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The Crawford Equation - Calculation of Effective Propped Fracture Area

Description
Randy Crawford & Paper Title

Tahle: Setback Summary

Diagram 40-acre Tract

Joshi #1 Diagram - Dakota
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Description

Micro-Seismic Blackjack Well

Decline Curve Roger 3875-20-29 1FH
Decline Curve Allemand 12-2/1H
Decline Curve Hornhuckle E-28-21H
Decline Curve Hornbuckle 14-31/30H
Sussex PRB Horizontal Wells

Decline Curve Clausen 19-34-70 C 10H
Decline Curve Hardy 34-7 38-73BH
Niobrara PRB Horizontal Wells
Decline Curve Spillman 16-1

Plot G vs Cum Qi Spillman 16-1H
Decline Curve Wagonhound 14-1H
Decline Curve Barton 32-34-67 A 1H
Decline Curve Ballista 202-1003H
Decline Curve Ciausen 35-34-70 A 3H
Summary of Equations

Summary of Equations (page 2)
Formation Properties

Formation Properties (page 2)
Formation Properties {page 3)
Formation Properties & AT vs E
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Formation

Sussex
Shannon
Frontier
Niobrara

Mowry

Setback Summary in Wyoming PRB

Range Range Transverse Unstimulated
Toe / Heal Lateral Drain R Drain R
200’ / 460’ 330’ / 800’ 331’ 118’
200’ / 460’ 330’ / 800’ 493’ 263’
330’ / 460’ 330’ / 800’ 459’ 232
330; / 460’ 330’ / 800’ 319’ 132’
330’ / 460’ 330’ / 800’ 30.5’ 132

; . b3
“Not only do I went a cracker—we all wam‘. a cracker!

Effective

Max Xf
213
230
227
187
173’



















JOSHI METHOD

__2-r><L+7r><r2

=== . Proposed 390-acre spacing unit

43,5 60 - Est. drainage area of proposed hztl.
‘ ] . 278
D = Horizontal Drainage Area (acres) ' a3y
r = average drainage radius of nearby vertical welis <7 -
L = completed lateral length of proposed harizontal dscp«*‘*“’
[
AVERAGE DRAN A = §, 45 4CRES fweEll
}
= = JCAL
r = 274 feet D =71 acres VERTICALS
Total Drainage Area in Proposed Unit*: 142 acres PINEDALE
[— \ 40-acre dircle tangent cutline
- 5200
_ 274 S,
Exhibit E-3
Cause No. 1
Order No. 1
QEP *Determined by summing drainage area of 2 horizontals and Docket No. 1165-2016
RESCURCES.- December 13, 2016







1957: Howard & Fast presented the basis for fracture design
“Optimum Fluid Characteristics for Fracture Extension”
Drilling & Production Practices, API 1957, page 261 .

1967 thru 1970: Howard & Fast prepared the SPE Monograph

“Hydraulic Fracturing”

) ‘
A= QLATHO 2:1-1 , SQ." FT.

> | e erfec (X) +
C .

WHERE

x =  (3.545 C/WN T, dimensioniess
AND

2 = -tz

erfe (x) = e dt, dimensionless

1973: Harrington, Whitsett & Hannah presented simpler equations
for the calculation of fracture area & fluid loss

“Prediction of the Location & Movement of Fluid interfaces In o Frocture”

Southwestern Petroleum Short Course, Texas Tech University

1983: McLeod presented a high viscosity fracture design program
“A Simplifled Approach to Design of Fracturing Treatments Using High Viscosity Cross-Linked Flulds”
SPE Paper 11614: SPE / DOE Joint Symposium on Low Permeabllity Gas Reservoirs

Denver, Colorado, March 1983, Proceedings pp. 121-136

1983: Crawford presented a practical application of the simpler equations
for the calculation of fracture area & fluid loss
“Proppant Scheduling & Calculation of Fluid Lost During Fracturing”
SPE paper 12064: 58" Annual Technical Conference & Exhibition

San Francisco, California, October 1983

A=V /(W+3xCx{T ) SQ.FT.




Crawford Equation Summary

. Estimates the Created Fracture Area (i.e. propped > monolayer )

. Allows for estimate of effective propped one-wing frac length ( Xf)
. Provides for high fracture conductivity

. Calculates the amount of fluid lost

. Assists with proppant scheduling

. Avoids potential screenout

. Helps with on-the-spot decision to continue or abort




Fracture Width Equations

VERTICAL FRACTURES

PERKINS AND KERN:

Wo =038 [9-.:'_-.] 0:28

Wikt = W, [t - tLan]®-28

Wavg 0.667 W,

= o8 |

.26
(H)
Qéi TtTf] et}

RN 1 |

ced®

WHERE:

Wo = FRACYURE WIDTH AT WELLBORE, INCHES
a NJECTION RATE,

BARRELS PER MINUTE

[ = VISCOSITY OF FLUID IN FRACTURE, CENTIPOISE
Hayp = 47680 K{ 140.4 QW2 W~ 1. CENTIROISE

L = LENGTH OF ONE FRACTURE WING, FEET

- H = HEIGHT OF FRACTURE, FEET
GEERTSMA AND deKLERK: . OUNG'S MODULUS. PS)
. 0.25 = ‘ .
Wo = 0.23 [_"E'.-f.] = 0,29 [‘—’ﬂ- WL E
GH, LB W G = BHEAR MODULUS = —s-—., PS

Wixk = W [1 - le!z.rLz] 0.5
Wayg = 0.785 W,

HORIZONTAL FRACTURES P&K)
.25
Wo = 0.22 [9%‘3]

Wil = Wy [t - uR]05

-

W“g = 0.867 wﬂ

a8l
. ..'.lBI

e

A8y

2+2 v

v = POISSON'S RATIO, [ASSUMED TO BE 0.25 FOR
2NO HALF OF EQN 4.}

Lx = DISTANGE FROM WELLBORE ALONG A FRAGTURE
OF HALF LENGTH, L, FEET

Wixl = WIDTH OF FRACTURE AY DISTANCE Lx FROM
WELLBGRE, INCHES

R = RADIUS OF FRACTURE, FEET
L4 = RAOIAL DISTANCE TO A POINT iN A FRACTURE OF

) RAOIUS B, FEET

Crawford: 0.5 inches @ wellbore when concentration > 4.0 ppg

Steve Moore

©HES Tams v
“T_I_-ﬂ.hm

IN THE:BLEACHERS

“Wall; you're & fucky. man; It's not'a careei-"
ending fhjury. Of course,; you'll have to.be : '
. careful walking through doorways.




Fracture Height & Stress Barriers

Higher Poisson’s Ratio in adjacent rock will help to provide a barrier to height propagation
Difference in in-situ stresses is the primary factor in height growth
Sand to shale transitions must be thick enough to act as a barrier
Frac will extend into impermeable shates & siitsttones{ Put narrow width & low leakoff
Most of the horizontal targets in the PRB are in ﬁoor quality rocks with minimal stress

contrasts above & below: Effective Propped Length is radial in shape

Frontier formation is trickier with sand quality that quickly changes horizontally

DZILLA MEETS MOZZARELLA
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CHESAPEAKE OPERATING INC EBUSINESS

HALLIBURTON * Robinson Ranch 4-34-70 1 H Interval 12

Chesapeake Robinson Ranch 4-34-70 1H_Treatments 6-12

4.0 PERFORMANCE HIGHLIGHTS

4.1 Treatment Summary

Start Time 03-Oct-12 15:38:;30
- End Time 03-Oct-12 23:47:23
L - pumpTime: 158,12 min
Start Averaging Time" 03-Oct-12 15:38:40
U End Averaginﬂime 03-0ct-12 23:47:23
4_-1-Max Treating Pressure’ 9902 __psi
R -:-::'Max Slurry Rate 49,8 bpm
el Max Prop Cone 4.54 ib/gal
Avg Treatmg Pressure 8689 ~ psi
e Avg S!urry Rate < 46,7 _bpm,
Avg Prop Conc 0.61 Ib/gal
~Clean Volume DK 6326.5¢ Bbl
Slurry Valume O N, T 6713 Bbl
“Acid Voltime 2000 gal
Load to Recover' 6326.5 Bbl
"FR=66 Water: 267 v~ Bb!
15% FEACD | ¥7- 6 _64/5 2000 gal
LTI borG 35# Fluid ” 6059.5¢” Bb! "
R SAND PREMIUM 40/70 BULK SK 1741,75 100*1b
{100064018) /7% /75'# } 3?/, 31{
SAND PREMIUM 30/50 BULK, SK 1971.40 100*1b
- (100008377 /7 ?/ / ‘/0 )

Disclaimer: The average and maximum values (except volumes and bottom hole values) are

based on the start and end averaging times. " DrOVS 3 .6
- < b/s
cowp V= TS HE T yoo

FRVE ctEAN U= 247 +~4059.5 = 6,326.T 6é4
TRVE StV/RRY V= ¢ 32,5 + 0.8 = & PP bik

&, P27 -
7= ’z;fg,,7‘= JA KL ey

10 @

Created: October 18, 2012 at 10:31 AM
INSITE for Stimulation V. 4.2.0 (IFS v4.2.0)

LD B IS RN, #3728 /&
Sw SE ¥ -IYN- 7O W
















First Well _ Second Well (Transverse 1 and 3)
.y(g':, - ,,:,,.7 - y -

wford Xf = 136 f

P

Figure 12—Hydraulic and effective fracture geometries

Seedy Draw Field ( T4ON —R63W )
SPE-182502-MS |

Evaluating the Application of Unconventional Resource Extraction
Technology to a Conventional Play

QOlublyi Olaoye, Sanje!l; Charles Durkoop, Reed Johnson, and Daniel Anderson, Vermillion Energy; Bilu V Cherian,
Kristina Kublik, Santhosh Narasimhan, Mariah Atkinson, Hamza Shaikh, James Gray, and Rafif Rifai, Sanjel

Turner Reservoir approx. 4,900 ft TVD
Avg @ = 14% Avg K = 0.002 to 0.1 md

1** Well 14 stage frac: 42,000'tbs 20/40 sand / stage in uncemented liner

2nd Well 14 stage Frac: 114,000 Ibs 20/40 / stage in cemented liner




Summary of Whiting Petroleum - Colorado Docket 1303-AW-17

Cause No. 535

Docket No. 1303-AW-17
Request for 8 Niobrara wells per spacing unit with 100-ft setbacks
Order No. 535-296

Date: March 25, 2013

Engineering testimony of horizontal Niobrara wells in Wattenberg Field:
Analysis of data from downhole pressure gauges
Amnalysis of rate transient data
Economic analyses

Conclusions:
Justified 16 wells per 640-acre and 960-acre spacing units
Calculated an effective propped frac wing ( Xf) = 105 feet

Commission Orders:
Treated interval of the well no closer than 200 feet from another well
Treated interval of the well no closer than 100 feet from unit boundary
Eight horizontal wells in Niobrara per spacing unit (total 21)

Chesapeake Exploration
Docket 910 — 2013
Exhibit E -17



























































































VERTICAL FRACTURES

We =038

wWin) = w1 ~ won)0-28

PERKINS AND XERNM:

THE EFFECT OF VERTICAL FRAGTURES ON PRODUCTIVITY

IAFTER McGLHAE SIKORA)
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PERMEABRLITY, DARCYS LAPPROXI

]

Wy = 0667 W,

GEEATSMA ARD deKLERK:

Wae = 0.23

GH

0.25

o

47 028
[-91!“—] = 0.29

witt = wo[1 - wn?a2]%8
Wayg = 0.788 W,

HORIZONTAL FRACTURES (PRK]

.25
Wo =022 [EELR]

Wi = W, [t - 1m)0.8

Wavg = 0.667 W,

SIEVE ORENINGS

[LE-3 SIEVE DPENING
MESH INCHES HICROHS
4 0.1574 4760
6 0.1323 380
8 0.0937 10
10 0.0787 2000
12 0.0861 1680
18 0.0469 190
18 0.0334 oo
20 0.0231 L1}
s 0.0273 0T
k] 0.0222 535
5 0.0157 500
410 0.018% 420
B0 0.0V 237
:d 0.0038 250
70 Q.0083 210
1060 0.0059 158
200 0.0029 7%
Lk 2.0017 o
4040 0.0015 37
BILICA - 0.00008 z
Aour T0 10
0.0017 44

(7.530 rltyt

STIMULATION RATION, {Qy/Q5)
O =2 N W O O~ DD

L

-
pr

FOROBITY. PERCENT LAPPROX)

FRACTURE WIDTH EQUATIONS

[oa m]
E MH

Kywy 40
K, \NSPACING

) , INCHES

PERMEAEILITY AND FOROSITY OF GRADED BANDS (1}
a-11 10-20  10-20

'ID—N‘ 0-40 40-50

AHGIAAR ANGULAR ROUND ROUND ROUNMD ROUND

1745 881
35 35

WHERE;

Wo = FRACTURE WIDTH AT WELLBDRE, INCHES
om G = INJECTION RATE, BARRELS PER MINUTE

azs
3z

1 rin POOLLEN, TINSLEY, SAUNDERS, SPEC, AMME, TP 890 -0, DALLAS. OCT. 1857

127 453 (UNDEA NO LOAD}
3% 32 (UNDER KQ LOAD|

H = VISCOSITY OF FLUID IN FRACTURE, CENTIPOISE

Hayg = 47800 K; 140.4 O/ w2 qjn— 1. CENTIPOISE

Lo t = LENGTH OF ONE FRACTURE WING, FEET
. W = HEIGHT OF FRACTURE, FEET
0.26 E = YDUNG'S MODULUS, PS
coadat E
& = SHEAR MODULUS = 33— PSI
Y

v = POISSON'S RATIO, |ASSUMED TO BE 0.26 FOR
.08 2HO HALF OF EON 4.}

Lx = DISTANCE FROM WELLBORE ALONG A FRACTURE
OF HALF LENGTH, L, FEET

17 Wizl = WIOTH OF FRACTURE AT DISTANCE Lx FROM
i WELLEGRE. INCHES
R = RADIUS OF FRACTURE, FEET

«ABE

r = RADMAL DISTANCE TD A POINT IN A FRACTURE OF

A8 RAOMS R, FEET

PRODUCTIVITY INCREASE FOR HORIZONTAL FRACTURES
[AFTER HGWARD & FAST)

0y = PRODUCTIATY AFTER FRACTURING mmsEns
Qg = PRODUCTIVITY BEFQRE FRACTURING / isloﬁ
§jWy = FAAGTURE CONDUGTIVITY, s 1t
o oARcY~Fr ! 50%4
Dihl, = FORMATION CONDUCTIVITY, — 0
DARCY-FT pe= r
1y = 467 FT {20 ACRE}
v = CISFT ; rofeg = 1268 2] L] 0%
71 L ]
"f/ :I(—)%
'
Vs '/ il 20%.
£ *
A 10% ]
AT FRAGCTURE PENETRATION|
% OF DRAINAGE RADIS)
H— 5ty = 100 T-n-n-
L [l Lt 3
1 i0 100 1000

CONDUCGTIVITY RATIO, kiWy/lkh), DIMENSIONLESS

5/8% HAC

@




Formation Properties

‘ Young's Perm
Depth Ilndulu-‘KE) Poisson's {AIr)  Poronily (¢)
Formation ) Locstion {x 10%) Ratio md %

Arbuckle Lime 3688-92 Kay Co., Okia, 3.99 0.350 0.03 4.8
Austin Chalk 2319-2582  Caldwel! Co., Tex, 2.38 0.276 0.03 17.6
Aux Vases 2010-19 Lawrence Co., i, 6.03 0.274 <0.01 5.5
Bartiesville 1300 Washington Co., Okla. —_ -~ 0.08 1A
Bartiesville 79800 Cleveland Co., Okla. €.80 0.124 1304.00 16.6
Bartlesville 8301 Canadian Co., Okla, 480  0.144 770 118
Bartlesvilie _ Greenwood Co., Kan. 2.27 ° 0147 0.67 14.5
Basal Atoka 5995-6055  Wise Co., Tex. 13.50 0.200 — —
Basal Quartz 4427-4506 Calgary, Canada 2.08 0.147 0.86 13.4
Benoist 1961-85 Marion Co., IlI. 3.89 0.176 12.90 13.1
Benson Sand 4373-74 Lewis Co., W. Va, 3.82 0.240 _ —
Bethel 2155-2204  Muhienberg Co., Ky. 513 0.168 137.00 134
Big tnjun {injun) 2297-2514  Roane, W. Va. 3.34 0.107 <0.01 6.3
Bois D’Arc 7826-66 Tulsa Co., Okia. 6.08 0.336 0.08 2.1
Bromide —_ Garvin Co., Okla, 6.18 0.074 0.10 20
Bromide 15,000 Grady Co., Okia. 8.10 0.127 10.60 68
Brown Dolomite 2649-2767 Beckham Co., Oklia, 7.50 0.308 0.01 4.8
Buda Lime 5969-6084  Frio Co,, Tex. 3.75 0.245 <0.01 2.1
Buick Sand 3588-996 Canada 3.46 0.233 —_ —_
Burbank 2920-30 Osage Co., Okla. 2.96 0.107 0.06 13.1
Caddo Conglomerate 4132-70 Parker Co., Tex. T 2.98 0.192 0.18 111
Canyon 6725 Crockett Co., Tex. 4,83 0.125 <0.01 71
Canyon 6461-27 Irion Co., Tex. 579  0.131 1.00 106
Cherokee Sand 4942-58 Woods Co., Okla. 6.45 0.230 e —_
Cleartork 5541-5761  Ector Co., Tex, 5.81 0.340 <0,01 11.8
Clearfork Dolomite 6400 Lea Co., N. Mex. 9.25 0.238 <0.01 2.8
Cilearfork (Upper) 6718 Yoakum Co,, Tex, B.85 0.226 <0.01 3.0
Clearfork {Lower) 3074-75.2 Howard Co., Tex, 5.85 0.240 <0.01 71
Cleveland 5603-19 Garfield Co., Okla. 245  0.047 011 10.2
Ciinton Sand 3234-3310  Ashtabula Co., Ohio 412 0.086 — —_—
Clinton Sand 5395 Stark Co., Ohio 8.10 0.087 —_ —_
Cochfan 8533 Eddy Co., N. Mex. 428  0.094 <0.01 3.4
Cotton Valiey {Sexion) 8993 Claiborne Par., La. 2.61 0.016 0.28 8.7
Cromwell 3096-3135 Coal Co., Okla. 0.76 0.144 0.14 12.4
Cypress 2472-84 White Co., lll. 412 0.145 14.70 14.5
Dakota 6076-6118  San Juan Co., N. Mex. 266  0.163 0.24 75

{Continued)
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Formation Properties (Continuad)-

Young's Perm
Formation D(.I’I’)m tocation HT:TS:)(E) Po;':u‘?;\ K (:iu? Poro:i:j @
Mississippian 9245-319 San Migue! Co,, Coio. 5.65 0.220 0.03 B.3
Morringsport 4589 Sabine Par., La, 3.45 0.282 0.24 11.1
Morrow 9105-28 Blaine Co., Okla, 499  0.120 0.28 120
Morrow (Upper) 8924-27 Lipscomb Co., Tex, 6.75 0.126 <0.01 6.3
Morrow Lime 15,011-101 Lea Co., N. Mex. 6.50 0.190 - _
Mt. Simon Sand 2952-89 Cass Co., tnd. 536 -~ 0.180 79.80 13.8
Muddy 6907-31 Campkbell Co., Wyo. 1.96 0.143 10.70 18.3
Nacatoch 1510 De Soto Par., La. 5.96 0.110 0.02 15.7
Nacatoch 4596-4647  Jack Co., Tex. 1.15 0.330 2.60 24.9
Navario Sand 3474 Mitam Co., Tex. 1.60 0.200 — _
Navarro Sand 3733-3853 Webb Co., Tex. 7.57 0.230 <0.01 1.4
Newburg 5370-5430  Mercer Co., Penn, 2,53 0.261 — —
Oriskany 5039 Potter Co., Penn. 742  0.204 — —
Oriskany 6000 Potter Co., Penn, 4,50 0.262 0.03 3.5
Osborne §5221-54 MeClain Co., Okla. 4.35 0.084 0.32 10.4
Oswego Lime 4296-4318  Garfield Co:, Okla. 435 0.260 - 0.1 6.2
Page Sand 6145-53 Harrison Co., Tex. 3.03 0.118 18.00 . 157
Penrose 875 Chaves Co., N. Mex. 228 0150 <0.01 3.0
Penrose Queen 3569 Lea Co., N. Mex. 3.01 0.089 0.02 6.8
Phosphoria 8744-54 Wyo. 2.66 0.185 0.38 13.4
Queen 1633-50 Howard Co., Tex. 1.38 0.123 0.13 16.3
Queen 3812-13 Lea Co., N. Mex, © 218 D.116 —_ —
Red Oak ©474-6641 Latimer Co., Okla. 2.04 0.115 0.81 131
Redfork 1915-22 Tulsa Co., Okia. 2.89 0.106 0.41 1341
Rodessa 9425-55 Jones Co., Miss, 1.37 0.137 185,10 19,7
San Andres 3348-60 Chaves Co., N. Mex. 4.44 0.207 0.10 6.9
San Andres 1833-69 Crockett Co., Tex, 2.30 0.220 —_ -
San Andres 2189-99 Howdrd Co., Tex. 4.87 p.228 0.87 12.8
San Andres 3012-16 Ward Co., Tex. 6.40 0.260 0.03 6.3
San Andres 5228-68 Yoakum Co., Tex. 6.19 0.375 — —
San Andres Lims 4533-47 Lea Co., N. Mex, 7.86 0.283 0.16 8.3
San Cristobal 6679 Foiche Fid., Peru €.70 0.340 —— —
San Miguel 1698-1748  Maverick Co., Tex. 4.67 0.242 0.02 4.2
San Migue! 2743-44 Zavala Co., Tex, 2.35 0.156 -— —_—
San Migue} 2748-49 Zavala Co., Tex. 1.44 0.262 0.03 4.2

Second Frontier 7315-55 Sublette Co., Wyo. 1.52 0.110 0.10 12.4
' ‘ (Continued)







Wyoming -Design;ﬁzted Dn ver

STAY CALM & FRAC ON !!!




