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. fractured one zone at a time during continuous

. ABSTRACT
" Wells with multiple producing zones cen be

pumping with a high degree of probability. of
treating all zones by [L] pexforating with
charges deslgned to produce round, burr-free
holes; [2] perforeting the seme low number of
holes [usually eight] into each zomej [3] perfo-
rating in acid; and [4] using sealer balls be~
tween frac stages exsctly matching in number the
holes in each zone. .

- During field trials of the process, recov-
ered fluid-cut sesler balls'indicated that quite
often Jet perforated holes had poor roundness and
rageged burrs preventing good seal. It was neces-
sary to have Jet charges end guns redesigned to
provide consistently round and burr-free entrance
holes. Perforating the same number of holes per
zone elininates the guesswork when determining
the number of ball. sealers to use per stage. ‘
Experience has shown that perforating in acid

- reduces breakdown pressures, allowing the pro-
cess to be used in areass where previous fracing
indicated the method could not be applied. Using
sufficient holes per zone to handle the total
-pumping -rate &at-&. low. differentiel pressure pre- .
vents breaking down more than one zone at a time.
High differential pressure from too few holes
consumes energy and adds to the cost of the
treatment. A calculdation procedure is used to

References and illustretions at end of paper.

determine the holes reqﬁired per zone hased on
flow rates ari total cross sectional area of the
perforations. )

Radioarvive frac sand and gamma ray trac-r
surveys have been used in conjunction with strad-
dle packers to determihe the zones treated. Suc-
cess ratios calculated as the number of zones
fractured divided by the number of fractures -
attempted have been found quite high in 7-8 zone -
wells and still greater in wells with fewer
zones. : !

The method is less expensive than treating
one zone at a time using isolating packers and
is much surer of producing multiple fractures
than simultaneously fracing generously perforated
multiple zones. Continuous multistage fracturing
produces maximum fracture area for a glven injec~
tion rate as compared with simultaneous injection
into multiple zones. The multistage technique
also allows use of all the steps considered essen-
tial to.good, single-stege treating.

Results of field trials have consistently
indleated vertical fractures. The fracture
orientation has been evidenced by low treating

pressure. gradients. and by gemme. ray-tracer surs._|. .

veys.

Field work with radioactive propping egents
provided s means of checking the quality of the
cement Job after fracturing. What had been
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considered a satisfactory primery cementing tech-
nigue was found in many cases after fracing to
glve chenneled cememt for considerable distance
above the pay section and showed poor separation
or no separation between zones. The cement pro-
gram in ore field was modified and finally

; included:

1. Reciprocation during cementing of the
pipe until the top plug bumped.

2. Two plugs.

3. Centralizers and scratchers aeross the
pay. .
’ 4, Sixteen per cent gel-salt fill cement .

with reguler nesat to cover the pay section.
. 5. Turbulent flow‘of the fill cement.

* With this procedure nearly &ll of the treat-
ments have been confined to the pasy sectlon and
the separation between zones is greatly improved.
Date were determined indicating the spacing
~required between sets of perforations to prevent
communication during fracing.

Production date ére presented showlng the
Amprovement obtalined with' controlled frac treat-
ments.

The general technigque has also been applied
» to acidization of multiple zones.

INTRODUCTION

Fracturing of multizone wells becomes very
expensive and even prohibitively sy in some wells
"dAf each zone is separately treated with mechani-
cal devices such as bridging plugs and packers.
Separate treating of this type requires extra
rental of tools, additional rig time, and repeat-
ed charges for the frac trucks.

A method commonly known as pinpoin*l
limited entry fracturing© will provide positive
simultaneous multizone treating, but it disadvan-
tageously divides the injection-rate among the
zones being fractured, resulting in low injection
rates per fracture and therefore limiting frac-

: ture extension. The method is also dependent
upon high injection pressure and thus regquires a
large amount of pump horsepower. Other methods
using various forms of gels and temporary block-
ing materisls have been tried but <hey offer poor
control of rracture placement.’

Fracturing several zones in a well by use of
“ball sealers to divert the frac fluid to a new
zone 1s unreliable as usually practiced. One
reagon is the difficulty in determining how many
_-ball sealers to inject. When the well has thick
and thin zones, with & corresponding veriation ia
the number of perforations, it is impossible to
determine which zone treats first so that the
corresponding number of ball sealers can be in-
- Jected. This process becomes more complicated as
the number of zones increases. Straddle tools,

1

that all zones are treated.

. rate.

lowing:

flow meter surveys and radiocactive tracer surveys|

used to check the effectiv:ness of this guessa-
work appromsch shows that it results in large num-
bers of unfractured zones.

If multistage treating with ball sealers ls
to reduce completion time and cost it must ensure
In addition, such
treating must. allow sufficient flexibility to
permit following the requirements of designed
fluld treatments.

The generalized requisites for effective
fracturing are considered to be as follows:

. 1. Treatment of all zones in which stimu-~
lation is desirable, using sufficient volume to
glve optimum economic fracture ‘extension.

2. Correct type and concentration of prog—
ping agent to produce high cepacity fractures.”
3. Effectlve propping agent placement
requiring spearhead, propping agent fluld, and no
overflush. .

k. Fluld loss control® in spearhead ahd
propping fluids and viscosity control in spear-
head, propping fluid and flush.

In order to meet these requirements with the
least horsepower it 1s essential that the frac
fluid enter one zone at a time., This will reduce
the chances of & screenout and provide the -
greatést depth of penetration at a given pUmp

The purpose of the multizone fracturing
method described herein is to incorporate into a
continuous operation all the requirements here-
tofore possible only in repeated single stage
fraec jobs. In most cases of thils type, treat-
ment can be conducted down the casing at high in-
Jection rates without large pressure losses due
to friction, but also can be applied through the
tubing if necessary. The method also applies
directly to multizone acid jobs, It has been
repeatedly successful in the Crane,: Monehans,
Victoria, Oklehoms City and Hobbs ‘areas of Gulf.
Initial efforts were made at Crane by the local
personnel, but most of the supporting data here-
in were developed at Monahans,

GENFRAL METHOD

In brief, the method consists of the fol-

1.

sufficlent total crogs sectionsl area-so thab
pressure drop at_the design pump rate will be low

7 énotigh ~[ebout 150 peil to avoid simultanecus -

breakdown of another zone.
’ 2. Use a perforating device which produces
round, burr~free holes of known size.

- 3. Baged on the most permevble zones, design

Perforate in acld each zone to be stimu-~
. lated, using the seme small number of holes of

a fluid stege consisting of spearhead, prop-
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carrying fluid, snd prop agent as for a single
zone frac job. If en acld job, deslgn an eppro-
priate fluld stage for the zone.

4. Pump the first spearhead and propping
fluid stage as designed, followed immediately by
-the number of sealer bulls matching the number of
holes in one zone.

: 5. Repeat the fourth step for each stage
except that sealer balls should not follow the
last stage.

‘6., Pump in flush fluid following the last

“stage. Underflush for a frac job, overflush for
an acid Job., R
) The use of some radiocactive prob,agent with
the usual prop material has been of great aid in
developing rules for spacing the fractures and in

- determining when cement jobs allow chenneling of

the frac fluids.

The full significance of the above procedure
is not immediately aspparent, and the following
items are presented to explain the method and
illustrate results.

. PERFORATING

In order to assure treatment of each and
.every zone in & multizone attempt, perforating
must be controlled in a specific manner. If it
were possible to-perforate each zohe with one
hole large enodugh to accept the pumpirg rate and
* then drop one ball sealer of the correct size,
this would seal the hole accepting the fliuid.

. Pumping pressure would then be increased to the
value necessary 1o break down the next zone.

This is pot practical, but it is possible to per-
forate each zone with enough holes-to permit pas-
sage of the fluid with a low pressure drop; and
by matching the numbex of sealer balls with the
aumber of holes in each zone, the same effect can
be accomplished. The most common number of holes
per zone is elght, but the number to be used is a
calculated quantity as illustrated below.

l. Choose & perforation friction pressure.
A smell differential pressure or perforation -
friction 1is necessary to seat ball sealers; 100-
200 psi is usually sufficient.

2, Determine the.flow rate per rerforation
that will produce 100-200 psi differential. This
may be calculated or taken from a curve such as
Fig. 1. Next, divide the individual perforation
flow rate into the total pump rate to obtain the
number of holes required for each zone.

. In general, the fewer the number of holes
-used, the less chance of leekage during fracing.
 This favors relatively large diemeter perfore-
“tions. As an example, for 25 bpym, 150 psi dif~ -
ferential, and 0.6 in. dlameter holes, 10 holes
".are required. :

It 1s necessary to know the entrance hole
dismeter produced et the clearance the charge

 holes slightly laxger than 0,6 in, and are decen-

. factory; the other has well rounded shoulders. '

“tubing."

will be fired. Hole dismeter may vary consider-
ably with clearance.® The service compenies
usually report the hole size at 1/2 in. clear-
ance, but they seldom provide a means of control-
1ing or firing-the Jet cherges at this clearance.,
Nearly all wells have enough deviation to cause
the perforating gun to be ageinst the casing,’
similar to the position shown in Fig. 2, This is
an exemple of & 1-11/16 in. cepsule gun with 90°
phasing inside T 4in. 0D 20 1b casing., Two of the
Jet streams [B and D] will strike the casing at
an angle and produce elongated holes with uneven
burrs which ball sealers will not seal. Clear-
ance for one-of the jets [A] is so great it may.-
not produce a hole; the other jet [C] will pfo-
duce &a.hole at zero clearance with less dilameter
than normally reported. Although this is an
extreme example, 1t demonstrates the importance
of controlling cleasrance end positioning the
charge so that it will be fired normal to the
casing. This can be accomplished by several
methods. A magnetlic positioning tool or & mechand -
ical decentralizing device can be used and all
the eharges fired in a vertical Iine in the same -
direction. Another method is centralizing regu-
lar carrier guns. A cerrier gun of near casing
dismeter does & falr job. . But In any event, the
performence curve or APT RP-43 tests should be-
obtained from the perforating company and evalu-
ated in terms of possible clearance varigtions in
the well to ensure that hole dlameters are ap-
proximately correct.

In addition to roundness and size require-
ments, perforations should be, burr~free for
efficient gealer ball seating. This 1s evident
from the sketch of & typleal large hole perfora-
tion shown in Fir - 3 and confirmed by recovered
fluld-cut seasler .alls. To date two service
companies have responded with field equipment to
requests for burr-free jet perforating devices
meeting all the requiremerts. Both tools develop

tralized carrier guns firing as many as four
shots per £t .in one direction. One develors a
slight ridge on some holes but is quite satis-

Typicel holes from these are also shown in Fig.
3. BSketches rather than photographs are used for |-
clerity in reproduction.

Perforating in acid is a step that experience
in both carbonate and sandstone reservoirs has ~
proven- necessary if all zones are to break down
within the limiting pressure of the cesing or
The service compeanles do not object to
perforating in acid if a few precautions are fol-
lowed. The acid should be well inhibited and -
enough ugsed to adequately cover the interval.

" Thé remsinder of “the hole should be loaded with a |

clean fluid which will wash the wireline snd per=~
mit correlation for depth control ébove the acid.
Correctly spotting acid under more dense salt
water -is difficult and the Job is surer if the
water is lightened or the acid weighted with salt
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or Ca Clp. When this is not done, perforating
must be accomplished quickly before the acid lu~
bricates out of the interval to be perforated..

It 1is poésible to use horizontal plane per-
: foraeting for the method. If the shallowest zone
, treats first snd is blanked off by the first -
B stage of ball sealers, all the remaining stages
and seéalers must. pass through the restriction
maede by the seated balls., In small glze casing
it may be difficult for the balls to pass through
, the restriction without colliding. However, the
. method is feasible and is actually being used
" vhere sufficient clearance is available. ,

BALL SEALERS

Rubber coated nylon [RCN] ball sealers are
recommended in preference to solid rubber balls.
The strength of solid rubber balls is greatly
decreased with small rises in temperature and .
the balls may fall by shear or by defovming and
squeezing through the holes. . This condltion was
experienced on a well when a few solld rubber
balls were mixed with RCN balls. They were
found to have deformed_alm_ost sufficient to pass
through the perforations. However, rubber balls
have been used successfully in low temperature .
wells.

Jet charges fired at the same clearance will
produge entrance holes with some variation in -
" size.® ' Some service companies plot the clear-
ance vs. hole size curve as # band rather than
& line of the average hole gfzes. The band will
include the méximum end minimim hole sizes ex~
pected. When choosing. the size of ball sealers
it is important to know the maximum size hole
e,;m,ﬂ;s select ball sealers accordingly. Trouble
is a.véi:ded if the nylon cores are slightly larger
than the hole. ,
A valuable check on the performance of both
‘the sealer balls-and the perforating device is
the inspection of sealer balls following the job.
Each ball should be found to be imprinted with
the pefforgtion shape. They should show round
impressions of correct dieameter and give no
evidence of having washed out or lesked. This
check may.indicate necessary changes in the
perforating device or ball sealers.

Fig. 4 shows a fluld-cut sealer ball typlcal
. of meny obtained from jobs using conventlonal

i perforations with burrs. While the leakage pro-

duced by a few of these will not seriously affect
8 Job, more then & few will thief enough fluid to
prevent breskdown or render ineffective treatment
_of the last zones. Also shown are non~fluld cut_ .
| palls from burr-free holes.
free holes often have a ring of impregnated sand

grains upon recovery, as ahown .on the second ball
from 8 burz'-free hole.

i - A GONTINUOUS M_'!;STAGE FRACING TECHNIQUE

" The balls from burr~|

DEFINING ZONES

Defining & zone for fracturing purposes 1is
usually done from logs and is a simple operation
when the ‘producing formations or zones ars con-

" glderably different from the formatione separst-

ing them, such as when clean sands are separated
by shales: However, defining e zone is much more
difficult where porous zones contein sharp vaeria-
tions in porosity over short intervals. In for-
mations of this type 1t 1s necessary to estimate
the height of vertical fractures. in order to:
dé'bermine the number of entries required to treat
all of the pay section. The fractures appesr to
extend in general to the limit of an interval oE
varied porosity and this “then defines a zone of
porosity. 'However, if the Zone of poroslty is
thick, the fracture will not ‘appear to extend
across the whole zone. PEntries are then spaced
about 50 £t a.;pa.rt. :

There must.be sufficient dense formation
between zones to prevent the fracture from
extending across the dense’ formetion and to pro-
vide a good cement seal. A "rule of thumb" used
by & number of engineers for this distance is
25 ft. Low porosity intervals of five or 10 ft
seldom provide sufficlent separation between
zones to be fractured. ¥Fig. 5 shows communlca-
tion between sets of perforations at different
spacing as found after fracturing in one field.
the method of determination was based on the
spread of radloactive sand between sets of per-
forations. As an illustration, the gamma ray-

neutron log frum a Devonian well is shown as Fig.|

6. It has four zones and would require five
entries. BSuggested points of entry have been
marked on the log. . '

While there may be some objection to not
pexrforeting & porous interval immedlately adja~
cent to another selected for perforating, experi-
ence indicates good wells are produced and radio-
active tracer techniques indicate that vertical
fractures pass through both intervals. In any
event, the overall method/described certainly
produces better spaced stimulation in the’ ‘well

.than 1s possible with saturation of all porosity

with pérforations. Saturation perforating
results in holes in 8ll desired intervals, but
control of frac placement is lost and large

uwnstimulated intervals result.

For an unfractured well to develop maximum

producing ability; most of the permesble interval|

should be perforated. If a well is to be pro-

duced through high capaci-y fractures, these can
be esteblished adeguately through a limited num-
ber of perforations as described above. .
““the upper part of the reservolr should be used in
water drive zones end in the lower part of the

reservolr in gas cap aress. A midpoint should be

used i1f both gas and water problems are expected.

SP&EZI

Entry inj
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RADIOACTIVE PROP AGENTS AND TRACER SURVEYS

Extensive use has been made of radioactive
propping egents and tracer surveys. These pro-
vide information indicative of the fol’lowing:

1. Whether all zones selected were treated.
2. Vertical or horizon'bally-oriented
fractures.

‘3. Extent or height of vertical fractures.
4. Communication between perforations or to
undesiréd Zones. N
i Chenneling will often differ from vertical
fractures in that the increased radiocactivity
will only go ome direction from the point of
entry. A short set of perforations will usually
be placed within the boundaries of a porous in-
terval, in which case a vertical fracture would
produce increased redioactivity both sbove and
below, as shown in Fig. 7. However, vwhen one or
more sets of perforations are connected by radio-
.activity, the method is not capable of clearly
distinguishing be‘tween channeling through -the
annulus ~v vertieal fracturing. Fig. 5, there-
fore, can only be interpreted as indicating the
communication between sets of perforations
resulting possibly from the combined effects of
both types of communication, ILogs showing two or
more sets of.perforstions conmected can only be .
© positively interpreted as indiceting a minimum of
one fracture and & possible meximum pumber of
fractures equal to the sets of perforations con-
nected. Straddle packer tests in a number of
wells have shown that communication does exist
when indicated by radiocactivity.

The gemms, rs.y tracer log 1s a continuous
recording of the measured count rate of gemma
radistion across en Ixterval of a well. The
count rate is affected by [1] the strength of the
source; [2] distance from source of the detector;
[3] the emount of shielding. 8Shlelding 1s pro-~
portional to the density and thickness of the
material between the source and the detector.,
-Radiation at the strength uséd in fracture treat-
ments can only be detected for a short distance
of about one foot in fluid and even less when
shielded by casing, cement and formation. For
this resson the radiosctivity in & zone should
not be interpreted in. texms of the quantity of
frae fluld injected nor taken as a measure of the
depth of frecture penetration. However, it is of
interest that through & fractured zone the radio-
activity tends to increase with porosity, indl-

- cating possibly that more prop agent is reta.ined
in higher porosity streaks.

The following:-procedure is recommended 88 & |

mg-u'i'de to obtaining good tracer logs:

) 1. Use radloactive material throughout the
entire fracture treatment st & concentration of’
no less than 1 mc of iridium 192 pexr 1,000 lbs
of send or 0.2 me Zr.Ni.95 per 1000 1lbs of sand.

- respond. properly.

2, Underflush to prevent flushing the RA
nmaterial too far from the well bore for detec~
tion. -

%, Cilrculate the hole to remove suspended

_fine radioactive particles and remove £ill up.

4. Iog at the seme speed, time constant and

" sensitivity as the original or base log. A pepeat|;

log under these same conditions will verify that
the tools are funct:t.oning properly and that the

hole is free o' suspended fine RA particlea._

A radiomctive tracer can be changed by Jlog-
ging speed. A speed of- 20 fom is preferred for
both the original and tracer surveys. A scintil-
lation counter is. preferred to less sensitive
through-tubing Geiger counter tools. .

Tracer surveys and radiosctive prop are
recommended for at least a few wells within a.
field to obtain a better plcture of the treating.
pattern. After the pattern is ‘established, the
cost mey not be justified for all wells. How-
ever, the cost couly Le greatly reduced by run-~
ning the radioactive propping material inthe
frac Jjob.and logging only when the well does not
The technique can be extremely
valuable in determining the need and direction of
workover sttenipts when it indlcates channeling to
higher or lower intervals containing ges or

" water.

PRIMARY CEMENTTING

A-'sound primery cement Jjob is critical in
well completion .and stimulation. If the cement
does not provide dsolation between sets of per-
forations, one zome will fracture initially in

'multistege attempts and subsequent stages will

feed through channeled cement into the same frac-
ture. Or worse, a fracture will occur &t some
undesired zone well outside the interval selected
for treatment., In some instances abnormel gas or
water production may indicates this condition;
but more often the production results are poor,
and due to the many uncertainties involved, are
unrecognized as such. AY1l these pointe were
clearly illustrated in multistage fracturing in
the North Ward Estes Fleld at Monahans, Tex.

The three density logs shown on the left of
Fig. 8 were obtained from three wells during
early attempts at continuous multistage frac-
turinge' On these logs is indicated the extent of
travel of redloactive sand which was obtained in
the meiner described in reference to Fim. 7. The

frac fluid and. prop are gchown to have’ Araveled as|.

much as 150~200 £t above the Queen zand and all

sets of perforastions communigated, indlcating few| -
_1f any fractures- occurred.-in the -pay,

of 14 wells, six had very similar results.
. clearly showed that the maltistage attempts were

Of a group
This

failing due to ina.dequats primary cementing.

Primary cementing practice was al’cered. and
the final procedure included: -

.
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