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Horizogtal wells are thought to be necessary in forma~
tions with low-permeability such as the Devonian shales
to increase natural gas recovery apd to reduce the
risk of drilling a dry hole. Im 2 horizental well,

the bore hole crosses multiple natural fractuves inm the
reservoir. Stimulation data from 3 2,000 ft (60%.4 m)
- horizontal well drilled into the Pevonian shales in

i Wayne Coomty, West Virginia, wes used in this study,
Inflatable packevrs and casing povt collaxs were used
s0 that individusl zones could be tested or stimulated
alomg the wellbore.

This paper focuses on an apalysis of hydraulic fracture
design and geometry predictions for the above borizon~
t2l well. Curzent hydraulic fracture modeling theories
address failure mechanisms and the propagation of a
single crack from a vertical wellbore. These theories
have been zdapted to predict the pressure, flow pate,
and ionduced fracture gesmetry for esch matuval fracture
intersected by the hydraulic fracturing fluid im the
horizontal wellbore., A tuwbing/ananlus flow model was
coupled with 2 hydrasulic fracture model that predicts
the three-dimensional geometry of multiple matural
fractures propagating from a horizontal well. Addi-
tienally, a closed-form solution was develsped to pre-
dict the pressure and flow rate distribution alcng the
lateral extemt of the wallbore.

Predicted results were compared with in situ fracturs

lation treatments. Radioactive-tracer with spectxral-~
gamma~ray logging conrfirmed that both fluid pressure
and stress perpeadiculsr to the fracture affect the
injection flow rate distribution along the wallbore,
Both of these factors were used as governing mechanisms
fox fracture geometyy predictions in the simulation
model., Fredictions based on these models aud tracexr
logs confirm that the single crack theory for fracturxe
propagation is mot applicable for stimulations thet
arve initisted alomg an isclated part of a hovizontal
boreholien.

T

istimulation intervals with existiong perforations.

diagrostics from gas {(uitrogen and {0,) and foam stimu-.

BACKGROUND

Recent investigaticns at the U.5. Department of
Energy's Morgantown Energy Technology Center have
addressed the potential of horizontal wells to
incresse the gas recovery from low~permeability
formations., A 2000 ft (60%.6 m) horizontal well was
dritied into the Devonian shale formation in Wayne
County, West Vipginia, Lo a measured lespth of 6,020 ft
{1,835 m) and up t5 & true vertical depth of 3,403 ft
{1,037 w).

4 schematic of the well configuration is shown in Fig-
wge 1. The fracture spacing and locations of casing
packars were determined with a downhole video camera
and geophysical well logs. Seven zones were isvlated
along the horizontal section, with external casing
chers and port collavs as part of the casing string.
The port collars and packers were used to isclate

Fracturing fluids were injected throngh the port col-
1lars intoe the wellbore tubing and amnulus %o pressurize
the natural fracture system. Stimulations were per-
furmed in Zone I (see Figure 2) with nitrogen, carbon
dicxide, and sand-laden nitrogen foam to determine

the most effective fracturisg fiuid for the shale
Formation.

TRTRODUCTION

The objective of this study on a3 horizomtal wellbore
was €o detepmine the recovery effectiveness of the
sztural fractuve system and the impact of stimulatiog
the well by hydraulic fracturing. Five stimulations
fave been performed. Multiple fractures were propa-
kat@d simultanesusly durimg these stimulation treat- 3
ents. The well was drilled in the direction of the 3
i . principal stress and orthogonal to the majox
fracture gystem in the reservoir. Six wnatural fracture
cpientations were idemtified with the downhole videe
camare and geophysical well logs. Figure 2 depicts
che natursl fracture pattern and orientations inm

: 1. When high-pressure fiuid was pumped down the
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fracturas were enlarged. Actual breakdown of the shale
may not have scourred, but £luid leak-off and subse~
guent expansion of the existing frachure system losok
place. The sbjectives of the treatments were {1} to
induce meltiple hydraulic fractures, {2} to determine
their number and location, {3) to identify the most
effective treatment design, and (4) te investigate the
influence of propping agents oo fracture efficiency in
a low stress aves.

Field experiments determined the effects of finid type,
injection rate, fluid velume, and bottom-hele treating
pressure on stimulaticn performance. Several stimula~
tion issues were investigated: {1) the number of
natural fractuares that can be propagated simunltane-
ously, {2} the need for a proppant teo sustain high com-
ductivity after stimulation, (3) the impact of fracture
characteristics on fluid isteraction and propagation,
and (&) the selection of the best fracture diagnostic
svstem to detect fluid loss along the wellbsre casing.

iThe field experviments indicated that the most effective
{fracture design consisted of a hybrid tyeatment with 2
carbon dioxide pad and a high gquality nitrogen foam as
the sand transport fluid. This prevented soreenont and
formation damage while maintaining post~stimulation
ifracture conductivity,

This paper focuses on the prediction of multiple frac-
ture geometries with two hydraulic fracture models that
have been adapted for a hovizontal well. DMeasuved data
from two of the stimuiations performed in Zonme 1 were
lused to compute fluid flow and pressure distributiocns
zlong the wellbore. Fracture geometries were predicted
with these boundary conditions at the wellbore. These
predictions provide imsight inte the perfouvmsace of a
hydraulic fracturing treatment im a hovizontal well,
and these predictions could be used in future stimula-
tion designs.

METHODOLOGY

Data Evaluation

Four primary sets of data are reguired to predict the
geometyy of a single, pleaunasr, hydrasnlic fracture in a
vertical well: ({3} fluid type, injection volume, and
rate; {2) rock mechanical properties; {3} proppant
characteristics and ireatment schedule; and {4) reser-
voir properties. Additisnal datz sets ave npecessary to
predict the fracture geometry in a horizonbal well:

{1} the number of natural fractures accepting fluid;
and {2} natural fracturs characteristics such as orien-
tation, extent, spacing, snd vertical displacement
betwesn each fracture., Mechanical and fermation flow
sroperties used in the present prediction are givenm in
Table 1. The formation properties were measured from
well core samples,’ and the mechanical properties of
the shale are typical measured values for Devonian
shales. The fimid rheclegical properties were taken
from available literature.2?S

Brimplatisn Treatment I

tign of the btlmulat1ons of this horizontal
sall can be found in Reference 4. A total of three
stimilanion treatments were performed im Zome 1. Two
of these wtilized carbon diowide while owe used only
nitrogen gas witheut a propping agent. Predictions for
vwn of the stimulations are presented in this paper.

Sovuments

(11.53 om) casing with an annulus of 2.2-in {5.59 cm}
tubing.

During the injection at 12 barrels per minute (bpm)
(3.92 wopm), Iodine-131 isctope tracer was included
while Scandium~46 isetope tracer was included durisg
the higher injection rate of 20 bpm (3.20 »%pw). The
maximum surface pressure was 2,642 psi {38,316 ¥Pa},
when the injection rate reached 20.7 bpm (3.31 apm).
The first 200 bbl {31.79 m3) of ligquid carbon dicxide
were injected at 12 bpm (1.92 m Zam}, while the last
400 bBY {63.5% @) were injected at 2 rate of 20 bpm
(3.2 m pm) The well was opened to flow back 5 hours
after the job was completed. The recvorded treatment
rates and botbom~hole pressures for Stimulation I are
shown in Figures 3 and 4,

Stimulation Treatment IX

Stimnlation I consisted of s hybrid treatment: a car~
bon dicxide pad followed by a sand~laden, 85-guality,
nitrogen foam treatment where the liquid phase cop-
sisted of 7.5 percent methbanol and water. The hybrid
treatment was selected since zxesults of previous stimu-
lations indicated that carbon diexide is the preferred
base fluid for this shale foxmation. Since information
on the sand earrying characteristics of carbom dioxide
foam is sparse, nitregen foam was used as the proppamt
transpert fluid., The injectien rates and computed
bottom-hole pressuve for Stimuslstion II are shown

in Figures 5 and 6. Phase I consisted of 11% bbl
(450.5 2} of a carbon dioxide prepad that was pumped
at a rate of 3 bpm {.48 =%pwm). Phase II consisted of
7,000 gal {236,438 £} of an B85-gumality mitrogesn foaw
pad injected 2t i0 bpm (1.6 mpm), and Phase III con~
sisted of four stages of B5-gquality nitrogen foam
Jaden with 9.5 to 2.0 1b/gel (.05 Xg/f to .24 Kg/i)

of 20740 mesh sand. The well started raking fiuwid at
776 pai {3,305 kPa} and the surface pressure Increased
slowly to & wmaximum of 1,850 psi {12,758 kPa}. Tws
radicactive tracers were used. Antimeny~i24 was injec~
ted inte the fomm pad and Ividium-182 pellers were
injected into the proppant. A specixal gamma xay tool
was pumped down with nitrogen is the air-filled hori-
zontal wellbore to measure the tracer distributisn
along the casing anmulus.

Charactevistics of Natural Fractures

Fracture chavscteristios veguired to predict the geome~
tries ave depicted inm Figure 2 and listed im Table 2.
Fracture spacing is indicated as the messured distavce
between groups of natural fractures, Vertical dis-
placement, which is indicated as 4Ah, is the change in
wellbore depth between discrete fractures. The range
in orientation of fractures for this well is N22°E

1o N&4°W with N52°E being the dirsction of maximum
principal horizontal stress in the reserveir, or the
praferved ovientation for an induced vertical hydwxo-
fracture. In Zome 1, the primary groups of fractures
consisted of NS7°E and N67°E oxiemtations. These two
sets have the lowest values of divect normal stresses
compared to other orientations in the zene, and thess
sets sccepted wost of the fluid during both Stimula-
tiong I anrd I1. The divect normal stvesses werse oal-
culated for each fracture orieatstien and are shown in
Table 2. These values were caloulated with dats from
2 minifracture treatment performed om Zone §. During
this minifrac, two distinct closure oy minimum stress
measurements were obsexved from pressure declime

Stisulstion I consisted of 120 toms {108,852 kg) of curves., These walues were 1,050 and 860 psi (7,239.5
Liguid carbos diczide injected down the 4.5-im and 5,513.8 kPa). The two domivant fracture systems in
725
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this zone ave N67°E and a probable istersection of
K44°%W from Zone 7. A direct stress of 1,050 psi
{7,23%.5 ¥Pa) was assumed for N44¥W, and 800 psi
{5,515.% kPa} was sssumed for MNO7°E. A stress trans~
formation was used to back calcuiate the wmaxisum sod
minimum principal stresses and direct normal stresses
for other orvientations.

Tracer Log Results

Spactral gamms ray logging was used to gualitatively
measure the amounts of tracer-laden fluids and proppant
injected inte selected fractuves alomg the wellbore.?®
The tracer log from Stimulation I is shown in Figure 7.
Tracer logs indicated that during the first phase of
the stimulation, fluids propagated into Fracture Sys~
tem I (Figure 2) and entered the fault system that
intersects Zone §. A tracer was detected in Zone 4
from this phase of pumping. Fluids penmetrated Fracture
System II (Figure 2) during Phase IT when the imjection
ixate and pressures were increasad. The tracer log
{indicated that 51 of the 69 fractures present in Zone 1
aceapted fluid during Stimuistion I. Puring Phase I,
fluids penetrated Frscture System YI and trawszled back
to the wellbore ap gvidenced by the scasdium that was
detected in Zome 2. This indicates that a highly con-
pected fracture system exists in the reserveir, and
this system promotes multiple paths of expanded nstural
fractures from & single stimulation treatment,

The tracer log from Stimulation IY appears to be simi~
lar to that from Stimulation I. Evaluation of the log
iondicates that 43 old fractuwes that accepted fluid
during Stisulation I were ve-openad and propped. Six
of the 43 received the majority of the proppant.

These logs were used as fracture disguostics te iden-
tify the velative amount of fluid that entered each
fracture., Two forms of fluid entrance were identified
on the basis of frecer logs: (1) ennnlus leak-off, and
{2} large injection flow intso discrete Fractures.
Leak-off is defined 25 2 small asmount of fluid that
does not penctrate or significantly deform the forma-
tion. Large injection flow is defined as a significant
rate of flnid penetration that is capable of carrving

a proppant and inflating existing fractures toe enhanmce
veservoir permesbility. The large injection fractures
identified in Figure 7 correspond toe the pesks on the
wracer 1ops.  The intermediate low level peaks located
ibotwasn the high peaks are comsidered to be lesk-~off
iooations, This flow inte the formation is not com~
{sidered ac significant when compared with the large
{injections inte discrete fractures. The large injec~
cion flows were computed and used to predict induced
fracture geometries,

GOVERNING BEQUATIONS

4 schematic of the wellborxe zand fracture geometry is
shown in Figure 8, During the hydranlic fracturing
srocess, trestment fluids are pumped dows the tubing
nd ints the wellbore casing annulus through the port
mollar. This exposas the natural fractures to the

i ghepressure fluid, which initiates the propagation of
the fluid fromt down the fractures. Because of pres-
surization in the snmulus, the fractures subsequently
expand {fracture growth occurs}. -Usually, the pressure
and the flow rate at the port collars are knowa. How~
zver, the flow rate {(injection vate) and pressure at
cach discrete fracture iz nmot known. These values are
required to predict the geometry of induced fractuves.
in this investigation, two methods were used to compuie

pressure and flow rates st each fracture location. Im
the first methoad, the fracture injection rate, fracturel
pressure, and flow rate downstream of each fracture
were computed numerically using an iterative scheme.
In the second method, the problem was simplified and a
closed~form solution was obtained. Resultis from both
{methods were then compaved with available field
measurements .

Method I: Iterative Scheme

{ & pseudo three-dimensisnal {P3B) fracture model® was
fused in the iterative scheme for computing fracture

{ pressures and injection rates. The relaticsship
hetween fracture injection rate and wellbore pressures
for a P30 approwimation cam be writies as

] .
Qele,t) = (B W EB% a4y ()
where: % = %g k(2 + r}ﬁl (2)n’+1 r % i/n’,
h = Half fracture height,

gﬁ = Fracturs pressure gradisnt,

6’ = Fluid behevior index, and

k' = Fluid consistency index,
?ﬁ is the pressure gradient in the x-direction, and

%is the fracture width. The value Qp{x,t) is the
fluid injection vate iunto the matural fracture locaked
at distance z from the port collax (Figure &)}. The
governing eguation for the three-dimensional fracture
i flow model® can Be expressed as

L1 Zmt 1
Bo = en” Mgy B g 2
Ge=-n” Mu (GE - £0)
{2}
{1 -~ m
?E... 2 2m
+
(%Xg £23%] :
=
. . . 2; + 1 mot 1
where: n’ = ﬁo("Mauwn} 2 y
w = fracture width,
dp_ . . . .
5x1 = pressuyre gradispt in x~divection,
2. 5 . . ; ; .
§Xz = pressuve gradient in y~directiom,
n, = fluid comsistency index,
m = fluid behavior index, and
f = gravitational body force.

The filuwid friction loss is computed assuming turbulent
fiow in a wellbore annulus with the Crittendon hydrau~
lic diameter asnd Serghides frictios factor. These

b
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eguations have been statistically analyzed and deter~

mined to be the best correlatioms

gnnular fiuid flow.? The friction lsss and the
Grittendon hydraviic diameter can be written as

4, = 0.5 [dot - 3i* = {do® - diZ3%/2(dasdi) it
{33

+ 0.5 [de® - gi%)%/%

The Sezghides friction factor and pressure Jdrop eqgua-
tion i3 :
{43

P 2
P, = £p VL2584,

By considering the conservation of energy, the pressure
distribution along the wellbore amnulus can be expressed
as

N Al ST T N

where: P = Pressure, '

¢ = Fluid density,

¥ = Fluid velocity,

% » ¥Well bore elevation 3t a given poist,

g = Graviatiomal coastant,

Pf = Pipe friction loss, and

de = Hydraulic diameter of the wellbore.

The continnity egquation for fluid flow within a dis-~
crete fracture can be writtem as

Gy = Qg ¥ Qg

This eguation cam be writtem for sasch fracture to
obtain the relstionship betweesn the flow rate upstream
to downstream fiow rate in a discrete fracture. The

s {63 1

An acceptable solution to the problem must satisfy all
of the above eguations. The acceptable soluties in
this case was obtained by using the trial and erver
scheme described below:

¢ Two hydraulic fracture models were used to predict
the fracture geometry from Stimulstion I,
FPhase I, and Stimulation ¥I¥: the P3D and the
3D models provided the fracture pressure and
injection rate relstionships given by Equatioss 1
and 2.

# The models utilize fluid pressure apd total injec~
tion rate at the port collax to compute downsiream
pressures and injection rates at selected frac-
tures with 2 bigh flow rate. Filtration lesk-off
along the aompulus was cosmpnted usivg the filtra~
tion leak off foxmulation presemted by Howard and
Fast.®

% The bydraulic diameter -of the annulus was assumed
to be the slet width; the length of the pipe
between fractures was assumed to be the leak-off
distance. These two dimensions were used to com~
pute the aponins leak-off area and volume.

zaiculsted at tiw £3
ustyesm of

¥ Presyure wa>
fractuve dow

pat seizcted

tivts 2 aad 3, This p 22
with the pressure ;xdeQS'ﬁ By ~h» etintv ) ftaan
Lagw Fudci n} rarying the flow vate while Keaping
sthey varisblsy constin,

*  The m»ain.ﬁa;) snd epergy equstions were than uved
so wogpute Flow sats and pressure ap the neyt
’downstredm fracture. The pzesaure;flow rate watche
ing procedure was continued uatil iterations werxe
performed for all selected fractures.

# The total flow rate was then computed by adding
the leak-off and £racture fiow {Eguatien 7} for
all selected fyactures. If the difference between
the actusl injection xate and the computed xate
was not within the desired tolerance, the matching
procedurs was repeated for the same time step
until flsw rate convergesce {31 bpm, % .18 mipm}
was obtaimed.

® The overburden and wnderbuxden stress magoitudes
were adjusted amd equal for ail fractures te
obtain convergence. These values ave considered
as a logical choice when matching flow rates and

total fluid entering the system must be egual to the pressures. The procedure was xgpeated for each
fluid loss and the total amount of finid taken up by se;§c§ed time step over the entire treatment
all discrate fractures. This can be writtes as period.
Method 2: €Closed-Form Solution
)
g =4, ¥ 8§, , {73 1A simplified procedure for computin rassure along the
P 2 . 3 : B B g2 P
i=} wellbore is presented. This method is based on the
assumption that the system of discrete fractures can.-be
replaced by an equivalent leak-off system as depicted
rhere: Q? = ¥Flow rate at the port collar, in Figure 9.  The frictional loss over a segment of dx
, . can be expressed as
Qg = Fluid flow ints the formation,
ﬁi = Finid takem by "i¥th fracture, snd af = ay 0 V gx (8}
¥ = " pumbe isC .
Total number of discrete fractures where: @ = 32 % :
and # = Fluid viscosity,
728 '
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4] Fluid demsity, and
v
¥
The above eguation is the well-known Hagen-Poiseuille
equation feor laminar fleow. It can easily be wmodified
te account for turbulent flow by sslecting an appro~
priste value for oj. Since the fiunid is lost to
inatural fracture along the pipe, the velscity V {z} is
a function of the coo¥dinate x. The total irlatxanal
loss up to a distance of ¥ can be expressed by inte-
grating the above equation as

Pipe flow velocity at poimnt x.

£f = {9}

<T@ V {x} dx

o

The leak-off velocity V {x} is zssumed to take the Fol-
lowing form:

. .G

Vo {x) = ﬁ- P {10)
and =g+,
where: f and ¥ = coustants; znd

P = Pressure at apy given point.

Then, the continmity eguation at any givenr point can be
written as

b

VF{X} = nﬂ‘) @y - kgﬁy) e {312

where § is the flow rate at the port collar, and Q{x)
is the total fluid loss up te the point of interest.

This can be sxpressed as

G = o] £ VL(x} dx {12}
The flnid pressure, P{x}, at a distance x can be
written as

P{x} = P; - fx R £13}

:Wﬁuﬂe Py is the pressure st the port collar. The
ation of Equatioms {8) through (13} leads to the
ywiny second~order differential equation

i b ey ooy Gt
e B0 - gt 2 =

Sppiving the pressure boundary conditioms at x = ¢ and
= L, the following solntion for pressure distribution
san be obtained:

foll

{143

Plx} = aeTEE & peTU2E 4 y (15)

{ reported that the egquivalent (effective} thickness of
i the reserveizr was only 50 £t (15.3 n}.

(B1-y) ecﬁL—(a

JCP

where: B =

{16b}

o
it

= (Fy ~ ¥} = B

2 4 o
sl e, e
Co D-,r‘lt , and

{isc)

Pressure at the end of the pipe, which
is assumed to be slightly higher than
the in situ stress

RESULTS AND DISCUSSION

As ipdicated im the preceding section, pseuds three-
dimensional (P30} and three~dimensiopal (3D} models
were used to predict the fracture geometries of
selected fractures from Phase IT of Stimulation I and
all phases of Stimulation 1Y, The horizontal well was
located 30 £t (9.2 m) sbove the lower bowndary of the
skale Llayer, and hence, a stress barrier was assumed at
the level of 30 ft (9.2 m) below the wellboxe.

Based on recent reservoir studies,® it has been
However, the
actual thickness of the shale laver was founrd as 200 ft
{61.5 m), Since the P3D models are suitable only for
elongated fractures, the effective thickness of 50 ft
{15.3 m} was assumed in the P3D modsl. In other words,
the upper stress barrier was assumed at 20 £t (6.1 m}
above the wellborxe im the case of the P30 wmodel.

The three~dimensional model is capable of predicting
the actual gesmetry of the fractures, heace, the actual
{or physical} value was used for the reservoir thick~
ness. Therefore, the upper stress barrier was assumed
at a beight of 170 £t {52.3 m) above the wellbore.

Pradicted injection xates, fracture pressures, aznd
eguivalent fracture winglengths for three of the eight
selected fractures {Figure 7} obtained from the P3D
madel for Stimulation I are given in Figures 10
through 12, The pressures predicted with the closed-
form solutiom ave presented in Figure 11. Figures 13
through 15 show similar results for Stimulation ¥ with
the 30 model predictiocuns.

Results for Stimulation IT arve presemted in Figures 16
throngh 19, The bettom-hole pressure was calculated
for Stimulation Il since only surface pressures were
measured, Changes in proppant concentrations were
taken into account. Figure & indicates that pressures
continued to rise while injection rates were held con~
stant. This is attributed to the increase im proppant
concentration. Fluid viscesity corresponding to the
increase in proppant concentration was increased over
time to match the pressure profile.

The results of the P3D modeling jodicate that some
coptainment ccourred during the treatmeots, and this
containment promoted extensive fluid penetration
throughout the fracture network. Thus, it is probable
that highly elongated equivalent fractures were induced
through more than 2 single natural fracture sriemta-~
ticp. &n eguivalent fracture has the same fraclure
volume extended into the reserveir and dees net follew
a single ovientation of maximum principal stress. For
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