
Hydraulic Fracture 
Treatment Design 

11.~ 194S. Stanolind Oil and Gas Cornpan!, :now 
f-‘an American Petroleum CorporationI intro- 
duced their .‘Ilydrafrac” process for increasing 
well productivity by hydraulically fracturing the 
formation.’ In 1949. the first commerc%~I fractur- 
ing treatment was performed, thus% initiating one 
of the most outstanding well stimulation pro- 
cedures that the petroleum industry has e\-er 
known.’ Since 194!). more than 400,000 fracturing 
treatments ha1.e been performed in the free 
world as well as an untold number behind the 
Iron Curtain.2 

During the past 16 years. many advancements 
have been made in the concepts of hydraulic frac- 
turing theory. The,purpose of this paper is not to 
clarify the concepts of hydraulic fracturing the- 
ory. but to present a sound design method of ef- 
fectively employing the concepts. Discussion o! 
theory will be confined to only that necessary to 
justify the method of design. The design proce- 
dure presented in this paper is limited to \.ertical 
fractures and presents a method of optimizing 
fracture treatment sizes. 

FRACTl’RE ORIENTATION 

Since the initial development of the hydraulic 
fracturing process, one of the most controversial 
issues in hydraulic fracturing theory has been 
the orientation of induced fractures. Fracture 
orientation is very important since it dictates the 
procedure to be employed in designing fracture 
treatments. 

Hubbert and \I’ilW caoncluded the following: 
( 1) If fluid pressure is applied locally within 

rocks and increased until fracturing of 
the rocks occurs, the plane along with 
which fracturing will first occur is per- 
pendicular to the least principal stress 
(Fig. 1). 

(2) Horizontal fractures cannot be produced 
by hydraulic pressures less than the total 
pressure of the overburden. 

(3) Tn sedimentary rocks. in close approxima- 
tion of’ o\~el%iirden is equal to 1 .O psi ft 
of depth. 
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FIG. I 
STRESS ELEMENT AND PREFERtiED PLANE DF FRACTURE 

It is generally accepted throughout the West 
Texas area that the maximum depth to which 
horizontal fractures can be induced is approxima- 
tely 1000 ft. As indicated in Fig. 2,4 field data 
tend to confirm this limit if it is assutied that the 
values representing maximum treating grad- 
ients for depths less than 2000 ft are the result 
of horizontal fractures. As a genera1 rule, the 
fracture plane is assumed to he horizontal when 
the fracture treating gradient is 1.0 psi/ft of 
depth or greater, and vertical when the fracture 
treating gradient is 0.7 psi /ft of depth or less. 
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Crittendons presented a formulation for equa- 
ting fracture treating pressure with fracture ori- 
entation. 

P, = !5 (l+lTfi [ *u), (l-+$)cos z$j 
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Where: Pt = fract ure treating pressure, psi. 
pot, = o\-erburden pressure, psi. 
n = Poisson’s ratio, dimensionless 

$ 
= angle of fracture from horizontal 

degrees 

Poisson’s ratio is a measure of a material’s elas- 
ticity and can be defined as the ratio of the strain 
perpendicular to an applied force to the strain 
parallel to the applied force. Poisson’s ratios for 
rocks reported in the literature6,‘,‘,’ range from 
approximately 0.05 to 0.45, with an average a- 
round 0.25. In general, the harder the rock, the 
lower the value of Poisson’s ratio. 

Fig. 3’ illustrates the three types of fracture 
orientation that Eq. 1 indicates may be obtained. 
Fig. 4” presents a graphic solution to Eq. 1 in 
terms of fracture treating gradient, Poisson’s ra- 
tio, and fracture orientation. If a Poisson’s ratio 
of 0.25 is employed in Fig. 4, the fracture treating 
gradient required to obtain horizontal fractures 
is 0.94 psi/ft and the fracture treating gradient 
required to obtain vertical fractures is 0.62 psi/ft. 
These fracture treating gradients are in close 
agreement with the previously stated values of 
1.0 psi/ft or greater for horizontal fractures and 
0.7 psi/ft or less for vertical fractures. 

Since the majority of the producing formations 
found in the West Texas area are below 4000 ft, 
the design method presented in this paper is re- 
stricted to vertical fractures. Horizontal fracture 
treatment design requires another approach, dif- 
ferent data, and different calculations. 

FRACTIJRING FLUIDS 

In a hydraulic fracture treatment, the purpose 
of the fracturing fluid is to induce and extend the 
fracture and to transport and deposit the prop- 
Ping agent in the fracture. A large number of dif- 
ferent types of fracturing fluids have evolved 
since the conception of the hydraulic fracturing 
Process. Each type of fracturing fluid has differ- 
ent physical and chemical properties and, in 
many instances, the magnitude of production in- 
crease resulting from a fracturing treatment de- 
pends to a great degree on the choice of fractur- 
ing fluid. 

VERTICAL FRACTURE 
2r 

4’ G x bb 

HORIZONTAL FRACTURE 

9 = pob 

FIG. 3 

TYPES OF FRACTURE ORIENTATION 

Fracturing fluids may be classified into two 
groups: 

(1) Newtonian 
(2) Non-Newtonian 

Newtonian fluids are defined as those fluids 
whose viscosities are constant at all rates of 
shear. Crude oil, refined oil, fresh water, salt wa- 
ter, oil field brine, and acid which contain no ad- 
ditives are Newtonian or true fluids. 

Non-Newtonian fluids are defined as those flu- 
ids whose viscosities are not constant at all rates 
of shear. In general, a Newtonian type fluid is 
converted to a non-Newtonian type fluid by the 
addition of additives such as gelling agents, fric- 
tion reducers, emulsifiers, and some fluid loss a- 
gents. Hydrocarbon gels, water base gels, and em- 
ulsions are non-Newtonian fluids. 

Crude oil native to the formation in which it is 
being used as a fracturing fluid will not have a 
tendency to form an emulsion; however, crude 
oil foreign to the formation in which it is being 
used as a fracturing fluid may cause emulsion 
problems. Most crude oils have a high fluid loss, 
low viscosity, and poor sand suspending proper- 
ties; however, with the proper fluid loss additive 
and injection rate, crude oil can be satisfactorily 
used as a fracturing fluid, 
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‘rhr- refined oiih that are currently being useri 
,,,. fracturing fluid. ~1 are heavy fuel oils and have 

an .%L\pJ gravit! -.anging from 18’ to 22’ Refined 
c,il~ ha1.e a relari:~el~* 101~ fluid IOSS as compared 
to IeaScJ oii big!-: criscosity, and good sand SUS- 

ilel~(]irlg ~~roperiies. holrre\.er, formation damage 

[,,:,,I 1.PSL’~l 1 froth the use of refined oil as a frac- 
,\,, Ing t‘!ulti since ,)ils of different base composi- 
!t,,tl \\,ilj ft.c>(jutlntl?, pi,ec.ipitate asyhaltic particles 
,,./lejl riii?;cd tOgTrt!lCl’ As ;I result of the remo\.al 

IIf finc- ;,)]id pat?i(,les t)!. the refining process. 
mnst t*ettticlcl oils ha\fe less tendency to form emu- 
l,l~;jol~,. til;jn il0e.c -lease oil. \I’hen selecting a 
,.pfirlytj :)I]!’ d> <d f’t-;tcaturing fluid. (‘are should be 
iXsct~c~is(~cl to (,hoc>.se one halying CI pour point at 
le;,st 20 tIelo\\. the formation temperature of the 
\Vell to he frac?ur‘ed in order to a\,oid precipita- 
tion of ~vas c.r?*stals ft.om the refined oil. a phe- 
nomenon taking place at 12” to 15” above the 
jjO~j~’ point of the t~efineci oil.“’ 

Pt-omisc~uous use of water as a fracturing fluid 
, at1 completel>~ b1oc.k a producti\,e reser\.oir. An- 
,~l~-s;js of ihe t,eser\roir rock Ifrill usually indicate 
if \vatet* can IIC used. When clays, such as mont- 
rnot~illonitc. are ljresent in appreciable amounts 
111 ;I t~eser\~oit~, \f.ater normally cannot be used. If 
the ivater is treated. small amounts of this type 
01’ clav can be tolerated. Treatment of the watet 
usualI!. consists of the addition of small amounts 
of hydrochloric ac.id 01 calcium chloride. Treat- 
ment of the \vater is usually considered necessary. 
only when it is less saline than the reservoir \~a- 
tet-. 

Acid is l~oss~hl~~ the most expensi\.e fractut,in,g 
fluid available. In practic,ally all cases. the factur- 
in,e cost in dolla~~s per 1000 ft.” of ft2cture at.ea 
is higher with ac*id than other fracturing fluids- 
The main application of acid as a fracturing fluid 
is to increase fractut-e lvi(lth by etc,hing 1vhet.e 
Pt’opping agents c’;rn 1~ suc~c~essfully deposite(l in 
Ihe fracture. If 1~10pI~in~ agents c-an be success- 
ft-tll!’ place~l in ;I fracaturc, the use of acid as 21 
ft’acturing fluid ;1plw:r13 supct~flu0us. 

When fracturing an oil productive t’eset’voit., 
surface acti!.e agents should be used in conjunc- 
tion with most water base fracturing fluids, The 
Proper surfactant shoultl be selected since it will 
ser\‘e as a non-emulsifier between the water base 
ft’a(,turing fluitl aticl the t~csctt~\~oit~ c*t*u(le oil. Sut.- 
fmmts arc notniall~~ usecl in c~onc~c~ntt~atjons 0f 
ft9nt one t0 tht.ec gtr’is. I)~t’ i 000 girts. (,f ftS~lc.tut.- 
ing fluid to he tty;lte(l 

\I’ater base fracturing fluids containing no ad- 
tliti\.es, have a \rery high fluid loss, very low vis- 
cositp, and vet-?; poor sand suspending properties; 
therefore, high injection rates are necessary for 
fracture extension anal propping agent transport- 
ability In cases where high injection rates are 
unohtainal)le. gelling the water base fracturing 
fluid will reduce the fluid loss, increase the vis- 
cosity, increase propping agcartt tr;tnsportahility 
anal drcarease frication loss 

Gels ~IY’ c.omposed of oil. \z’atet’, or acid with 
thp pt~~pet~ chemical or c~llc~mic~als added to the 
base fluid to increase \risc,osity Most hydcocar- 
hens gels are produc~~tl 1)~ adding a t.hick~ning 
agent, ust~ally -2 fatty acicl salt or ;I metallic* soap. 
to the h?~tlt*ocarhon. Rlost u,ater base gels ~IYA also 
pt~oduced by adding a thickening agent, usually a 
natural gum or a synthetic polymer? to the base 
fluid. Sand suspending characteristic of a gel is 
a function of the viscaosity and density of the gel- 
Care should be exercised when selecting a gelling 
agent since most gelling agents produce some for- 
tnation damage and several cause extensive da- 
mage. Se\ret.al invest&a!-ors” v I” have indicated 
that a high degree of formation damage can be 
tolerated; however, it certainly would be prefer- 
able to use one of the least damaging gelling a- 
gents, if possible. 

ISmulsions are comprised of a homogeneous 
tnixture of two immiscible fluid phases. one of 
which is oil and the other is watet. or acid. Emul- 
sions are f’ormecl by mixing tht two fluid phases 
together in the proper proportions in the pre- 
sencse of an emulsifying agent to produce either 
water-in-oil or oil-in-water type emulsions. Most 
emulsions possess very good santl suspending 
pt’operties: howc\~er, the), usuall~~ h:~\~e poorer 
fluitl loss pt~opet?ies than gels. 

Following a ft.ac*tut*ing opet’ation, gels and e- 
mulsions should break or lose sufficient viscosit) 
fat. return to the well bore. The \riscwity of gels 
and emulsions may be retlucetl in several differ- 
ent ways, depending upon the type of gelling or 
emulsif,ying agent employetl. Gels tna,v be broken 
by special additives referred to as gel breakers, 
electrolytes such as acid or salt water, bacterial 
growth within the gel, and dilution with forma- 
tion fluitl. I~~mulsions ma.v be l]t,oken by special 
additives referred to as de-emulsifiers, electro- 
I)‘tes suc.h as acid or salt water, absorption of the 
emulsifying agent into the formation, and tlilu- 
tion of the outer phase of the emulsion. 



Because of the large number of fracturing 
fluids available, it is often quite difficult to se- 
lect the best fracturing fluid for a particular 
fracturing treatment. The fracturing fluid having 
the most desirable and least damaging proper- 
ties at the lowest cost is the logical one to use. 

PROPPING AGENTS 
The purpose of a propping agent in a hydrau- 

lic fracture treatment is to hold the fracture open 
and provide a permeable path for fluid flow into 
the well bore. The propping agent initially utili- 
zed in fracturing treatments was ordinary con- 
struction sand which has been screened to re- 
move the larger particles and impurities2 Today. 
many types of propping agents are available: 
however, a round grained. carefully screened, 
high quality, clean, silica sand is usually con- 
sidered superior to other propping agents. Since 
sand is currently the most popular propping a- 
gent, many sizes are available: however, 20-40 
mesh is the most popular and consumed in the 
greatest quantity. Some of the most common frac- 
turing sand mesh designations and grain sizes are 
given in Table I. 

TABLE I 
Mesh and Size of Fracturing Sand 

Mesh Grain Size 
Designation (In.) 

4-8 0.1870 - 0.0937 
8-12 0.0937 - 0.0661 

10-20 0.0787 - 0.0331 
20-40 0.0331 - 0.0165 
40-60 0.0165 - 0.0098 

In addition to sand, numerous other propping 
agents have gained recognition. Each type of 
propping agent has different physical properties 
which dictate such things as settling character- 
istics and ability to withstand deformation and 
crushing. As a means of comparison, the current- 
ly available propping agents together with some 
of their physical properties are listed in Table II. 

TABLE II 
Tvpes and Properties of Propping Agents 

True True 
Specific Density Volume 

Type Gravity Lbs /Gai Gal /Lbs 
Aluminum Pellets 2.71 22.59 0.044 
Glass Beads 
Iron Shot 
Plastic Beads 
Rounded 

Walnut Shells 
Sand 

2.65 22.09 0.045 
7.14 59.52 0.017 
1.05 8.75 0,114 

1.28 10.67 0.094 
2.65 22.09 0.045 

The choice of a propping agent depends up 
such factors as particle roundness, variation 
particle size. deformation and carushing prop 
ties, cleanness, and cost. 

Two approaches for propping fractures ha 
gained recognition and are considered today 
one is to pack the fracture, and the other is 
place a monolaper or a partial monolayer in t 
fracture. 

The concept of increased flow capacities w 
sparce propped fractures has been verified by 
boratory measurements and is generally accept 
throughout the oil industry; however. the act1 
placement of a propping agent as a monolayer 
partial monolayer in a jrertical fracture is vc 
difficult since most propping agents have 
much higher specific gravity than the carryi 
agents which are normally used. A packed fr; 
ture will usually have a lower flow capacity th 
a sparce propped fracture: howe\rer, the flow ( 
pacity of a packed fracture is sufficiently high 
conducet all the fluid into a well bore that most 
the wells in the \\‘est Texas area are c,apable 
producing. Fig. 5 is a graph illustrating the fll 
capacity of various sand packs for different co 
paction pressures. 

Packed fracture treatments are the most po1 
lar and most widely used today: therefore, 01 
the packed fracture is considered in the desi 
method presented in this paper. 
FRACTITRE AREA 

The productivity of a fractured formation 
determined to a large degree by the area of t 
fracture, and fracture area, in turn, is govern 
by treatment variables. 

Howard and Fast presented the followin 
equation. which was developed by R. D. Cart{ 
for determining the area of an induced fractl: 
in terms of treating conditions. 

A= Q! 
4iw2 

e”: erfc(x)+ -??.!- - 1 
m I 

Where: A= total area of one face of the fn 
ture at any time during injectic 
ftP 

Q= constant injection rate during E 
tension, bbl/min 

W= : constant fracture clearance, ft 
C= a constant which is a measure 

I the flow resistance of the flu 
leaking off into the formation dL 
ing fracturing 

2cv.s 
x= 

W 

70 t = total pumping time, min 
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Nomogr,iphs 1 and 21d pro\%le Cl means of solv- 
ing Eq 2 in terms of trclutment \~olumc. The 1)ro- 
lem now resolves to one of determining the val- 
ues of the treatment \,ariablee to he used in the 
nomographs 

Treatment Volume 
The treatment volume to be used in Nomo- 

graphs 1 and 3 is a c*otnhinc>d \~olun~ of the frac,- 
turing fluid \~olunit~ and pi’opping agent quantity 
expressed in gnllons. Frac9uring fluid \.olumes 
are iisunll~ es1~rcssccl in gallons; however. prop- 
ping agent quantities are prac~tically always ex- 
pressed in pounds. The \ralues of the true volu~ne 
in Table II can 1~ usctl to c.on\vert pounds to gal- 
lons for the c~onimcrcially a~nilable propping :\- 
gents. 

‘I’reatinP Frac*ture \I’itlth 
Treating fracture width is a function of rock 

elasticity. injection rate, fracturing fluid proper- 
ties. and fracture size. Treating fracture widths 
for restricted \rertic*al fractures can be obtained 
from the following formulations: 

Newtonian fluids in laminar flow in the frac- 

Newtonian fluids in turbulent flow in the frac- 

Conditions for laminar and turbulent flow 

0.32, laminar, and 

0.32, turbulent 

Non-Newtonian fluids in laminar flow in the 
fracture 

Qni( K’)( rf )(I-I;nj II 2 nl-2 

E 
151 

72 

The al)o\.e c>cluations are essentially the sa 
as t11ose pwsentecl I,> Perkins antl Kern’” 
cept these espiyssions gi\re the :i\~erage widtk 
an elliptical sh;~ped fracture, whereas the forr 
lations presentctl 1,~. Pei.kins anal Kern give 
maximum \viclth. 

Fig. 6, 7 and S are graphics solutions of 1Gls 
4 and 5. i~tq)ec*ti\.ely. In 01xlel~ to solve IQs. : 
and 5 and to use Fig. S. \.alues of Young’s mot’ 
for vui.ious :~.ues ol’ ~*oc,lis must be kno\\.ii. Sil 

a IO-to-20 fold \.ariation in Young’s niotiuli n 
exist in rocks of the same type, the use of aver; 
\Talues of Young’s moduli appears justified. Ta 
III ” presents \.alues of Young’s moduli that ( 
be used. 

TABLE III 

Values of Young’s Moduli of Formation Rocl 

A \*er, 
Range of l’aluc 
Young’s Your 

Moduli MOdI 
Type of Roc*k 
Limestone antl Dolomite 

psi s IO” l)si x 
s.0 to 13.0 I( 

Hard, Dense Sandstone 5.0 to 7.5 ( 
Medium-Hardness Sandstone 2.0 to 4.0 :: 
POI~IS. I’nc~onsolitlated To 
Lightly Consolidated 
Sandstone 0.5 to 1.5 1 

Injec.tion Rate 

The magnitude of injection rate is limited o 
lay casing and Lye11 hentirstrengths: liolve\ 
treatment \.ariables will dictate the injection r 
that is reqllired for a particular treatment. An 
jection*rate should be selected that \vill result 
a treating fracture width t\-hich is slightl!- 1ar 
than the healed l’l*acSture I\-idth ot’ slightI\, lat., 
than t1vic.e the niasimurn propping agent parti 
climension. depending on which of the two is 
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1a1pst Prol.iping agent particle size can he oh- 
tained from Table I and healed fracture width 
can be dctcrmined from JGl. 1X. Employing the 
:Ippropriatc~ t rear ing fracture width, injection ra- 
te can he determinetl from Figs. 6, 7 01’ 8. depen- 
ding on which of the figures satisfies treatment 
conditions. 

Viscosit.v, flow lwh\*iw incles, and consistency 
index that are used in Figs. 6. 7 and 8, should be 
for the fracturing sturr>- rather than for the frac*- 

turing fluid. These slurry properties can be de- 
termined hy laboratory measurement: however. 
the following ecJuation”’ (2t-i he used to correlate 
fracturing slurry with fracturing fluid viscosity. 

ent. In any fracturing treatment, ‘each of the 
c.oef’ficients acts simultaneously to varying e 
tents and complements the other. It has been su 
Rested that these coefficients are analogous try 
series of electrical conductors and can be coml 
ned as such. 

1 1 1 I 
c=c,+c,+c, @I 

corn 

C corn= fractUrlng CXXfiicienL, 

c, = fracturing fluid coefficinet, ft jr 

c, = reservoir fluid coefficent, ft&iiii 

Ufs=Uff(l+ -) Ga 
DPa 

1 I 6 Gl- fluid loss coefficient, ft&nin 

Where: Ufs = fracturing slurry viscosity, cps 
uff = fracturing fluid viscosity, cps 

propping agent concentration 
Cm = lbs,/gal. 

propping agent true density, 
Ibs/gal. 

The true density of the commercially available 
propping agents is given in Table II. 

If sand is used as a propping agent, injection 
rate should be examined from the standpoint of 
the mechanics of sand movement in the fractures. 
The following equation” can be used for this 
purpose: 

How s4-Q 
Wf v [71 

Where:Ho = height of open section above set- 

Q = ‘~~~~~i,“~:d,lef~bls/min. 

wt = treating fra:ture width, in. 
_ equilibrium fluid velocity, ft/min 

It is eltrmated that the equilibrium velocity for 
most Newton’ian and non-Newtonian fluids is ap- 
proximately 400 ft/min and 800 ftlmin, respec- 
tively.17,1x 

If the height of the open section above the set.- 
tled sand is very small, a sandout may occur and 
the injection rate should be increased; however, 
if the height of the open section above the settled 
sand is very large, an effective sand pack will not 
form and the injection rate should be decreased. 
Composite Fracturing Coefficient 

The composite fracturing coefficient is compo- 
sed of the fracturing fluid coefficient, the reser- 
voir fluid coefficient, and the fluid loss coeffici- 
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The fractui*ing fluitl coefficient can be obtain 
from the following equation. 

ci = fracturing fluid coefficient, ftl/& 

K,, = permeability to the fracturing 

Q)‘- 

fluid. md 

effective porosity, fraction 
A pp pressure differential across the 

fracture face, psi 
Uff = fracturing fluid viscosity, cps 

Permeability to the fracturing fluid ioil or v 
ter) may be obtained by correcting core analy: 
permeabilities to air by a factor of 0.6. Effecti 
porosity should be obtained by correcting the fc 
mation porosity for irreductible oil and water I 
turations. This correction is based on the assun 
tion that the irreducible oil and water will I 
move and acts as rock. 

8’ = 4 [l- (Sio+ Siw)] 

0 ‘= effective porosity, per cent 

8 = formation porosity, per cent 

Sio = irreductible oil saturation, fi 

Siw= irreductible water saturation 
tion 

Pressure differential across the fracture face 
the difference between bottom hole treating pr’ 
sure and reservoir pressure. Fracturing fluid v 

cosity should be measured at reservoir temper 
ture, and when a non-Newtonian fluid is us 
plastic viscosity should be employed. 



\Vhere: C,, = reservoir fluid cocfficaent. ft Jiiiii 

A p; presSUlY diffc1Wlt i:ll ;ICI‘OSS frx- 

ture face psi 

K ~ = pernieahility to the mol,ilr 1ysel‘- 

-JP ~_ voir fluids. md 

@ 
= format ion porosity. fra(ation 

ct- 
total compressibilit\r. vol fvo1 - psi 
x 10 -6 

Uf = viscosity of the mobile reser\roil 
fluids, cps 

]+l~n~eahility to the mobile reser\.oir fluids and 

,,is(qsit,v of the mobile reser\.oir fluid should a(*- 
tual]y be determined from a complex relnti\X’ 
,jcblqieability measurement and from a coinples 
\.is(xxit,v measurement: howc\*er, the following 
e(luations can be used to Mimate the \.alues. 

Uf = (So-SioI * Uo + r&q- Siwl-*+-S, U 

{SO-Sio/+(SW-S&i+Sg I3 

\\‘here: c 1 13 

Kf = permeability to the mobile reser- 
\,oir, fluids, md 

Uf = lriscosity of the mobile reservoir 
fluids, cps 

so = oil saturation, fraction 

Sio = irreducible oil saturation, fraction 

SW = water saturation, fraction 

Siw = irreducible water saturation, frac- 

% = 

Ko = 

Kw= 

Kg = 

u. = 

uw= 

53 = 

tion 

gas saturation, fraction 

permeability to oil, md 

permeability to water, md 

permeability to gas, md 

oil viscosity, cps‘ 

water viscosity, Cps 

gas viscosity, cps 
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pl’oduc’ing gas-oil ratio -Z 750 SCF STB 

solution gils-oil ratio = 520 SCF ‘STR 

reservoir temperature x 570”R 

Pr = reservoir pressure = 2014.7 psi 

Z = gas deviation factor = 0.59 

8 = formation volume factor = 1.28 res. bbl/STB 

%= gas \visc*osit.v = 0.0227 cps 

Uo= oil \Gc.osity = 2.3 cps 

The diffeluenc*e between the producing and so- 
lution gas-oil ratios is 2:~) SCF ‘STB and from the 
nonideal gas law, the reservoir volume of 230 
SCF STB is 

p2 v, 8 y 

T ZI - 7-2 Z2 

(14:7x230) (2014.7)(x) 

(520x1.0)= (57o)(o.W 

v = 1.09 ft3res. gas 
2 STB 

The ratio of gas to oil flow rates in the reser- 
voir is 

%L vz 1.09 

Qo (5.61 f$bbl)( 8) = ( 5.61) (1.28 ) 

=0.15 
bbl res gas 
bbl res oil 

22. 
90 

IS equal to the mobility ratio 

Z~L = Mobility’Ratio - Kd%- 
qo wuo 

015)(Q~~7) =ooo*5 Kg _ (4s/4d%~ _ 
Ko uO 2.3 - 
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From Fig. 9,1g gas saturation is four per cent. 
Total compressibility can be obtained from the 

following equation. 

q= soco+ swcw +sgcg+q 

Where: M. 
Ct = total compressibility, vol/vol - psi 

co = oil compressibility, vol/vol - psi 

Cw= water compressibility, vol/vol -psi 

cg = gas compressibility, vol/vol - psi 

Cf - formation rock compressibility, 

vol/vol - psi 

so = oil saturation, fraction 

SW== water saturation, fraction 

% * 
gas saturation, fraction 

Oil, water, and gas saturations can be obtained 
as previously discussed, and oil, water, and gas 
compressibilities can be obtained from most re- 
servoir engineering texts and handbooks. For- 
mation rock compressibility can be obtained from 
Fig. 1O.2o 

The fluid loss coefficient has to be determined 
from data obtained experimentally in a labora- 
tory. A standard fluid loss test is conducted on a 
high pressure, high temperature Baroid filter 
press containing filter paper; however, fluid loss 
tests can be conducted where actual core samples 
are substituted for the filter paper. The fluid loss 
test is run with a pressure differentialof 1OOOpsi 
and at a temperature of 125°F or at the actual re- 
servoir temperature, if possible. The fluid loss in 
cubic centimeters is measured at time intervals 
of 1, 4, 9, 16, and 25 min, and these fluid loss val- 
ues are then plotted on straight coordinate paper 
against the square root of time in minutes, as 
shown in Fig. I 1. The experimental fluid loss co- 
ef+ient is then calculated as follows: 

C 
= (0.0164) ( d 

mexp a rP1 
Where: 

%I exp 
= experimental fluid loss coeffi- 

cient, ft/&iGi 

m- slope of the fluid loss curve, 
cc/mi 

a= area of the filter medium,cm2 

The fIuid loss of a fracture fluid is a combin 
tion of the fluid lost before a filter cake has b 
gun to form (spurt loss) and the fluid lo 
through the filter cake during the treatment. Tl 
point where the fluid loss curve intersects tl 
ordinate on a fluid loss plot is known as the spu 
loss. Spurt loss is not accounted for in Eq. 15 ar 
must be considered separately. Crittendon4 pr’ 
sented the following method for including spu 
loss in the fracturing fluid coefficient. 

1) Construct the fluid loss plot in the co 
ventional manner. 

2) Draw a line running through the 0 inte 
cept and the volume of fluid loss at 

time equal to l/2 of the total time th 
the fracturing fluid is being injected in 
the formation. 

(3) Employ the slope of this line in Eq. 1 

The experimental fluid loss coefficient can 1 
corrected from experimental conditions to actu 
conditions by the following equation. 

s= cmexp/e [lS] 

Where: Cm - fluid loss coefficient, ftfi 

C experimental fluid loss coef 
* exPm ficient, ft/&Zi 

APact - pressure differential across 
the fracture face, psi 

APexp- experimental pressure differ- 
ential. usi 

Kact f permeability to the fracturir 
fluid. md 

Kexp- permeability of the filter met 
ium, (core sample or filter pi 

per), md 
T act = reservoir temperature, OF 

Tkxp - experimental temperature, “F 

l’ne only value in Eq. 16 that has not been PI 

viously discussed is the permeability of filter 11 
dium. Permeability of filter paper decreases wi 
increased pressure as a result of the compacti’ 
of the paper. It is estimated that the permeabili 
of filter paper at 1000 psi is approximately ( 
md. , 

PRODUCTIVITY RATIO 

Productivity ratio is defined as the ratio 
fractured productivity to that of unfractured pr 
ductivity. Crittendon4 correlated vertical fractu 
productivity ratios for various fracture pen&r 
tions with fracture conductivity as shown in Fi 
12. Fracture conductivity as used in Fig. 12 is e 
pressed by the following equation: 
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c = fracture conductivity, ft 

Wh= healed fracture width, ft 

‘K frac ture - fracture permeability, md 

Kformation = 
permeability to the mobile 

reservoir fluids, md 

It requires 8.9 lhs of frac sand to produce a vol- 
ume of 1 ft* cross section by 1 in. thick. If fra- 
turing sand is used as a propping agent, the fol- 
lowing equation can be used to calculate healed 
fracture width. 

Where: wh = healed fracture width, in. 

SQ= sand quantity, Ibs 

Af - 
fracture area, ft* 

8.9 = a constant, lbs/ftg - in. 

Fracture permeability should be obtained from 
Fig. 5 using bottom hole treating pressure as 
compaction pressure, and the permeability to 
the mobile reservoir fluids should be obtained 
from Eq. 12. 

The values of productivity ratio that are ob- 
tained from Fig. 12 are values which can be ex- 
pected after a well has started on normal decline 
and are not the values immediately following a 
treatment. 

BASIC STEPS TO FOLLOW- IN FRACTURE 
TREATMENT DESIGN 

There are eight basic steps to follow in the de- 
sign method presented herein. These steps are as 
follows. 

(I.) Determine the optimum fracture penetra- 
tion and fracture area. 

(2.) Determine the optimum sand quantity. 
(3.1 Determine the fracturing fluid coefficient 

and the reservoir fluid coefficient. 
(4.1 Assume a fracturing fluid volume and de- 

termine the treatment volume. 
(5.) Determine the required injection rate. 
(6.) Determine the fluid loss coefficient. 
(7.1 Determine the composite fracturing coef- 

ficient. 

(8.) Employing the appropriate treatment var- 
iables, determine fracture area. If this 
fracture area does not agree with the frac- 
ture area that was obtained in Step , it 

i will be necessary to repeat Steps 4 thro h 
8 until the two fracture areas are in agree- 
ment This is a trial and error solution. 

EXAMPLE FRACTURE TREATMENT DE- 
SIGN . 

The concepts and design method previously 
discussed can best he explained by means of an 
example. Assume the following data are for a 
well that produces from 6500 ft. limestone reser- 
voir and that is to be fractured with 20-40 mesh 
Ottawa sand and lease oil (30 degree API) con- 
taining 25 lbs. per 1,000 gals. of Adomite Mark 
II fluid loss additive. 

‘e - drainage radius = 660 ft 

Hf - 
fracture height = 150 ft 

T - reservoir temperature = 1 lOoF 

Pr = reservoir pressure = 2000 psi 

Pt = bottom hole treating pressure = 
4500 psi 

AP= pressure differential across the 
fracture face = 2500 psi 

so= oil saturation = 0.71 

sw- water saturation = 0.25 

% = gas saturation = 0.04 

Sio= irreducible oil saturation z 
0.15 

Siw= irreducible water saturation = 
0.15 

$ - formation porosity = 0.06 

+’ - effective porosity = 0.042 

Ko- permeability to oil = 1.5 md 

Kw= permeability to water = 1.5 md 

h== 
permeability to gas = 2.5 md. 

Kf - permeability to the mobile res- 
ervoirs fluids = 1.6 md 
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Kff- 
permeability to the fracturing 

fluid = 1.5 md 

Kfractwe - fracture permeability = 
5,700 md 

uo- oil viscosity = 2.3 cps 

UW- water viscosity = 0.6 cps 



“g - gas viscosity = 0.227 cps 

Uf = 
viscosity of the mobile reservoir 
fluids = 1.9 cps 

Uff’ fracturing fiuld viscosity = 9.0 cps 11 
co= oil compressibility = 8.1 x 10 *’ 

vol/vol - psi 

cw= water compressibility = 2.9 x 10 --( 
~vol/vol - psi 

cg= gas compressibility = 258.4 x 10e6 
vol/vol - l&i 

Cf = formation rock compressibility = 
6.1 x 10e6 vol/vol - psi 

ct = total compressibility = 22.9 x ,10W6 
VOl ‘voi - psi 

Step 1. Determine tne optimum fracture pene- 
tra%n%d fracture area. For a fracture perie- 
t&&n of 10 per cent, calculate the fracture area 
as follOws: 

*p % t107d(4 Hf - (660) (0.10) (2) (1501 = 

19,860 ft* 

Using the above fracture area, assume a sand 
quantity of 70,000 lbs. and calculate the healed 
fracture width from Eq. 18. 

‘SQ 
wh= Ai (8.91. = 

70,000 
(1?.800),,(8.9) = 

c _ Wh * Kfracke ’ , 

L., 1 

.: 0.397 in I G 0.033 ft 
tTsing the above, healed’ fractu$& width, calcu- 

Kformation 

late the fracturexonductivity. ftiin Eq. 17. 

~(0.033~~Ki700) ,= 118 ft 

, 1.6. 

Kformation 1 .(i 

Productivity ratio = 1.25 -- From Fig. 12’at 
optimum fracture penetitition of 40 per cent ai 
c = 3 ft. 1 . :, 

Repeat the above procedure for various s; 
quantifies and tabulate the results as shown ‘1 
the low& portion of Table IV. Since little benef 
is realized from the use of more than 35,000 11 
of sand and since a reasonable healed fractu] 
width results from the use’of this 35,000 lbs”! 
sand, this sand quantity is selected as the o&l 
mum.’ 

Sten 3. Det&nGne the fracturinrr fluid 
cient and the reservoir fluid coefficient. ?!I _ 

Calculate the fracturing fluid coefficient 3 _ 
the reservoir fluid coefficient from Eci. 0 and 4 
respectively. .:_ 2 

= 

. 

J 
(1.5) (0.042) (2.500) 

( 1.000) (9.0) ZY 6.2 x IO-’ ft,J;;;j 
,I 

, ,:! 

‘Productivity’ ratioz2.05 Fxom Fig 12 ai a 
fracture penetration of 10 per cent and C .= 118 

ft. 
.Repeat the above procedure for fracture pene- 

trationsof 20, 30, 35, 40. 50, GO. and 70 per cent 
and tabulatd the fesults as sjlown in the upper 
portion of Table IV. From thjs data, it is evident 
that the optimum fractul’e penetration is 40 per 
cent, and the optimum fracture area is 79,200 
ft.2 A plot of, fracture conduc+i\‘it.v vs fracture 
penetration as shown on Fig. 12.illustrates graph- 
ically the optimum fracture penetration. 

Step 2. Determine the optimunl sand quan- -- 
tity. ITsing we optimum fracture area of 7!1,200 

ft,* assume .a sand quantity of ?,OOO lba and 
calculaierthe :healed fractwe width fmm.Eq. 18 

SQ 
wh -T: ;Qf, (8: g) . 

= 0.0008 ft 

Step 4. Assume a fracturing fluid volumt! ad 

(1.G) 

-- 
determine the treatment volume. 

. 

i 

J 

Assumed fracturing fluid \-olume = 19,000.$ 
Sand quantity = 35.000 lbs = (35,000) ,tO.O4d 

(0.06) (0.0000229) -_ 3 .) y 1(x’:, ft &$ 

= 1,575 gals. 

(,l,()()(,) (,1.!)) * .- A 

.j 

Treatment \~lume z l!).OOO + 1.575 = 20.57! 

Y 

gals. 

! ‘I 

: 

Step 5. Determine the required injection I& -- 
Since the healed trac~tut’e width is 0.05 in. ant 

since twice the lal*gest particle dimension of 24 
40 mesh sand is O.OM in., a treating fracture wid 
th of 0.07 in. should be adequate. The fractun 
radius is 40 per cent of the drainage radius o 
264 ft. The assumed fracturing fluid volume i 
19,000 ,gals. and the optimum sand cgncentratiol 
is 35,000 lbs; therefore, the sand concentratio! 
is 1.84 lbs .‘gal. Using this sancj concentratior: 
cai&&te the fracturing slurry viscosity from Rr 

llsing the above healed fracture width, cal- 
culate the fracture conductivity from Eq. 17. 

6. 
/c 

Uf,,U ff (1 + *, = 9.0 (1 + ,‘;p,4, -.) = 9.7 cp< 1 
upo LL.UY 

a2 



Table IV 

Sand ,Healed Fracture Productivity 
Quantity Fracture Width Conductivity Patio 

(Lbs.) (In.1 (Ft.1 (Dimensionless) 

Fracture Fracture ’ 

penetration Area 

(%I (Ft.*) 

0 0 

10 19,800 

20 30,660 

30 59,400 

35 69,300 
40 79,200 

50 9!',000 

60 118,806 
70 138,600 
40 79,200 
40 79,200 
40 79,200 
40 79,200 
40 79,260 
40 79,260 
40 79,260 
40 79,200 
40 79,200 
40 79,206 

0 

70,000 

70,ooo 
70,000 
70,000 
70,000 
70,000 
70,006 
70,000 

7,000 
14,000 
21,000 

qwJ 
35 ooo .’ 
g?,ooo 
49,000 
56,000 
63,000 
70,000 

Check the iniection rate for laminar flow. 

(Q)(Sp. Gr.) - -- (23) (I.001 ; 

(Hf)(“fs) 

0.02 -- laminar 

Examine the injection rate from the stand- 
point of the mechanics of sand movement in the 
fracture using Eq. 7. 

Since the height of the fracture is 150 ft, and 
since the height of the open section above the 
settled silnd is 28 ft. the injection rate of 23 bbls 

min is satisfactory. 
Step 6. Determine the fluid loss coefficient. .- -._ 
Obtain the slope of the fluid loss curve in Fig. 

0 0 0 

0.397 118 2.05 
0.199 59 2.25 
0.132 39 2.30, 
0.113 34 2.35 
0.099 30 2.40 
0.079 24 2.35 
0.066 20 2.30 
0.057 17 2.20 
0.010 3 1.25 
0.020 6 1.55 
0.030 9 1.70 
0.040 12 1.85 
0.050 15 2.66 

,-. 0.060 18 2.10 
0.070 21 1 2.20 
0.080 24 / 2.30 
0.090 27 2.35 

30 2 

i3!saa.Tact 

.40 

cm = 25.1 ; 10 a ft!m I 
Step 7. Determine the composite fracturing 

coefficient. I. ,/ : 
Using the fracturing fluid coefficient of 6.2 x 

lo-' ft /&i!ii, the reservoir fluid coefficient of 
3.2 x lo-:( ft / m, and the fluid lossgoefficient 
of 25.1 x 1O-a ft ? m, calculate the’composite 
frac:turing.fhnd,coefficient from Eq, 8: 

‘..l<, 1 >l 1. ,‘.. 
-+y+-- = 

z&,; c;. -c, c, 
1 

+ 
1 

-t- 
,l zz 

(i.’ x lo-:’ 3.2 s lo-:: 25.1 x IO-: 

c,,, I-- 1 .I) s lo- :’ ft/$ix ;: 
. . Step 8. lhploying th& appropriate treatment 

\*ari;lbles. deteminc fracture. area. 

C 
A f = 79,200 f From Nomograpti S gnd 2 at - (0.0164) (d -_ . ((m(i~~ CJ ._. ’ treatinent vnlunle 55 2oA,5 sale 

IUexp a ‘)‘) 1’ . --.. 

4.1 s IO-:: f-t JiGi 
Q = 23 bblhnin 1 j ccom- ‘1.9 x lo”* 

slncc t hc ill)o\.c fracture area agrees with the 
Correct the esperimentnl fluid loss coefficicnt~ flwtuw iI1*cii ohined in Step 1. t.he treatment 

from experimental to actual conditions by the USC cJcsig:n is c~omplete. Tn summary. t,he treatment 
Of Eq. 16. just tl&~netl consists of: 



1.) 19,000 gals. of lease oil (30° API) contain- I 2.) 35,000 lbs of 20-40 mesh Ottawa san 
ing 25 Ibs per 1000 gals. of Adomite Mark 13.) 23 hhls ‘min injection rate. 
II fluid loss additive. 
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