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CHAPTER I,

INTRODUCTTON

Sihoe ahqut 1948, formation fracturing has become an important part
of the oil ipdustry. In many cases tpis operation has beep extremely prof=-
itable due toyincreasgs in productivity and ultimgte 01l recovery. There
@ave been numarbus studiés made to predict the effects of formation fra;w
gufing in order to determine whether ér not ‘this operation would be feasible.

| 'Férmation fractuging gs used here refers tovtne splitting of reservoir
rock invorder to inoreasé its'ayerage permeabiiity, ‘Hydraulic pressure
is appliéd to the zone to he fragtured, and when the applied pressure
ex¢eeds‘the stresses existing in the rock, aisplit is initiated. The
fracture discussed in this.study is.a nofizontal cireular, or "panpake"
fracture,

It has been found possible to reasonably predicﬁ regervoir behavior
threugh the use of medel sﬁudiesq Scaled fluid models have heen used; and
where proper analogies have been made, electrical and tﬁ@fmal models have
yiéided valid igformation« The subject of this research investigation in-
clufles the use of thermal models to simulate & hypothetical‘reservoir which
“in two insgtances was fractured, and in one instance was not. All reservoir
characteristics were the same for the fractured models, e#ce@t that one
aliawed fluld entry to the well alongvthe entire length of the wellbore,
while the other was restricted to entry only at the point of intersection

of the fracture and the wellbore,



The assumption of point entry is often quite logical due to the fact
that wellbore damage is in many casesvﬁhe reason for fracturing. Once the
"skin" of reduced permeability is pierced, a large perpent of the production
will be through the rupture. In other instances, wellbore damage may not
be seripus and flujd will be preduced albng ﬁhe total length of the wellbore.
A comparisq:nb has heen made here to determine which type of entry is more
effgctivé in depleting an oil reservoir. In addition, the behavicr of tne

_fraC‘gureq reservolr is q}o‘mpared» with tvha’u pf' an identical, but unfractured,

regervoir,



CHAPTER II

PREVIQUS INVESTIGATIQN

Fractufing changes thebévérage ﬁermeaﬁility of an_oﬂ.reservoir and

'v.thgs:changes;the flow characteristics. The'ihhomogeneity infroduced makes
_analytical descriptipnsvdifficult ?nd incurs the use of various simpli-
fying essumptions.  The fqllowing lists égme of the these éssqmptions:

(1) The flow into the wellbore is only through the fracture.

(2) The reservoir is horizontal, homogeneous, isotropic and

has upiform thickness,

(3) The fraéture 1g of uniform flov capacity and is radial.

(4) A single fraqﬁure exists,

(5) After sufficient production tire, thé system is in a steady

| ‘state of flow with a radial drainage boundary.

The gskin effect has been used %o study the behavidr of fractured
réservoirs, Skin effect may be defined as préssu?e.drop, between the
draipage and wellbore radii, ¢aused by the.presence of an altered zone
(or skin) of reduced permesbility. _

Hartséck and Warren (l)l ha?e stated that the productivity of a hy-

draulically'fraétured'system relative to that of an unfractured well, can

T

lNote;v ( ) refers to Selected Bibliography,



be determined from the apparent.skin ef'fect and cau be used to establish
design cbjectives. They further state that both the radius and flow capac-
ity of & fracture cennot be uniquely determined from the apparent skin
effegt;.an>indepéndent determination of oné of the quantities is neéessaryp
Their apparent skin effect is given by:
er(kh),,

B 5 s | (AR)e - (aR).. | (2-1)
aw B, Lo )

chr.evaluating a fracture treatment, the skin effect can be found
‘ by tvo methods, ‘When 8 pressure build-up test 1s run after a wellihas been
| fractured, if an adequate linear‘seément is‘obtaiﬁed when: - the shut-in
preséuﬁe is blottéd vérsus log (t+At)/t; the skin effect can be calculated
from; |

B = 1,15 Pwi Pwo . 1°¢10* ”_Egg__v + TN M - (2-2)

mé chrd

If stabilized productivity indices ere measured just before fracturing,
(P1),, and inmediately aftey fracturing, (PI)p, the skin effect can be
vdétermihed from:

8= (107%/py - .75) [l (PT)y J (2-3)
(PI)

;Fmr'identidal drawdowns, the ratio of produotivity indices can be
replaced by the ratio of the preduction rates, qn./ge.
Generally, for a fixed pressure drawdownjand_é fixed average reservoir -

presauve 3

re
qp * - in /rw = 75+;> 2 (2-4)

lnre/rw -



To evaluaté a fracture treatment, the apparent skin effect can be
calculated from~Equatiqn'(2»2) or Eguation (2~3}, and this value can be
used with Eguation (2-4) to find qp/qy.

In‘éddition to the previously mentioned assumptions, this method also
assumes that fluild is flowing frdm the resarvoir‘to the well at a constant
rate; and that the appareqt skin effectz due tc the dlstortlon of the flow
pattern by the fracture, can be qalculated from an assumed steady state
pressyre distrlbuticn. This Qistributlon exists between the well ‘and
the "crdtical radius." The gritical radius is the‘distance from the well
at which flew is puFely radiai and at whicﬁ‘a cylindrical surface of constant
prﬁssure is present. - ’
| According to Dr. H, K. Van Poolen (2), ingreééed well prodﬁctivity
‘can be obtalne¢ by fraqtures ppening up a flow channel through the damaged
vzqne around the Wellba;e. Mathematioal analyses of elegtrical models
have ahown thié ianeéaed productivity gnd have also ghown the follow1ng:/
’largér frgctures nmean greater productivity lncrease; incfease'of fracture
flow qapaC1ty results in gwaater production potential; damage to the for-

» mation 1mmed1ately surrounding a fracture has little effect on well pro-
'duginity, while damage to fracture flow capacity has a major effect; most
production Willventen the fracture in that poftion of the fractﬁre farthest
avay frpm.thé‘wellbore.- ;

In all tﬁé cases discussed by Dr. Van Poolen, the following assumﬁtions
vere mgde‘ The formation is nomogenous and 1satropic (constant permeablllty,
anstant poroslty), the’ flulds are incompressible and homogeneous; the

system is in a gteady state Qf flow; and the effect of gravityvis ignored.



Grawford and Landrum (3) have made similar studies of electrical
mode;a with simulated‘horizontal fractures, Their'data applies to uniform
“'énd homogeneous rgggrvairg whionlare produging at steady state copditions;
Theybindicate that the creation of a'single lérge'pancake fracture will
posaib?y'be more effective in obtaining a large incregse in the production
'-qapaéity of the wel)l than the creation of several fractures of small radius.
‘It was aiéa'fwund;%hat'the inclination of & cirguiar fractﬁre from hofia
”zanﬁal results in a decfeaSe‘of production capacity of the well, and that
the %ffépt>mﬁ an elliptical fracture on productiqn capacity appears very
similar to the effect of-é clrgular fracture Whose radius is equal to the
arithmetic average vedius. of the eliipéé, |
A heat.conduction'modél has‘beén used (4) to study the flow of fluids
'in a stratified oil reservoir which is being_subjécted to unsteady state
- depletion, To simulate sﬁratifigaﬁion,rplateﬁ of different metals were
Joined tpgetheryso'that.crcsg fiow co@ld pccur betwaeﬁ strata; It was
:¢anluded‘that a layexéd resérvoir'with eross flow can be considered as
a uniform homogeneous reservoir pf the same. thickness and length if the
permeabilitywpérosity ratio is represented by (&kh/IPh). It was emphasized
.thaﬁ this‘rqcpmmendation appiies vhen the reservoir'appréachés pseudo~steady
state because the effective value of k is larger during the earlier tranér
f‘sient periad. “

; This model has shéwq the applicability of the thermal analogy to fluid
'flow.’ It 1s quite imﬁortant that reservoir inhomogeneities can be approxi-
:matad by a therm@.model ;né'thét the reservoir can be considered as a homo—

geneous one if the proper permeability-porosity ratio is computed.



Another heat qqnducti,o:n\. model (5) has been developed to predict the
’ppessure diﬁtribution‘wifhin a‘feservoir being subjected to unsteadyrstate
| b'.‘depl‘et:;iqn. 'An ‘analpgy between the flow of .fluid in an unsymmetrical
resérypir aqd conduction of heat in a similarly shaped unsymmetrical metal
plate Was made to show adaptability of the heat conduction principle to |

transient reservoir cases.



CHAPTER TII
STATEMENT OF PROBLEM

»Literaturg'is filled With golﬁtionsvto<prQb;ﬁms pertaining to homo-
_gapeous oil reservoirs of simple geometry. Sﬁeady state conditions greatly
‘éimplify the mathematiqs u$ed in a@alytical gtudies, and these conditions
- are reédily simplated by potentiometric models,

On ﬁh@ Oth&f hand, transient fluid flpﬁ is quite difficult to describe
anaiytically and studles of its behavior require vafiqus assumptions and
 ap?er1méﬁionsF Descfiption of thiS'tyPe‘Of_flOW;is méde gven mbre diffi-
@glt’when thg transmitting medium is 6# irreguiér geometry and is hetero-
:'Eﬂneaus:and anisotropic. .. | S
: Thﬁ»ﬁxansient'naturg of heat flow is.ve;yvsimilar to the transient
“’behaviﬁf of single-phase fluid flow and this fact éuggests the use of a
thermal model to anélyzeiunsteqdy state béhavior of an inhomogeneous
reservoir. - |

‘ Stimulation techniques; éuch aS'hyQ:Qulic fractﬁring,.introduce vari-
‘ations'of reservoir properties and of‘fluid flow hehavior. Thus, the problem
i§>to‘analyze the possiblity of using a thermal model tp study the tran-
‘sient Béhaviqr of a fraCtured oil resérvwif, produging above the bubble
point by ligquid expanéion drive; and ﬁo.check the validity of the assump~

‘tion of point entry of fluid into the wellbore of a fractured formation,



CHAPTER IV
‘EXPERIMENTAL EQUIFMENT AND PRQCEDURE

One of the model reservoirs used in thig study is shown in Figure

: Ala with an aogompanylng 1llustration in Figure 2, It was made of United

Stﬁtes Gypsum's Number One moulding plaste:,vand the well was represented
bj a}l/h;inch copper tuke. The frac#ﬂrevwés made of a Q.0Q31-inch thick
gopper sheet. Two of the models stqdied‘pontaingd fragtures while the
“third did not, |

| Thevquels were used to approximate seetions Qf-radial reservoirs, and
v thqvegpper shéets yere uged to simylate s@qtiﬁns of norizontél radial frac-
ltgres.' The fractures wére placed‘at the verti@albcen$em of the model and
were bonded to the wellbor@ by means of a tab of copper Wthh vag left at
the tip of the fracture when it Waﬁ cut, The tab yas wxapped around the
prp@rvwellbore,,then soldered. -This'assuned 500§ contact and also helped
%o hold thé fracture in place while the model was being poured,
‘.b qums for the médel vere ﬁade of i/avinch plywoéd. Experience showed
that ‘the plaster, upon drying, adhered to the ond,‘resultiné in the for-
bmation-of ecracks and veids in thé model. Aﬁplic&tion of diesel oil to the
inaide 6f the forms did nqt solvé this problenm, put it was foupd that lining
the fqrms witq aluminum foll did solve it; and also permitted the reuse of

the same f@rm several times,



Figure 1.

Uninsulated Model Rcservoir
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The fracture was held in place during pouring by making it too wide

1n the angular directjon, foiding the_ekcess to form a righﬁ angié with
Ithe fractupe3vgnd then taping and stapling the excessive copper to the
sides of the formp Wﬁen the form was remocved, this excess copper was
exposed and was trimmed from the model.
, | Thermocouples were located iri"t‘he model as shown in Figure 3. A
problem existed in properly locatihg the thermocouples and holding them
iﬁ ﬁositiqn as the‘plaster was being poured. BSince there was to be vertical
@lignm@nt,”riéid columns consisting of three thermocouples. each were formed
by twisting the thermodm@pléwires together and wrépping them with thread.
Ea?h Gmlumn-was.ﬁhen inéérted into a properly spaced notch on a striﬁ.of
plywoqd so»that_the‘bottom thermod@uﬁle of the column would hang the. proper
_ debﬁh ihto the form when the jig was nailed along the center line of the
. top of the form. The columng Were then anchored in place by attacning a
, l@ngtn of thread to each of the bottom thﬁrmoc@uples- The other end of
the threads were pasged through tiny holes which had heen drilled at
pf@ﬁeg‘ intervalsiin the ﬁracture and in'the'bqttom of the form. Ténsion
was then applied to the threads and they were tied to thgmbtacks on the
bottom Sf the form, The holes in the copper prevented the fracture from
bqwing up during the pouring of the'p;aster, and also preventéd trapping
of air beneath the fracture.

| " Tests were performed with small quantlties oﬁ the mOulding plaster
to determine what proportloq of Water to plaster would yleld the best mould-~
ing mixture. It vas decided that one quart of water to each 3.57 poungds
of plast¢r»foymed the déSired mixture, Care was htaken to prepare a suffi-

cient-ahouﬁt Qf plaster to make a complete pour. When fresh plaster was
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‘pcurad,oﬁto partially set plagter, a aleavage plape was Tormed and the
modgl Séparatﬁdvupon heating. Tapping of the form during pouring‘insured
filling éf'all parts of the form and thug pfeveqted large voids from‘being
. formed due to trapped a:_'Lr., Speed was reguired in mixing and pouring the’
plaster, in that 1t was obgerved that the mixture would set up in about
five minutes after the addition of water,

The-thermpgquplas uéed vere made of 30-gauge iron-constantan wire.
FQ’I' quick and sasy gonneg‘gian* two péirs of 21+~«vcontiac_t male and flemale
 gqnn§qur'plugs were used, The two female plugs Were permanently attached
to 2 feqqrder'and the two male‘plugs were attached to the model. The
th@rmOoouple'wires were made 1Qng snough igitiaily to allow them to be
,ng fo at ﬁhe medel and»rewelded; into new thermocpuples, thus saving
thetg@ious Job of saldering new wires to the male plugs each ﬁime a new
nodel, waé made., |

"'mhe thermogouple wires were taped tégethex after being soldered to
! the plug. This'prevented not only tangling, but algo breaking of the wires.
The individual wiraébwere labeled at thh ends and their identities were
reespablished@ with the gid of an ohmeter, each time they were trimmed
from a model.

@he models were completely covered with four layers of 3/8-inch
Cerafelt insulat,ion:, The insulation was attached with Elmer's.Glue, which
| wag féund suffipient in the temperature range used. A powdered fibrous

xiﬁﬁulation_was mixed with water tp form a paste which was used to seal the
‘ jqints formed by the Cerafelt and which was also used to mould around the

vellbere where the tube protruded from the medel.



Symbols used in Table 1:

A=

]
1

mNiSO4

4mNiSO4
-log 4mNiSO4

-k log 4mNiS

E° -k log 4m

2
YiNiSO

Oy

NiSO

4

klog3———‘

YENiC1

2

4

2

YiNiSO4
G = log —5——

3 YiNiC1
YiNiClz
_'fé"‘""m
YrNiso4

2

1

1= =

Nt

J = log Eiﬁ
i

_JAEY 4
K _<AT) = slope x 10

15
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minutes of the run, Apparently this difference had neglibible effects on
'the\cooliﬁg of the ﬁodels, A check thermocouple was plac;d in the bottom
half Qf each of the models, symmetrically located with respect to one of
the thermocouples in the upper half; Thémtemperatures recorded by the
check thermocouple were noted to be identical with those recorded by its
V¢eresppndimg thermocouple. This also indiqated.that symmetry did exist
Cin the vertical direction, and that the quels were physically homogeneoﬁs.
The temperature of the coolant was found to vary somewhat with flow

rate, therefore the flow rate Waé monitored. ‘The flow rate was measured
with a ﬁtopwagch-and a graduated ¢ylinder, For all three runs the rate
of flow was held at 100 c¢c in 50 seconds. Given weights of outlet water
vere caught dhring measured time periods in hopes that the difference in
‘inlet and putlat tﬁmperétures could be‘uSed to calculate the thermal energy
dissipated in the coolant. This calculation could not be made due to the
‘ﬁmall‘tgmperature rise and the large range of the recorder.
‘ bThe,hprthﬁtical reéervoir which the thermal $Qdels represented had
the foiloWing characteristicsi

Shape - approximately radial

Radial length - 3000 ft.

Thickness - 10 ft

Permeability - 2.25 md

Porosity - 25 percent

Liquid viscosity - 1 ¢p

Liquid compressibility ﬁféxlo"? atm"1
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and for the fractured reservoirs:
| Fracture rgdius % 2,250 ft
Fracture thickness = ,O3l_in
The fellowing assumptions were made:
1. The fluid fully smburated the reservoir, and was
v.prqduced above the bubble point,
,2; The reservoir vas hoyrizontal, and gravity effects
Were negligible. |
3,v‘Vémtical and hdrizqntal.formation permeability
were equal, |
k4, The rgséfvair was hqmogeneous and 1sotropic'except
| ﬂgr the fracture,
- B. The exterigr boundsry of the regervoir in the radial
directioh was impermeable to floyw.
| The qu@l and associated apparatus are shown in Figure 4, The
- model re$efvgir'had'th¢ following oharacteristiqs;.
- Bhape - aa-shown in Figurefa
Radial length - appréximately 12 in
Thickness - 12 in |
Thermal diffusivity - 0,0029 cnf/sec
‘7 and in a&dition, for the fractured models;:
Fracture: radius - 9 In
Fragture thickness - 050031 in
- A corrélétiom betwyeen fluid flow in a porous material and heat con-
dﬁction through 2 solid can be found in Appendix A, The equatiohs presented
“will be used in makihg analogies betweeﬁ the fheoretical reservoir and

‘and the thermal medels.



Figure /4.
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Pressure and temperstiwe were the driving potentials in the reservoir

and model, respectively. When botn were put into dimensionless form and

'

equated, the result was:

Pi = P - ‘Ii e T (l*-l)
Pi - P, Ty - T,

The initial reservolr pressure was chosen as 2000 psi, and the constant
" wellbore pressurs was chosen &s 1700 psi because.these values best illus-
trated the difference in behavior of fhe reservoirs. All three models

were heated to an initial temperature of 400° F, and the temperature at

the well was held at about 92° F. The recorded model temperatures were

converted te reservoir pressures by the expression:

: T, - T
P =P - ( i S ) (P; - P,) (4-2)
Ti - Tw

As previously mentioned, the wellbore temperature, T

we varied slightly.

Proper Values of T were used in Equation (k-2) at the various times that
were considered.

h In order to correlate reservoir time with model time, both were made
into dimensionless timeé and equated. After solving for the reservoir time:

= g M oL -
b= (4-3)

- Fc t
m

m

Substitution of the previocusly mentioned values into this equation
gave:

t, ® 180 t (L-L)
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 This meant that each hour of model time was the equivalent of 180
houfs of reservoir time.

Fach of the runs lasted 18 hours and 20 minutes, model time; or 3300
hours, reservolr time. This allowed the pressures to.drop from 2000 psi
to approximately 1740 psi. It should be realized that if the runs had
lasted long enough, the whole reservoir would have reached the wellbore
pressure.

Advantages were taken of the symmetry of the radial reservoir.
Symmetry existed in both the vertical and angular directions. This
allowed the thermocouples to be located in the top ha;f of the model
only, and glso made it possible to use only a section of the reservoir
to describe its entifetyp‘ The horizontal cross section of the model was
simpl& one section of a 12-sided polygon. For purposesiof comparison
'betWeen the three models, the polygon section was assured to be a circular
sectorf Thé difference in cross sectional areag was found to be:

For the circle sector,

-
A nr §€5
A = 37.8 in®

For the polygon section,

=
t

1/2 base X height

38.6 in®

b
n

The models were made in the polygonal shape becguse of the ease of

moulding.
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The moulded plaster was found to de¢crease in density when heated
for the first time, so the models were baked for several hours before
heing insulated. This drying procéss prevented changes in fhermal proper-
tieé during the runs, and also prevented shrinkege cracks when the tem-
perature was raised to 400° F,

At least 48 hours were requirea to heat the entire model to 400° F.
One side was left uninsulated until this tempefature was attained, then the
gide was quickly insulated and further heating was applied t0 assure con-
stant temperatures throughout the model.

"After a run was completed, the temperatures were plotted versus time
in arder to check for any_gbvious errors. From these graphs was obtained
ipformation with which to ﬁake plots of temperature versus distance, at
g given time. If no gross discrepancies appeared in these curves, then
the model was broken up; The broken model was thofgughly examined in
gearch of air pockets or other undesirable conditions. At this time it was
| noted that the thhodvused to position the thermocouples had been successful.
| Samples were taken from the top, middle, and bottom of the model and
ﬁhe densities Werq;measured with a pycnometer.  The results showed that
ééch model was homogeneous in density and that the three models were
approximately equal in densiﬁy. The density was used with Figure 5 to
determine the thermal conductivity of the models.” The dry density was
found to be £2.1 lb/ft3 which cofresponded to a thermal‘conductiVity of
2.25 Btu, in/hr. ftao F. The specific heat of the plaster was given as
0.26 Btu/1b.° F, and the thermal diffusivity was calculated ﬁo be 0.00299

em?/sec, from the equation:

o = (0.0215) K _ (4-5)
pcC
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As for scaling of distance, it was found that 1 model inch-in the
radial direcﬁi@n represented 250 reservoir feet, while 1 model inch in
‘“the verhiba; direction represeﬁted 0.834 reservoir feet. This informétion,
along with thé various temperature, distance;éﬁd time gfaphs allowed
examinationvof the behavior of ﬁhe'theoretiqal oil reservoir.

The temperatures and model times were changed to pressures and res-
'  ervoir times by ﬁhe uge of Equations (4-2) and (4-4), respectively. Model
7 ;oqaﬁions vere converted to reservoir locations by using the previously
mﬁntiohad scale factors, and plots were made of (a) pressure versus time,
at a givenllocatipn; (b) pressure versus radial distance, at given times
| ang:heights; and (c) constant pressure'iines at given times for vertical
eross sections of the models.

From part (c) of the pre¢eding paragraph were obtained the average
pressufes fqr»éqvepal'given times. Isobﬁrs were plotted on ﬁéaled vertical

gross sections of the reservoirs, and the average pressupes Were given

e
P oaa - |
_ T (Py Aj
Pove J,_“ . Z (25 Ay) , . (4-6)
 A(total) Z A |

'Thq,Pj were ﬁakgnlas the average pressures between isobars, and the Aj"
ware fOund by planimetefing the areas between the_isobafs. |
Forvan,unsteady state compressiblg liquid reservelr, thé amount of
fluid which'has beén removed to develop the‘pressure distribution at any
time and corresponding drainage radius is propértiqnal to (a) the liguia
qompressibility; (b) the volume of fluid conteined in the drainage area,

and (c) the drop in average préssure. Therefore, the cumulative_vdlumes
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of Pluid produced from the reserveirs were determined from the equation:

o

'Np = oV AP (L-7)

Which may al

N = a2 " m—l\:m P; - P . e
"o <\ 5.615 >< £~ Pavg) (4-8)

where Np is given in reservoir barrels.



CHAPTER V
EXPERTMENTAL RESULTS

The three models used in this study were to represent the same theo-
retical reservoir. One model was unfractured and the second contained a
horizontal circular fracgture at the center of the formation with fluid
entry along fhe entire wellbore.»_The third was identical to the second,
except that fluid entry to the wellbore was allowed only at the intersection
of the fracture with the wellbore. This "point entry" of fluid was attained
by rofating the copper wellbore 90° from its original position, allowing
it %o touch the model at the tip of the fracture sector only.

Since all cqndiﬁions, except the ones mentioned in ﬁhe preceding
paragraph, were duplicatéd for_thevfhree models, any differences in the
behavior of the models were‘éttributed to these purposely altered cdndi-
tione.

Nﬁmerous curves were plotted in order to completely égamine the ig5
formatibn presented by the behavior of the modelé., Figure 6, for instance;
shows pressure decline curves for twobdifferent'points in the reservoir.
Both points ars 0.417 £t above (or below) the fracture; one being 125 ft,
and the bther 1500 £t from the wellbore,; These points correspond to
thermocouples 1 and 4, respectively; ‘of Figuée 3. _Sigilar curves were

plotteq,fbr reservoir Tocations corresponding to all of the thermocouple

positions in the models.

25
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Figure 6 shows that the pressure at any given time was lowe£ for
the total-entry fraétured model than for the unfractured one. This was
also fqund to be true at all the other reservoirs locations which ﬁére
examinedc The point-entry model at 125 £t was found to'have-higher
pressures than the othér models; but at greater distances from the well-
bore the comparative pressures were more liké that of the 1500 ft curves
of Figure 6,

From the pressure versus time graphs were obtained curves such as
those of Figures 7 and 8. These figures show how the pressure‘varied
with radius for given reser?oir times. -

Figure 7 shows ploté.of pressure versus radius for the total;entry
fractured reservoir and the unfractured reservolir at a vertical distance
of 0.417 ft from their centers; while Figure 8 shows the same typeaéf plot
for the two fractured reservoirs at a vertical location of 2.085 ft fr@m ‘
their centers. At 3OQ-hoh;s, vhich corresponded to l,hoﬁf and 40 minutes
of model time, the total—enfry fractured reservoir pressures were about
20 psi. lower than those of»the unffactured reservoir. This pressure differ-
ence existed near the well aﬁd began to decrease at approximately one~halfl
the radiuévof the reservoir. The difference at the extreme radius of the
reservoir was noted to be only 24psi,‘ Figure 7 indicates that a pressure
difference of ébout 10 psi existed along the entire radius after 3300
hours éf prodgction. |

The,fracfﬁréd reservoirs are compared in Figure 8. As was expected,
the point-entry reservoir had highef,préésures neaf the wellbore except
at the point. of contact between the fracture and wellbore,' This,dfffer- .

ence diminished toward the outer edges of the reservoir, and at some of
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the outer locations, the point-entry pressures. were lqwer.

The preceding figures gave only aﬁ idea of the differenceg that
existed in the three reservoirs. In order to éétually cémp@re the_per:
formances, the pressure, time and distance data were transfprmed.iﬁt¢:
production data. The first step was to obtain isobaric maps for various
Iresefvoir times. These maps were derived from curves such as those of
Figures 7 and 8, A few of the results are shown in Figufes 9 and lb;

Figure G shows vertical cross sections taken the same as that of
Figure 3. These particular pressure érofilés were preﬁent after 300
hours of production time. Deviatien froﬁ purely radial fléw can be ﬁoted
from these figures. Similar maps were drawn for 900, 1800, 2400 and 3300
»hour reservoir times. Pigure 10 contains the maps for 3300 hoﬁrs;

Fach of the areés of the pressure conﬁour maps was determined with
& planimeter, then the average reservoir pressures were computed from
Equation (L4-6). ‘Table I shows the data associated with the unfractured

reserfoir at 3300 hours.
TABLE T

EXAMPLE CALCULATION OF AVERAGE RESERVOIR PRESSURE

J Pj(psi) ay(in°) ()X(A))
1 1713 1.49 2560
2 1733 3.10 5380
3 1745 3.70 6450
L 1753 3.00 - 5270
5 1758 .78 8410
6 1763 5.10 9000
T 1768 3.43 6060
k.60 L3130
p = 43,130 1056 et

aveg 2k, 60
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Similar calculations were performed for all three models and the
declines of the aVérage reservoir-pressures weré plotted as shown in Figure
11. Average pressures for the fractured reserveirs were lower than those
of the unfractured one throughout the depletion period studied. The point-
_entry reservoir pressure is higher than the other fractured reservoir
pressure until near the end gf the production period, then the two pres-
sures become identieal. |

The average resérvoir pressﬁfes were used in pénjunctionkwith Equation
(k-8) to obtain the cumulative productions for the three cases at any
| given time. Figure 12 shows the productionsvfor the total-entry frécturedv
reéeruﬁzy and also for the unfractured one. As was expected, the fractured
reservoir exceeded the unfractured one in productioﬁ during the considered
time period. With ne¢ driving'mechanism othef than liquid expgnsiqn, the
rgservoirs,would have eventually assumed average pressures equal 1o that of
the well pressure. The production at @haf time would have been 226,200
reser&bir barrels of oil.

. Shown in Figure 13 is a plot of cumulative production”varsus ﬁime for
the two fractured cases. Since thé'production was found by multiplying

a constant times the pressure drop, fhe cﬁrves have the same relative shape
as the pressure versus time curves. As the diﬁférence'in'reservoir ﬁres-
éures decreased for these two reservbirsy s¢ did the difference iﬁ prg~ 
ductions. |

| The results of the tests were as expected, but the magnitude of ﬁhe
difference in behavior of the three reservoirsrwas not as great as was
desiré_bd_. Although the thermal conductivity of the Cerafelt waé i :L/_é

times smaller than that of the plaster, the major reason for lack of
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behavior d;fference was attributed to insufficignt‘insulatiqn of the
models. The isopotential lines of Fiéures 9 and iO show that there was
deviation from fadial flow, especially near the radial edgevof the medel.
This means that an appreciable. amoynt of thermal ehergy vag passing
through the insulation, and that part of the»production was actually

lost through crossflow. This would present quite a problem in gvaluaﬁion‘
of an actual reservoir;‘but for the purpose of this study, which is‘pre—
dominantly comparison, the presence of similar losses in all three models
nullified discrepancies caused by these 1osses.

Exact mathemapigal descriptions of these reserVoirs were abandoned
due to deviations from boundary conditions, 1.e. losses through insunlation,
and fluctuatidﬁ éf coolant temperatures. It is felt that the method
used in describing the reservoirs ié the best gvailable under these

circumstances.



CHAPTER VI
CONCLUSIONS

The material derived from this research investigation présented
“information from which several conclysions may be drawn. It should again
be stated that the models used in this reseapch simulated a hypothetical
oil reservoir which was producing above the bubble point pressure by
liquid expansien drive. The reservoir was also finite in extent, with
a clpsed exteriorqboundary.

After aboﬁt 3 1/2 months, the cumulative production of the fractured
reservoir with point-entry equaled that of the fractured reservoir with
full wellbore entry."Pribr to this tiﬁe, the reservoir with full wellbore
entry excgeded tﬁe point—entry reservoir by a maximum of 6,000 reservoir
barrels. Thig maximum; which pccurred soon after one month of production,
may be explained by the fact that after this period of time, avpressure
drop of about MQ psi existed betweén the reservoir and the full-entry
wellbore. This allpwed a great deal of fluid to flow directly into_;he
well. In addifion; fluid was flowing into the well via the fracture. In
the point-entry resefvoir the only flow into the wellbore was through the
fracture, thus the production waS'sﬁaller. As time progressed, the
pressure differential between the wellbore and the-adjacent feservoir
decreased, and the major portion of flow was through the fracture. At

this time,fthe'pressure gradient between the formation and fracture was
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higher for the point-entry reservolr than the corresponding pressure
g;adient of the other fractured reservoir. This condition caused the
two reservoirs to eventually equaliie in production.

A similar explanation 1s offered for the production characteristics
of the unfractured reservoirq Ipitially the production of this yeservoir
almost equaled that of the point-entry reservoir. As the pressure de-
creased near the unfractured wellbore, the production difference increased
until the eﬁd of the pericd of study. At this ti@e the fractured reger-
voirs exceeded the unfractured one in oil production by approximately
12,000 reservoir barrels,

This model study'led to the following conclusiogs relating to reser-
voirs of the described type: |

1. During early stages of depletion, a fractured well with

total wellhore entry will havé a higher production than
a well with only poiht-eﬁfry.

2. In later stages of,deﬁletion, the total—entfy and point-

entry wells will be approximately equal in production.

3.  Both fracture types included in the study will ingrease

the productivity of a reservoir.

h=, The assumption of point-entry into a fractured wellbore

is a close approximation, evem if total*weiiﬁore entry

exists in the actual resérvoir,



CHAPTER VII
RECOMMENDATIONS FOR FUTURE STUDY .

One of the most undesirable occurrences during the expefimental runs
was the flow of heat through the insulationjof the modelgP Th§§.resulted
in accelerated cooling of the model, and it aiéo caused unéxpected deviation
from radiél flow. Beveral steps may be taken to reduce the magnitude of |
this problem. Thesé‘steps are (a) using thicker insulation, (b) using
insulation with a lower thermal conductivity and, (d)tusing a modeling
material With a higher thermal conduétivity, The first two steps would'-
increase fesistance to heat flow in all direcﬁiqns exéept toward ﬁhe
wellbore While the*thi}d step would allow easier flow bf heat throhgh the
model to’the wellbore.

-Beservoir Engineering literature contains a great deal of discussion
and mathematics pertaining to oil reservoirs with infinite.drainage radii.
The assumption of an infinite drainage vradius applies to the case where
there is flow across the external béundary to replace the fluid’produeed
at the wellbore. This flow across the external boundary results in the
maintenance of a constant pressure at the external radius}

The models of this study could be converted to infinite radil models
by equi?ping the exterior radial boundaries with an electrical.heating ela—
ment. The element could have a variable control, and when the tempeféture

at the back of the model began to decline, the element could be adjusted

Lo
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to maintain the initial temperature at the exterior radial surface.

An important study‘could be made by.placing multiple fracturesvin a
model and comparing the behavior tq behaviors’of models similar to those
used in this investigation. Interésting comparigons might also be ¢b-
tained by V;rying the‘radius of the fracture’ or by1615p1acing the frac-
ture from the center of the formationon

As wag mentioned'eariler, the differences in behavior of the frac-
tured and unfractured reservolrs were not as great’aé was desired. These
differences could be increased by decreasing the model size and inereasing
the thickness of the fractures, The resulting greater average thermsl
conductivities of the fracfured models would cause the desired greater
production increases.

The last recommendation is that the wellbore temperature be held'
mofe nearly constant during cooling, The long duraﬁién of the runs of |
this investigation prohibited thé use of ieed or bolling water as a
coplant. A sufficiehﬁ volumé and a constant flow rate of these coolantsg
would hgve been impossible-to acquire“dverva 20 hour run. Perhapé the use
of smaller models with lowe; initial temperatures would decrease the cooling
time and coolant volume reqﬁirements, thus perﬁitting the uge of ane of
these qonsﬁant temperature coolénts. Consideration might also be given
to the performance of runs in the winter, when diurnal variations-are
often negligible, Tap water could be used at this timé of yéar Wiﬁh a

minimum gmount of coolént temperature variation.
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APPENDIX A

CORRELATION BETWEENW FLUID FLOW
AND HEAT CONDUCTION
Fourier's conduction law states that the flu# of heat conducted
across a surface is proportional to the temperature gradient taken in a
direction normal to the surface of the point in gquestion. Beginning with
this basic law, an energy balance can be made on an infinitesimal solid
element such as shown in Figure 14. Considering only conduction in the

x-direction:

_ AT |
4. = ( C2Y (8-1)
in _KX Ax x dydz ‘
| ‘g 3L | A
] BT A-2
Yout Fx 3% /4y Qvdz o (#-2)

Expanding g in a Taylor's series and neglécting all terms after

out
the first two:

Fe AT - (g oF
g D avdp = (K ) dydz +
& ¥ 3x x+dx ves

[ <f K, %%_ < dydz] dx | (A-3)
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Figure 14, Heat Conduction Through a Differential
Element. -

The change of g over the distance dx is given by qin - gt

2;* I (X ggw , vz | ax J

3, 3T |
s (% 50) ayazax | (a-k)

Using similar reasoning for the other axes:

~ - I - o (A-5)
"(Aq‘)y‘ oy (Ky dy / dxdzdy

. X | _ N
(Aq)z - (FZ %%{) dxdydz - (2-6)

The sum of these Aq's gives the total rate of hegt storagejin the

element as:

4l
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dxdydz [ %?c (KX %% ay (Ky ¥ az (K :] | (8-7)

The total rate of heat storage in the element may also be expressed

by:

pC %%, dxdydz - (A-8)

where

dT _ 3T 4 3T ax , 3T dy dz —
at ~ 3%t Bx at 3y 4t Bz 4t (8-9)

dx _dy _dz _gf t Test
Sincg —= =2 =« =2 = 0 IOr & mass av 1es
¢ T dt dt . 7
then,
ar _ ar SR o
F ° 5 : (a-10)

B Making:the assumptions that there is no internal heat generation, and
that K, and C are constant; then setting the ekpressionsffor rate of

heat storage equal and simplifying;

o _ i I R | |
T EGE T T azg) | o (1)
- - _ | Ko _ o
Using the LaPlacian operator 7° and-letting e = C = thermal diffusivity, -
yields: |

1 B

The above derivation is' similar to that of Schneider (6),-
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A similar equation may be obtained for fluid flow. Collins (7)
states that in the flow of a cémpressible fluid through a poroﬁs medium,
the mass of an element of the fluid remains constgnt even though-pressﬁre
fluctuation causes a change in volume, For this type of flow, the equation

of continuity may appear as:

-7 - (pu) = —-«F-——aé,fp)ﬂ (a-13)

In the case of an isctropic porous medium with negligible gravi-

tational effects, Darcy's law becomes:

k
= -~ = 7P A-1h
T - (A1)

Substituting this into.the continuity equation yields

7 - -"‘E' 7 = ""E -
F B sty | (2-15)
For an 1deal liquid-
1l d
c =5 a‘% = constant (A-16)
therefore
7B = =% (a-17)

Thus, if ¢ is considered constant, the differential equation for
the flow of an idegl compressible liquid through an isotropic, incompres-

sible, homogeneous medium is, fof negligiblévgravitational effects

gpc  3dp
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The equation of state for a slightly compressible liquid may be

written as -
. C _ \ . -
Pz ope (p-po). Po [l+c(p-po)+ 1/2% eP(p-p )% + . . -J- (A-19)

Finding Vgp from this eguation and ignoring both the terms greater-

than ¢ and the squares of partial derivatives:

?p - (cp tc®pp-c®pop,) Q§§§-+%§BA-§§§) (a-20)
also
,_‘gg = %% (cpotc®pog-c® poPo) (Arel)
Substituting these into Equation (A-18) and simplifying yields
p -ka%{azp = dut 2 . | ,
= T T T K S - (a22)
or
72D = 2%2 %%“ | ' (a-23)

It is apparent that Equations (A-12) and (A-23) arevsimiiar; In
- order to make them comparable, certaiﬁ'dimensionless groups (5) must be
introdyced. Using the subscripts.m and r to denote heat and fluid,rre-

spectively, dimensionless times may be given by

ot ' kt
(tp), = —L. t g e A-24
Pw 2’ Cp)y foul,, (R-24)

Other dimensionless groups are
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P, - P

l . - P Ti - T _

i W - Ty
‘X Y Z
— - ——— = Y L = A LD
Lr - XD’ | Lr : D.) Lr ZD (A 25)
= = Xy, = Y, 2 =z
Lm P Lm D Lm D

Equations (A-12) and (A-23) may now be written as Equations (A-26)

and (A-2T).

%D = aPD

I  (A-26)

Pp = oD - (a-27)

Heat and fluid flow phenomena may be related by setting tDm = tDr’

resulting in

% Kby | (A-28)
I3 culs,




APPENDIX B
LIST OF SYMBOLS

Area, in°

Planimetered value of J°P area, in?
Formation volume factor, reservoir bbl/STB
Liquid compressibility, psi™t

Specific heat, Btu/1b° F

Natural logarithm base

Formation thickness, ft

Hypothetical reservoir formgtion thickness, ft
Absolute permeability, md

Thermal conductivity, Btu*in/hr'fta'oF

Radial flow capacity of formation, md-ft

Model reservoir radius, ft

Hypothetical reservolr radius, ft

Slope of linear portion of pressure bujld-up curve,
psi/cycle _ T

Cumulative prbdugtion, reserveoir bbl
Reservoir pressure, psi

Average resgrvoir pregsure, psi
Dimensionless pressure

Initial reservoir: pressure, psi

b
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Average pressure of jth area, psi

Base pressure, psi

Wellbore pressure, psi

Built-up pressure 6ne hour after shutoing psi
Flowing wellbore pressure at shﬁt—in,'psi

Stabilized productivity index before fracturing,
STB/day/psi |

Stabilized produetiviby index after frasturing,
STB/day/psi

Pressure drop, psi

Pressure drawdown of fractured.system, psi
Pressure drawdown of unfractured system, psi
0il production rate, STB/day

Production rate of fractured system, STB/day

.Heat flux into element, Btu/hr

Heat flux out of element, Btu/hr
Production rate of unfractured system, STB/day
Change in heat flux, Btu/hr

Drainage radius, ft

"Wellbore radius, ft

Apparent skin effect, dimensionless

Time, hr

Temperatbure, O
Dimensionless temperature
Dimensionless model time

Dimensionless reservolr time



Xy, ¥y 2

X, ¥, 7

X, ¥, Z
xd} y@) zq

Xp, Yps Zp

Po

Initial temperature, °F
Model time, hr
Reservoir time, hr

Wellbore temperature, °p

" Change in time, hr

Fluid velogity, ft/sec

Volume of liquid, reservolr bbl

Carteslan coordinate position variables

Position variebles for hypothetical reservoir,
Equation (A-25) i

Position variables for models

Dimensionless pogition variables for hypothetical
reservoir s ’

Dimensionless pcsiﬁion variables for models
Alpha, thermal diffusivity, cm?/see

Phi, pbrosity, dimensionless |

Del coperator

LaPlacian Operatdr

Mu; viscosity of ligquid, cp

Thetha, sector angle, degreeg

Rho, density, 1b/ft3

Base density, lb/ft3
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