profiles”. |

AP 1. 1906~15<) "Practical Fleld Interpretation of Temperature Surveys".
Other accompanying information:

S Panel Composite of the Survey Results for Reference during discussion.
Panel 1 and 2 are represenative of Phases One and Two, respectively.

Panel ) 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. Panel 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.




TECHNIQUES OF PROFILE INVESTICATION

1. RADIOACTIVITY PROFILES - INJECTION OR PRODUCTION

1.

Tools

Instruments used are two gamma sensitive detectors and a
dispenser of a water solution containing lodine-131 incorporated
into a single downhole tool. The device is run in the well on a
conductor line to a measured depth and a base radiation activity
of the well bore recorded. A small quantity of the radioactive
iostope 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 radiocactivity within the well bore is charted by
observing the reacticn 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.

Calculations and Methods

Two methods of data collection are used in the inves._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
measured interval of well bore (5') is calculated; and utilizing
this information along with the transit time, the rate of fluid
movement, expressed in bbl/day, past the interval is derived.
This action is repcated 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 radiocactive isotope at a point upstream
of the zone of interest and measuring its relative activity by
recording the reactions of logging tools (radiation detectors)
during a traverse run through the zone containing the radiocactive
material. The resulting curve (or graph) is triangulated and an
index number assigned which represents the total amount of radio-
activity in rhe designated interval of the well bore. As this
volume cof fluid moves downstream, repeated timed traverses are
made through the radioactive zone, charting tae position and
activity level in each instance, These curves are also triangulated
and their indices assigned.
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Should a portion or all of the increment of fluid carrying

the isotope leave the well bore and enter the formation, a
proportional amount of radiation will also be civerted, 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-
persal 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 15X error (re-
lated to 100% fluid travel), but the parameters affecting each
are different than those of the other and accuracy coentrol 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 witi 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.

ll

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 temperature is monitored at
each depth. The signals are sent back to the surface and recorded

as temperature in degrees F°.

Methods and Techniques:

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 smae tools and calibrations reflect the
changing temperatures at all depths with respect to time, and are
termed a "Temperature Decay Series".



111.

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.

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 suriounding 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 fields 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.

Information:

Properly executed, thermal decay surveys confirm fluid exit or entry
intervals in the well, and define zone thickness or height beyond the
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.

ANALYSIS OF SURVEY RESULTS

The operating requirement of injectivity profiling and single point pressure
fall off are not compatable to simultaneous surveying. A sequence of
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 hoie for obstruction using simulated in-
strument package.



2. Cali, :r 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 conaitions,

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 @ 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 Te.perature 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%Z 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 firsi injection period and
no other zones were accepting fluid at the time of the Radicactive Survey.

(See plots of Velocity and R.E.V. calculations on right side of lst. 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

temperature decay curves over this interval) with only a q&ﬂll amount 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.



Phase Two Sequence:

1. Injection resumed atter 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 @ 2650', Then tools
removed and replaced with Sperry-Sun pressure instrument only with
recorder set for 72 hour record period.

S. 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 temperature 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 subse-
quent runs lst. 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.




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
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 Radiocactive 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 velume 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 @ 2865' and #8 @ 1675' 4th, panel).

Lines connecting the average slope centers of each shot of material as

they progress uphole show a visual reference to the relative rates of
fluid movement.

Zones of fluid acceptance may also be qualified by distortion of the

material distribution patterns. (See consistant distortion and intensity
loss @ 2300', and runs 10 thru 22).
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Conclusion:

Examination of primary open hole logs show a net probable 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 fractures 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 ineffecient injection
patterns.

= T /q < .
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Billy P. Morris

Vice President

Well Analysis Company, Inc.
Midland, Odessa, Texas
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Review of Tracer Surveys

g -y . P, Morri
Paper No. 906-9-E Wallace Johnson* and Billy rrise

INTRODUCTION

Gamma ray detectors for use in oil wells were developed in the late 1930's.
Since then radiocactive 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 zreat volume of
erroneous and misleading 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 possible 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, offer 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 safeguavds, 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 must have a thorough knowledge
of weil 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 enginecr to be able to calculate and interpret on the job.

RADIJACTIVE MATERIAL

lsotopes to be used for surveys should be chosen with consideration as to their
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 fodide 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
to 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 example, 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 Chemical, Inc., !'idland, Texas
+Cardinal Surveys Co,, Midland, Texas
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INSOLUBLES

ISOTOPE

FORM

PROPERTIES

REMARKS

Cobalt Co=-60

Solid-spherical particles

25 - 1000 microns in diameter

Cobalt Co-60

Particle in nearly neutral
Aqueous Collodial sus-
pension

Cobalt Co-60

Selid, Nodule or button

5.3 years half life.
Temperature tolerance 900° F.
GCamma emitter oxidizes to
radiocactive sulphide residue.
Half life long enough to
interfere with radioactivity
logging operations for 21 to
26 years.

Can be mixed with cement
or propping agents =

not recommended for oil
well tracers,

For placement in injection
streams by surface place-
ment or dump bailer for
"plate out" tracer, lost
circulation, filter cake
2valuation, etc.

Attached to downhole tool-
tracer material produced
by ionization dowmhole.
Used in velocity deter-
mination

Silver Ag-110

Particles in nearly neutral
Aqueous Collodial
suspension

270 day half life.
Temperature tolerance 950° F.
High intensity gamma emitter.
Oxidizes to radiocactive
sulphides. Interferes with
radioactivity logging
operations for 3 to 4 years.

For placement in injection
stream by surface place-
ment or dump bailer for
plate out operations,

Fine particle size 5 -

20 microns allows some
intrusion into more per-
meable zones.

Iridium Ir-192

Vvarnish baked onto Ottawa
Sand of selected mesh size

74 day half life. Temperature
tolerance of 2454° F. Medium
gamma emitter. Use in oil or
water. No interference with
logging after one year.

Por placement in sand or
propping agents for frac
evaluation, Can be handled
with reasonable safety.

¢ avey
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INSOLUBLES (Continued)

y odey

ISOTOPE

FORM

PROPERTIES

REMARKS

Iridium I1-192

Impregnated resin, Density
1.1. Mesh sizes 16-400

74 day half life., Tem=
perature tolerance of 212°
F. in brine carrier. Un~-
stable in oil at 21:° F.

a-oom *ON J.d“ Y

Surface placement or
downhole dump bailer

for "plate out" operations,
lost circulation, filter
cake evaluation, etc.

Todine I-131

Impregnated resin. Density
1.1. Mesh sizes 16-400

8.1 day half life. Tem-
perature tolerance of

212° ¥. in brine. Carrier
is unstable in oil at 212°
F. After 45 days no logging
interference.

Surface placement or down=
hole dump bailer for “plate-
out" operations, lost cir-
culation, filter cake
evaluations, etc.

Bromine Br-82

Gas tracer containing
Methyl Bromide (CH,Br)
in pressurized cylinder

GAS TRACERS
35.9 hours half life. High
energy garma emitter. Boil-

ing point is 40° F. at 150
psi. DNo interference with
future logging operations.

For surface placement OT
special downhole carrier.
Dangerous to handle on
surface without proper
equipment.

lodine I-131

Liquid Ethyl Iodide
(c,nsl) in sealed glass
ampules

8.1 day half life. Medium
energy gamma emitter.
Specific gravity of carrier
1.93. Boiling point is
163° F.

For surface placement or
special downhole carrier.

lodine I-131

Liguid Methyl Iodide
(CHZI) in sealed glass
ampules.

Specific gravity of carrier
2.279, boiling point 108.5° F.

Low boiling point gas
tracer for use as above.

- i



OIL SOLUBLES

ISOTOPE

FORM

PROPERTIES

REMARKS

Cobalt Co=60

Cobalt Naphtenate in
Benzene or Xvlene carrier

5.3 vears half life. High energy
emitter. Completely oil soluble.
Insoluble in water. Stable to
300 F.

Surface placement down=
hele, dump bailer or
ejector. "Pump-in"
tracers on production
wells, Erratic results
if water is present in
well fluids.

Antimony Sb=124

Radicantimony in benzene
carrier

60 day half life. Uedium energy
gamma emitter., Completely oil
soluble. Insoluble in water.
Stable to 4759 F.

Surface placement down-
hole dump bailer or
ejector. Pump in oil
tracer for high tempera-
ture wells or where ex-
treme chemical stability
is needed, erratic results
if water present in well
fluids.

Iridium 1-192

Radioactive iridium in
benzene or xylene
carrier

74 day half l1ife. Medium energy
gamma emitter. O01il soluble.
Insoluble in water, Stabilized
for organic solutions.

Surface placement or
downhole dump bailer or
ejector pump in oil
tracer. Erratic results
if water present in well
fluids.

lodine 1-131

Solution of Elemental
Iodine in Benzene

Medium
Moderately

8.1 day half life.
energy gamma emitter.
stable in oil to 250° F.

Oxidizes at temperatures above

250° F. Insoluble in water.

Surface placement or
downhole dump or ejector.
0il tracers where short
half life is desired.
Erratic results if oxi-
dized or if water present
in well fluids.




OIL SOLUBLES (Cont inued)

[SOTOPE

FORM

PROPERTIES

REMARKS

Iodine I-131

Liquid ~ pure lodo-Benzene
CeligI

8.1 day half life.
gamma emitter. Specific Bravity
is 1.8. Boiling point is 400° F.
Oil soluble. Insoluble in water.

Medium energy

Surface placement, down-
hole dump or ¢jector.
Oil tracer. Very stable
at high temperatures or
in organic solutions.
Erratic results if

water present in well
fluids,

Iridium Ir-192

Iridium in water
solution

WATER SOLUBLES

74 day half life. Medium energy
gamma emitter. Stabilized ond
miscible in water and acid,
Insoluble in 0il, No inter-
ference with logging operations
after one year,

Surface placement, down
hele dump or ejector.
Water flood injection
profiles, channel
location, etc,

Todine I-131

Radioiedine in
water solution

8.1 day half life. Medium energy
emitter. Miscible in water., In-
soluble in oil. Available in
three forms. Stabilized to
prevent oxidation in air, water
or acid,

-

Surface placemen:, down-
hole dump or ejiector for
water flood profiles and
tracers. Cement top

and squeeze locator tag.
Indicate when ordering
to obtain correct
solution,
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DETECTORS

The detector is one of the basic factors to be considered when planning tracer

work. Since downhole conditions arve variable, the effectiveness of the tools will
also vary.

The two most common detectors in use today are the geiger mueller tube and the
scintillation crystal. The scintillation detector crystal is usually sodium jodide
and is coupled optically vith a light sensitive amplifier tube or photo-multlplier.
Camma ravs striking the crystal will produce small light flashes that are sensed
and amplified by the photo-multiplter. 1t has excellent efficiency (approximately
85 percent) in the detection of small amounts of radiation and produces a good
quality correlation log for dept! control and identification. The photo-multiplier
is heat sensitive and becomes inoperative at about 185 degrees Fahrenheit and re=
quires careful handling to avoid shock damage. The scintillation detector used in
small through-tubing tools cannot be refrigerated as is possible in large diameter
casing type tools. This 185 degrees Fahrenheit temperature limit is not a problem
in most water injection wells. Also, it does not become a problem in producing
wells until extreme depths are reached in the Permian Basin.

The geiger mueller tube which is used in most through-tubing or tracer tools
{s more rugged. It is heat rvesistant to 350 degrees Fahrenheit but has a low reso=
lution efficienc’ of ten to twelve percent. This means that it produces poor qual-
ity correlation logs. The efficiency can be improved in larger diameter tools by
coupling or bundling tubes together. However, the size of through=tubing tools
prohibits this. Therefore, if a quality correlation log is needed, it should not
be attempted with the small diameter tracer tool with a geiger tube. Also, small
amounts of activity or material some distance away from the bore hole can be com=
pletely missed with this tool. This is especially true if the fluid velocity is
high, as it will be in a small channel.

T00L TYPES

Several types of through tubing tools are available for use in radiocactive
tracer work. Listed below are the three common types and their general uses.

[lGURE No, 1
— 1. Standard Camna petector. This
- ndus  corma,  GaET detector is used when radioactive
}\W material is introduced in the well
s at the surface. Logging runs are
madc to observe dispersal.
0 TR0
- —

— 2. Gamma-Dump Bailer, Material is
et carried down hole in a dump bailer

o attached to the bottom of a garma
ﬁ ] sctwent tool. The material is dumped by

electrical means and after waiting,
timed logging runs are made with
the tool.

'C
(&=
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3. Y-locity Measurements. Rate determinations are made at selected depths for
injection profiles. Small slugs of radiocactive material are released and the travel
rfime over a known distance is recorded. The injection rate is then calculated.
Several methods of introducing material into the fluid stream are available.

(a) lonizing "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 - single and double detector
Several small ampules of radiocactive material are positioned on the tool
above the detector. These are ruptured at will by an electrical current
and the material released into the well stream,

(c) Ejector ¢ lind rs - single and double detector
This t pe tool has a cylinder which can be filled with liquid radiocactive
material. This material can be ejected into the fluid stream by actuating
an ejector.

There are three tvpes 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 single time. With some tools it is possible
to make the ejections vary in strength and amount while it is fixed with others.

WELL EQUIPHENT

As with other survey work the well

s WSS SAGITY S equipment must be considered. Injec-
e R ™ tion profiles being the most common
tsare application, a tvpical injection well
AL e arrangement is shown in Figure 2. This

ideal arrangement is satisfactory for
all work except for the isotope inter=
face surver which requires tubing to
the bottom of the well and no packe:,
The well head should permit the tool
to be run into the well without alter-

o °5 T e L NS S = ing the injection rate or pressure in
e e 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 T tion of at least two casing collars,
In addition, locating a channel behind
the casing is much more positive when
working below the packer. Channel de-
termination above a packer becomes ver:
uncertain and confusing.

FIGURE Wo. 2
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Prior to any injection profile survey the well head should be examined for
hrdraulic nipples, bent subs and other restrictions, If a iull opening valve is
nvt on the well head above the injection valve, one should be installed at least
24 hours prior to the survev. This will permit the logging operator to attach his
lubricator and run the tool into the well without stopping injection.

The tubing must be open ended and free of restrictions., Also, in making ve-
lv. ity measurements with ejector tools the 100 percent rate measurement must not be
m. ¢ too close to the end of the tubing if any reasonable accuracy is to be expected
as there is a considerable jetting effect and turbulence near the end of the tubing.

Some modification of the above equipment is permissible when using tracer ma-
t«vials while pumping into a producing well for channel detection., However, the
swab valve on top of the well head is a desirable feature in case of trouble,

STABILIZATION

Stabilization of injection is of the utmost importance in injection profile
s.rveys and it cannot be overemphasized. Nothing should be done to the well to
irterrupt or alter the injection rate or pressure for at least 24 hours prior to
ruaning an injection profile survey. In most cases it is irtually impossible to
detect unstable downhole injection with tracer tools,

To illustrate the point several examples of erratic downhole fluid behavior
are shown. Erratic downhole conditions that have been observed during flowmeter
s.rveys cannot be detected at the surface. Briefly, for those not familiar, the
fiowmeter makes positive volumetric fluid measurements downhole at any desired
point and the direction of fluid movement through the tool is always known. This
t.ol has been extremely valuable in interpreting tracer work and vice versa,

Erratic 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.

Figure No, 3 illustrates a change in
profile as a result of a change in injec-
tion rate. The profile was made at 192
B.W.P.D. and zero injection pressure and
water was found to be leavi- ; the borehole
in a good distribution pattern, The rate
was reduced to 72 B.W.P.D, and zero injec=-
tion pressure, This reduced rate profile
showed the thin middle set of perforations
to be taking 100 percent of the injection
water, At the high rate (192 B.W.P.D,) the
middle set of perforations was taking 21
percent of the fluid or 40 B.W.P.D. These
perforations and the cement job were
checked with a radioactive tracer and no
communication was found,
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Rate 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 clear up and a second survey to be

mn.

FIGURE No. 4

Figure No, 4 illustrates a
change in profile by changing in-

jection rate and pressure. The
first profile was run at 340 B.W.P.D.
and 300 psi injection pressure which
yielded the profile on the left.

The ;econd profile was run at 785
B.W.P.D. and 400 psi. No appre~
ciable change in profile was noted
with the exception that the upper
gone actually broke down and ac-
cepted 48 percent of the total in-
jected fluid,

Figure No. 5. Injection on this
well had been interrvupted for about

12 hours. Two hours after injection
was resumed all surface indications
were that the well had stabilized,
The survey indicated that all the
injection fluid was entering the
formation in the upper third por=-
tion of the zone. In the middle
there was a back flow which divided
as it entered the well, part of it
moving up hole and into the zone
directly above, and part moving down
hole to re-enter the formation. The
back flow zone was monitored for
eight hours until all back flow
ceased., The second profile was then
obtained, and it was found that the
middle section was still unstable

as variations were still taking
place. It is interesting to note
that the injection pressure at all
times was zero.
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Many times during injection surveys
the water plant will stop for 10 to 15
minutes, As a result zone swapping
has occurred for two to three hours. A
certain zone will be taking 10 percent
of the fluid and another adjacent zone
taking 40 percent, these zones will
swap back and forth,

DUMP BAILER

p———

[ —-
/_——P—h\—
’,—-—‘-—-k—\

FIGURE No. 6-A
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ING TECHN

The logging methods possible 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 insoluble material
is injected into the stream, pumped 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 30( [eet of bore hole being occupied with contaminated fluid, thus making sube
sequential runs for interpretations impossible, Since the slug is usually pumped
and stopped iat:rmittently, little or no true injection pattern is obtainable. Par-
ticles depositing in collars, depressions, packers, turbulence traps and channeling
from perforations further confuse the interpretation. Soluble 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,

Camma-Dump Bailer - Figure No, 6-A

This operation is performed in much the same manner as the surface slug injec-
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 accum: -
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 {f
intermittent pumping is avoided and the log is run under usual injection conditic &,
The controlled interval method of velocity determination can be used with this ty @
placement if successive runs are made with enough material for observing profilinr.
while following slug downhole. The time delav in the first stages of the operati n
usually results in loss of indication of chaneling up fron perforations or casiny
seat, if any exists. Anv delay or waiting time can also result in dissipation o
radioactive material in the zone of greatest fluid acceptance, leaving only the
areas of least injection apparent on the log.

Several methods of velocity determinations are used to plot injection profi es.
A brief examination of these follows:
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Controlled Interval lLog - Figure No, 7

In this method the down hole travel
time of a slug is recorded over pre-
determined and unitorm intervals. Sol-
uble material is released some distance
above the perforations end the gamma
tool is then lowered to a point below
the slug and held stationary, The
arrival of the slug is recorded on
time drive. Next, the tool is rapid-
ly lowered to another point downhole,
held stationary and the slug arrival
recorded. This process is repeated
until! the formation has been surveyed.
In cased holes these traverse times
over uniform distances can be plotted
as percentages of injection rates.

In open holes which have been cali-
pered, volumetric calculations over
each zone must be made.

The accuracy of this method is
good in the medium velocity ranges,
However, at high velocity rates the
tool cannot be lowered and observa-
tions made over short intervals due
to the time available. Therefore, at
high rates the inspection zones are
of necessity over long intervals,
which is not desirable. At low ve-
locities the exact time of slug ar-
rival at the detector is difficult
to determine., Generally this occurs
in the last 10 percent to 20 percent
of the total injection volume., Since
no regular logging runs are made
through the formation considerable
information is by-passed and thin or
narrow zones of injection will be
missed. Also communication between
sets of perforations and channels can
be missed,

Controlled Time Log -~ Figure 'o. 8

This method is essentially the
same as the previous method; however,
in this method the time is held con-
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-
corded. Then at regular and frequent
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time intervsls the gamma tool is pulled through the slug. In this manner the slug
is logged as it moves down hele. By plotting these runs side by side and in proper
chronological order considerable informotion is obtained. Volumetric calculations
can be made and channeling or communication detected; however, the rate or volu~
metric calculations will not be too accurate. The material used in this method
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-
rial, timing it over a known tool
| length and then calculating volume.

This technique, when properly
utilized, will vield accurate rate
measurements iv the high and medium
ey injection rates. Generally during

an injection survey the last 10 to
;,4L1f 20 percent of the fluid remaining
cannot be accurately broken down
into small increments. This is due
to the slow movement of the material
making it impossible to determine
FIGURE No. 9 just when the slug arrives at the
detector,

— S G- e e

The time recordings should not be made with a stop watch and count rate meter.
This type of recording has several considerable sources of error that should be
apparént. The recording should be done with a calibrated time drive on logging
paper. This technique furnishes a record of each time measurement and permits one
to analvze the accuracy of the measurements. This method of fluid volume measure-
ment can give results over short intervals that are reasonably accurate. Inside
casing the accuracy can be in the order of 95 percent. To do this the size and
weight of the casing must be known. In open holes the accuracy can be in the order
of 80 percent to 90 percent. In open holes 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,
The 100 percent measurement will be abnormal if it is attempted within a few feet
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
problems. Some tools have the ejector ports (3) spaced 120 degrees apart. This is
to eject material into all portions of the fluid stream. Another ejector tool has
two detectors and tho slug is timed between them. This eliminates the problem of
dispersal. The slug is well ‘ormed by the time it hits the first detector, and
this arrangement results in good accuracy for straight velocity measurements.

Velocit: measurements using ejector tvpe tools have become a very important
phase of tracer work. However, when used alene they do not present a complete and
valid picture of fluid movement down hole. Also, velocity shots should be substan-
tiated by ot.cr means during the survey. When velocity measurements are supported

by logging runs through the tracer slug, calipers and primary logs, then and only
then can a complete and valid analysis bSe made.
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Two examples of typical velocity
measurements are shown in Figure
No, 10. The first one represents a
e sharp and easily defined slug arrival
at the detector point. This sharp
curve normally occurs at high snd
medium injection rates. The second

curve is typica! »f low rates and it
(/"——_—’d—- is impossible to determine with any
accuracy the time of arrival at the

detector point, All that can be
said about the second curve is the
fluid is still moving. This illus~-
trates why velocity shots must be
recorded on calibrated time drive.

SHARP ARRIVAL

FIGURE No. 10

RECOMMENDED SURVEY METHODS

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-
tion, then a complete picture is much more likely.

Single Detector - Ejector Type - Figure 11

The example shown is a typical Permian Basin water injection well. The injec-
tiun rate is 800 B.W.P.D. at 1800 psi, 5% inch and 15% pound casing, 2 inch tubing,
pa.ker 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
tracer operations at reduced sensitivity. The work should be done with a scintil-
la:ion type gamma detector where temperature permits,

2. Position ejector port at 4895 feet and detector at 4900 feet. Put recorder on
ca ibrated time drive, Eject a heavy slug of water soluble I-131 material and

mo. itor for a sufficient length of time to allow material to indicate a channel

be ind the pipe. Cenerally two to four minutes are sufficient, However, once the
ma:erial 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
ané indication of a channel behind the pipe.

'. 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
trrough nine). Note residual radiation in zones "A" and "B" on run number one




page 16

s

11 ‘oNX FwWAO1ld

A.
e 8 2 §
v—-—ﬁw’—

paper No. 906-9-E



R R R R R R,

="
..

Page 17
Paper No, 906-9-E

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 hole cleans
up. At this point in the operation considerable informatio~ is available to the
logging engineer. PRy examining these runs he can then plan the work necessary to
thoroughly analyze the fluid movement,

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 feet). There is negligible spreading of material for two rea-
sons, (1) the material is soluble and completely miscible in water, and (2) the
tool is smooth and without traps.

The closely timed logging runs make it possible to compute 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)
shows 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, However, 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 imjection becomes apparent at 4990 - 5000 feet (zone "D").

We now have this general information: (1) 100 percent rate measurement inside
the casing, 800 B.W.P.D., (2) channel behind the casing up to 4890 feet, (3) threec
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 fect.

With this general picture in mind the gamma ray neutron log and caliper log
should be examined, This examination shows definite changes in lithology and poros-
ity 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 slight
enlargesent at 4990 - 5000 feet, shale wash out at 4968 - 4974 feet and the 7 7/8
inch drill hole just below the casing seat. Velocity shots should not be made in
these enlargements or in the middle of a section where rates are changing.

This procedure is such that each step provides information to plan the next
one. Also it requires that the logging engineer must be well trained and able 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-
eted with velocitv shots and more accurate quantitative values placed on rates and

injection patterns.
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Figure No, 12. Rates deter=-
mined at the points indicated by
slugs two through seven correspond
to the general profile derived
from the logging runs, define the
zones much more closely and estabe-
lish the quantitative profile in
the open hole, They also show the
amount channeling up behind the
casing by indicating the down hole
rate immediately below the casing
seat (slugs 6 and 7) versus the
rate determined in the casing
(slug 8).

$lug number eight is inten=
tionally very heavy to more com=
pletely identify the extent of
the channel behind the pipe.
(Note indication of channel before
the large slug clears the tool
inside the casing,) Immediate
logging runs through the section
also catch the material behind
the pipe before it dissipates
and more c¢learly shows the single
thin zone of fluid acceptance.

The overall pattern or profile of
injection is shown at the right
hand side of Figure No, 12 and
can now be accepted as a true

and accurate pattern,

12

FIGURE No.
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Double Detector - Ejector Tvpe

Often it is necessary to place the detector 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 will be affecting the detector from inside and outside the

pipe at the same time.

This problem is easily solved by using a detector above and below the ejecto:
Since the material is ejected into the injection stream below the top detector. a:
reaction on the top detector can only be from behind the casing.

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

1. Run gacma 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 bel.w
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 water soluble)
Monitor until material has cleared lower detector. Also, monitor for sufficient
time for channel to be indicated on top detector,

Note - bottom detector shows fluid travel timé of 9 seconds inside the cas:
(910 B.¥W.P.D.). The shape of this recording (ragged return to base curve) indi. $
possible channeling or fluid trapped at or near the top perforation. However,
reaction by the top detector clearly indicates a rapid channel behind the pipe °
at least 4997 feet. Also, note that almost complete dissipation occurs in 9 s« W

4. Switch recorder back t¢ normal logging (depth correlation). Drop tool velo
slug and log up hole as indicated. lMake several regular and frequent runs thre
the slug as it travels down hole.

5. Examination of slug travel as indicated by runs number one through eight re -l:
(a) Slight indication of activity behind the casing (at 4994 feet) which
completely disappeared between run number one and two. This clean up
has occurred in four minutes., At this time it is not certain Lf this
the top of the channel or not.

(b) No indication of cormunication between top and middle set of perforat s

(¢) Profiling between middle and bottom set of perforations indigates cor

munication,
(d) Evidence of material indicates fluid movement below the bottom set ot .r
forations. At this time it cannot be determined whether it is a chan |

(e) Approximate rate-volume calculations based upon slug travel down hole
indicates: 495 B.W.P.D. leaving the casing at or near the top perfora 1o
75 B.W.P.D. leaving the middle set of perforations, 170 B.W.P.D. leavin:
near the top of the lower set of perforations, and the remainder movi. .
down hole to 5108 feet - probably outside the casing.
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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.

SLUG NO Y SLUG NO &
B 40 WRS. EJECTOR 8098 E88 MRS EJECTORM 3101
TIME ODNIVE TINE DRIVE
0TTOM DEV. T0P DET. 1'.0110. DET w' TOP DEY.
22 SEC
FLUID NO FLUID N0 FLUID NO FLUID
NOViING MOVING MOVING MOVING
DOwN e DOwN ue

8060 8080
UN MO § [RUN NO 1D [RUN NO 1) RUN NO 2
FA42 WAS (848 wAS |50 RS v 09 mAS

. A1 L LS —
I% ZEF T

NUN N0 1Y
908 nis.

o

FIGURE No. 14 FIGURE No. 15

7. 1ldentify 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. TNote logging runs numbers 9 through 11 again
show material as low as 5108 feet.

8. Figure MNo. 15. Ejector is positioned below bottom perforation, Slug number &
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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11, tigure 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 seven is ejected and monitored on time drive. Bottom detector (19 - 20 seconds)
indicates 420 ~ 435 B.W.P.D. moving down inside the pipe. Also, rapid return to
base (urve indicates no channel downward, No reaction on top detector indicates

n channel upward. Logging run number 21 also indicates no channel,

’ tigure No, 19. Check for channel from top perforation. Slug number one did
v * civarly define the top of the channel. Tool is positioned as shown and heavy
s g vumber eight is ejected, Note reaction times on both detectors = the material
m:+ es dehind the casing at a more rapid rate up outside the pipe than downward in-

81 ¢ the pipe.

Logging runs 22 through 24 also indicate a high velocity channel to 4994 feet.
\ls ', an apparent zone of injection between 5014 - 5018 feet.

3, All the preceding work has defined all channels and zones of rate changes,
‘lecity measurements must be made above and below zones where rate changes occur.
}-asirements made in a zone of rate change are of little value. Five velocity shots

s e made and recorded as shown in Figure No., 20.
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FIGURE No. 20

The injection profile is determined as follows:

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

5106 - 5108 feet.

(b) Velocity shot slug number 10 indicates 300 B.W.P.D. moving down inside the
casing. The rate difference between slugs 9 and 10 is 115 B.W.P.D. (300
minus 185). This means that 115 B.W.P.D. is moving out at 508% feet.

Slugs numbers five and six show it to be moving up outside the pipe to

5076 feet. The difference between velocity shots, slugs number 10 and 11,
show 135 B.W.P.D. to be leaving pipe at 5064 feet. Slugs numbers 5 and ©
also show this to be moving down outside the pipe to 5074 feet. Therefore,
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 one
second, probably due to turbulence in perforated area. The rate of 435
B.W.P.D. (slug number 11) is more representative. 1t is known that 475

B.W.P.D. is leaving the perforations between 5012 - 5021 feet. This is

the difference between slug number 13 and number 11. (Refer to slug num=
ber 8.) 515 B.W.P.D. is moving down inside the pipe (5012 - 5018 feet).
Therefore 515 minus 435 is 80 B.W.P.D. into zone ne" (5014 - 5017 feet),
as indicated on runs aumbers 22 throug.. 2&.
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(d) By subtraction (910 minus 515) 395 B.W.P.D. is the amount channeling to
zome "D" (4094 - 4096 feet). (Refer to slug number eight, runs 27 through

24.)

PRODUCTION FXCTILES

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 available for use in a
three phase mixture of oil, gas and water. various attempts have been made to ob-
tain production srofiles by using an isctope that is compatible with the most repre-
sentative well .luid being produced, but this has not vielded valid results. In
selecting an isotope 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 unreliable.

CONCLUSION

Tracer logging can be extremely reliable in diagnosing well problems when prop=-
erly emploved by trained personnel. Two types of problems outlined in the preceding
examples are indicative of the information obtainable 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 phrsical equipment of the well to be cervain it will accommodate
the logging tools. lNext he should be thoroughly familiar with the reservoir con=
ditions, injection rates and pressures and the information on lithology, porosity
and permeability as reflected by pertinent primary logs. Also, he should determine
what specific iniormation 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 Le selected and correct tools and techniques be emploved to
adequately collect and evaluate tracer logring data.

A few basic rules for successful tracer logging can be stated as follows:
(1) Have maximum control over fluid movement, (2) Reduce variables to a minimum,
(3) Avoid use of compressible gases, (4) Use isotopes of short half life, (5) Use
only miscible 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
each run or operation, (8) Let cach logging operation set the stage for following
operations, and (9) Double check each operation if possible,

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 compleied. In this manner rapid planning of any necessary remedial work
on the well can be accomplished.
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OF TEMPERATURE LOGS
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ABSTRACT

erature logs have been utilized to gain information on fluid
¢t in and adjacent to well bores for many years. Much research,
both field and laboratory, has been done in an attempt to apply mathe -
matical 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 problems more
pointedly.

The technique discussed in this paper provides a means of investi-
gating injection strata more thoroughly and minimizing the well condition
irfluence., A digital system is employed, recording a series of runs on
tape at predetermined time intervals. The tapes are programmed through a
computer to establish the temperaiure decay rate through selected in-
tervals in the well bore. When th- ate is established, an extrapolation
daca provides an accurate progression toward thermal equilibrium in the
strata. This data is used to determine the fluid acceptance profile.

For further analysis of data, a differential is available for any selecte’
interval.

Field examples are presented comparing the various temperature

logging techniques with the compu*erized logs to further demonstrate the
validity of the information obtain.d,

INTRODUCTION

Temperature logs are one of the oldest means of investigating down-
hole conditions. Many new applications and methods of interpretation of
results have been developed, most 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 informationm, both theoret-
{cal and actual, lend credencc to some individual histories, which are then
accepted as the "standards" for their particular approach. Our ability to
compute resulte from 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 extracting
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 tho number of
qualitative "facts' we supply.

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

The total amount of temperature information available to us at a
given time exists in the absolute temperature c.uve (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 eanvironmental reactions
surrounding them is imperative.

 AVAILABLE TEMPBERATURE DATA

Figure 1. Absolute Temperature Curves
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Surface recording tools can be divided into three basic

classifications:
Pt o (Y Vi e ! .
| TEMPERATURE DIEEERENTIAL TOOL

1.

2'

. GRADIENT TOOL

AT AT | AR

A et T A W

Snge "

\

.

e

B S o, T e W N D
i

L~

PSRN LI SR———— S A

P ———————

o g : = R S i n s o . ol Sl cnds

IR PE T reusae——— e AR e e

Figure 2. Basic Temperature Tools

Absolute or normal temperature: A single 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 fluids at

a single point and is subject to the total of the vertical as
well as lateral effects of temperature transition zone. Sharp
definition of temperature interfaces is improbable unless the
differential is extreme, and slight changes often go unnoticed
unless recording sensitivity is high. Total transition from
one temperature to another is usually averaged over a long
vertical interval,

Temperature Differential: The differential tool utilizes two
elements physically separated by a given distance, Both
elements detect the absolute temperature of the fluids at their
respective depths. These temperatures are impressed upon a
"comparison circuit" and the difference between them i{s trans-
mitted to the surface and recorded, Hence, if one element



detects 76 degrees and the other, 5' above it, registers 75
degrees, 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-
tional one degree deflection 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
difference in temperature would be determined by the deflection.
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.

A - Priori "Differential": This principle simulates the dif-

ferential effect by using a single 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. After 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 temperatuve
element. The difference in temperature detected 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 millisecnds
and normal logging speeds are not compatible, No consistent
spacing control is possible 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,

APPLICATION

Temperature analysis is useful in four separate applications.

All the interpretations have overlapping variations.

‘.

Definition of long enduring effects, such as cement top loca-
tion. Timing is not critical since the heat evolved by cement
reaction is continuous for some time and rclatively slow to
dissipate. Good definition is possible for long periods of




time after operation. Absolute temperature tools are competent
for this work, as anomalies are usually quite pronounced.

2, Production logging. 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 caun be better defined with short
spaced investigation.

3. PFrac or Stimulation Evaluation, Identification of short term
temperature effects, Zone identification is made by compari-
son of normal gradient curve before operations to the anomalies
induced by pumping fluids downhole. Temperature effects are
comparatively short lived and time is rather critical. Inter-
pretation will vary with the direction of induced anomalies
(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, Injection 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,



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 these indices only. Reaction in the formation is
inferred from its effect on the well bore temperatures.

The temperature curve is a graph of temperature versus depth within
the borehole. As such, it considers only two moments -~ vertical and
lateral - but the effect 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 eliminating or computing their effect
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 principles involved. (Figure 4).
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Figure 4. Vertical and Lateral Effects




The geothermal gradient is caused by the continuous flow of heat
outward from the interior of the earth. 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
oceur between the well and the rescrvoir of heat at any given depth, and
the equilibrium process is established irmediately, 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 bore (Figure 5). Continued injection
results in no further measurable cooling of the well bore or formation
around it, and the rate of heat absorption by the water becomes constant
for each depth, Therefore, the well bore 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 separation 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 collection
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 curve run under
injection conditions will reflect 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 extremes have now been



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 each zone., The rates of heating at various levels differ but
are proportional for each zone with respect to conductivity and differen<
tial at any given time.

The result in the well bore is a progressive, proportional heating
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
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
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 reflect these relative rates and a DT with respect to time is
evolved for each interval. As previously stated, these relationships are
proportional except over the zonc of fluid entry., These progressive or
"decay series" curves can be used for qualitative identification of ine
jection zones. Identification ¢f the true injection incurred anomalies
is not always simple, since many conditions can affect the recovery rate
observed in the well bore. (Figure 6).

Mechanical conditions such as casing, tubing, hole size and cement~
ing programs behind casing, changing bore hole size, thin zones widely
separated, or closely spaced, or any other than uniform physical conditions
can cause varjations in well bore heat replacement rates. A sufficient
number of subsequent traverses must be made to identify the true injection
zones.,

Theoretically, once the zone is identified, the DT with time
established after recovery of the injection zone commences can be used
for quantitative calculation of percent fluid intake per 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 bore
hole is negligible.

3. The heat flow effects precisely reverse thamselves during the
recovery period.




Grephic examination of the sequence of thermal transfer will reveal
that these effects must be considered in any quantitative work.
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Figure 5 Figure 6, Conditions Affecting Recovery Rates

HEORY AND VARIATIONS

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
strata, with the cooling approaching the ideal or complete thermal equilib
rium at an infinite radius, Figure 7=-A,

At the initiation of injection, the radius of cooling is slight
(T1), increasing throughout the period of injection to the ideal tempera-
ture distribution (Tg). This progression is assumed to be independent of
boundary temperature effects., Figure 7-8 illustrates the temperature dise
tribution in adjacent strata under this assumption.

Theorizing that temperature flow effects precisely reverse them-
selves upon interrupting injection allows calculation of the rate of
recovery within the well bore, Relating this recovery rate to the heat
transfor co-efficient of the formation, period of injection, total ine
jection volume, and ambient to injection temp:rature differential, a
formula can be evolved that should indicate the injection distribution,

‘,.
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FIGURE 7.

The mechanics of heat flow are not limited by vertical permeability
boundaries as are pressure or fluid flow effects; therefore, this approach
toward evaluation must be modified to consider the effects of heat flow
within the formation upon the weli bore temperatures.

The constant proportional progression of heat distribution through
a given strata which must be assumed quantitative evaluation does not
actually exist, Figure 8-A illustrates the complexities of heat flow
mechanics by joining the center points of the isotherm distribution of
Figure 7-B.

1t 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 become self-limiting, and disrupt proportional cooling pro-
gression 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 these reactions, a calculation based upon the radial flow
principle must consider additional control data to become accurate, The
premise of precisely reversed recovery effects is also invalid for calcu~
lations. The zones do not reverse the heat flow but the reactions observed
in the well bore are reversed, with limitations.
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Figure 8, Complexities 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 well bore
constantly diminish with the decreasing temperature differential until
recovery to ambient formation temperature is effected. The resulting
isothermic distribution sequence is depicted in Figure 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 and 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 differential develops between
gones, establishing a local equilibrium process near the well bore.

The formations of lower transmitting efficiency are then warmed by
vertical, as well as lateral heat flow, and in turn, affect the well bore
fluids. Since all the temperatur: data is gathered from the well bore,
these effects obliterate the lateral recovery rate 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
process after shut-in. The recovery rate data must be collected during
this "optimum time" period when the rates more nearly approach the lateral
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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 reflect the true lateral re-
covery characteristics, relatively independent of vertical flow effects,
Projection of these data from injection temperature to indigenous forma=-
tion temperature will identify the 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 1l.

Heat for recovery opposite the injection zones must be supplied
vertically from adjacent strata., These formations have been cooled by
proximity to the injection zone and cannot contribute heat flow at normal
formation temperat.re., The source heat for recovery is less than ambient
formation temperature; therefore, proportional extrapolations, based on
decay data, cannot approach gradient temperature at these depths.
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An example of this first basic extrapolation step is shown in
Figure 12, The average DT with time from three runs is used for brevity
in explanation rather than the proportional extrapolation that must be
used for true 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 eliminated from the next extrapolation at 95 hours.
Temperatures from 8057 to TD were also equal to normal gradient and
eliminated as injection zones.

The 95 hour extrapolation eliminatcd the zomes from 8032 to 8040
and the 2' interval from 8055~57. A thin zcne from B047-49 exceeded the
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 effects of zone cooling and zone
thickness in multi-zone injector.

Figure 9 depicts a single zone of injection bounded on both sides
by non-injection zones. Multi-zone injectors must consider strata not
accepting injection sandwiched with zones which have had the indigenous
heat reservoir displaced by injection water.
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These formations are effectively isolated from vertical heat flow,
and a portion of the lateral flow replacenent heat is constantly scavenged
by the injection strata on both boundaries. (Figure '3). Since the source
of replacement heat is being constantly displaced further from the well
bore, the temperature in these zones is often 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
equilibrium 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 affected by the proximity of the two dominant heat
sources, and the recovery within the well bore is accelerated.

Qualitative identificarion of the injection zones can usually be
made after a relatively long shut-in period. A single traverse is made
and the cool anomalies assumed to be the injection zones, Vertical heat
effects tend to average all the temperature parameters, however, and orly
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 bore 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, well bore
mechanics, injection conditions. These projections provide data that can
be used in formulations based on the radial flow concept of heat tramsfer,

The data devived from extrapolation 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 anomalies caused by the water injection zones. These
anomalies have a relationship that reflects 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 zone
thickness presents a problem, but a method incorporating the angle of
slope change and degree of slope progression is being uged at present,
with good results.

Sufficient corroborating data has not been compiled at this writing
to present thess calculations, but a progress report to the industry will
follow at a lat.r date.

NSTRUMEN

The heart of the computerized applicaticn is the sensitive digical
recording system,

Through use of digital tapes, accurate recording of slight tempera-
ture changes is possible. Regular analog recording systems use time
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constant circuitry that averages many of these pertinent data, and visual
definition becomes impossible.

The major objective of a digital recording system at the well site
{s to record the information obtained from the sonde in the bore hole with
maximum accuracy, eliminating the variables 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
a computer, Additional information, svch as vertical and horizontal dif-
ferentials, can be computed with realistic values at maximum accuracy.

The computer output can then be printed in columnar or graphic form 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).

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
cable 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




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.
Temperature readings can be recorded 1/2 foot intervals or one foot,

two feet, etc. as desired.

COMPUTER PROGRAM

The digital field tape containing runs data is processed through
the program tapemake and a Fortran tape is output. This data is 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 such as dif-
ferentials have real values providing improved interpretation information.
Typical computer print-outs are shown in Figure 15.
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The first column is the 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-ia 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, Columns 6, 7, 8, 9, 10, and 11
are the shut-in runs at indicated times, decay rate, and vertical dif-
ferential. Column 12 is the extrapolated run at a selected time based on
the decay rate of the previous runs., Any number of extrapolations can be
made to observe the data until the indigenous temperature of the undis-
turbed rock is reached. Column 13 is the normal gradient for the local
area. Any set of figures can be printed separately and compared for more
detailed interpretation. 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.

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 inhevent in regular logging methods.
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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