
•SJ PTTC

West Coast Resource Center

Problem Identification Workshops

I November 20,1996

II November 25,1996

III November 26,1996

Red Lion Inn

Bakersfield, California

Petroleum Club

Long Beach, California

Double Tree Inn

Ventura, California

Jointly Sponsored by:

Petroleum Engineering Program, University of Southern
California

SPE San Joaquin Valley Section
SPE Los Angeles Basin Section

SPE Coastal Section

California Independent Petroleum Association
Tidelands Oil Production Company

Pacific Operators Offshore

BE



Table of Contents

Item

Workshop Summaries

Meetings:

Bakersfield

Agenda
List ofparticipants

Participants Response

Long Beach
Agenda

List ofparticipants
Participants Response

Ventura

Agenda
List ofparticipants

Participants Response

PTTC

L What is PTTC?

2. West Coast PTTC staff contacts

3. West Coast PTTC Advisors

4. West Coast PTTC PAG Members

DOE R&D Program

Report from previous Problem ID Workshops

Technical Papers

Case Studies of Successful Horizontal and Multilateral Drilling
Dr. George Cooper, UC Berkeley and LBL

Recent Advances in Estimation of Porosity and Detection of
Hydrocarbons in Cased Holes
Dr. Dan Moos, Stanford University

Page Number

ui

1

2

3

5

36

37

38

40

53

54

55

57

73

74

76

77

80

83

91

99

120



t-1

Problems and Opportunities in The Development ofHydrocarbon 152
Resources in the Diatomites

Dr. TadPatzek, UC Berkeley and LBL

Novel Sand Consolidation CompletionTechnique Using Alkaline 209
Steam Injection in the Tar Zone, Wilmington Field
David K. Davies, DavidK. Davies andAssociates; P. Scott Hara and
JuliusJ. Mondragon, Tidelands OilProduction Company

Idle Well and Well Abandonment Issues 223

Mike Glinzak CADOGGR

New Interfaces for the On-Line Oil and Gas Database 250
JeffWagoner, LLNLandShahedMeshkati, USC/PTTC

fHJ

Development and Operations Under Environmental Constraints 283
Paul Mount, ChiefofMineralResources ManagementDivision
State Lands Commission

Multimedia and Petroleum Tech Transfer 303
MarkKapelke, Vice President ofTidelands OilProduction Company
and The PAG Vice Chairman

Problems and A Potential Solution to Excess Water Production from the 317
Turbidite Sands, The Caipinteria Field
Steve Coombs, Pacific Operators Offshore, Inc.

1^ DOE's Oil Technology RD&D Program in California 352
Norman Goldstein, LBNL

(an,

n

n

11



Workshop Summaries
tm

The West Coast PTTC conducted three Problem Identification Workshops during
November 1996. List ofparticipants for all three workshops are provided in the
corresponding sections.

n The first workshop was held in Bakersfield, California onNovember 20^andwas
attended by 66 professionals from operating, service companies and various regulatory
and private agencies. The format ofthis workshop consisted ofseven presentations, two

« luncheontalks followed by four breakout sessions in the afternoon.

The bulk ofthe discussions centered among the selected topics, directional drilling,
detection ofhydorcarbons behind pipe, development ofhydrocarbon resources in
diatomites, andsand consolidation techniques.

Furthermore, issues related to idle well and well abandonment were reviewed by
representatives from theCalifornia Division of Oil, Gasand Geothermal Resources.
Additionally, the capabilities ofan on-line oil and gas database were presented by the
developers ofthe system from the Lawrence Berkeley National Laboratories. Finally a
review ofDOE sponsored projects for the oil and gas industry was made tofamiliarize
theaudience with theopportunities for cooperative work.

The workshop was repeated, with some minor modification in the technical presentations,
„ in Long Beach and Ventura on November 25^ and 26^, respectively. The Long Beach

meeting had52 andtheVentura meeting had 51 attendees.

From the discussions generated at the break-out sessions, the moderators prepared
summaiy reports which were presented at the meetmg. Based onthe comments from the
partcipants, the workshops were successfiil to initiate discussion onsome critical issues
ofinterest to oil and gas producers and inparticular tothe independents.

The problem identification workshops are a stepping stone to the more focused forums on
individual technical subject addressing the advances intechnologies and their
applicability to marginal wells and fields.

P-t
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Agenda

Moderator: Les Clark, lOPA

Presentations:

9:30 Case Studies of Successful Horizontal and Multilateral Drilling
Dr. George Cooper, UC Berkeleyand LBL

9:50 Recent Advances inEstimation ofPorosity and Detection ofHydrocarbons in
CasedHoles Dr. Dan Moos, Stanford University

10:10 Problems andOpportunities in theDevelopment ofHydrocarbon Resources in
TheDiatomites Dr. TadPatzek, UC Berkeley and LBL

10:30 Break
P-|

10:45 Novel Sand Consolidation Completion Technique Using Alkaline-Steam
Injection in The Tar Zone, Wihnington Field ScottHara, Tidelands Oil
Production Co.

11:05 Idle Welland WellAbandonment Issues Mike Glinzak, CADOGGR

11:25 New Interfaces for the On-Line Oil and Gas Database
JeffWagoner, LLNL, andShahedMeshkati, USC/PTTC

n 11:50 DOE'S Oil TechnologyRD&D Programin California Norman Goldstein

12:00 Luncheon

^ PTTC and Oil & Gas Producers Chris Hall, PAG Chairman

Producers Point of View Dan Kramer, Executive Director, CIPA

1:30 p.m.-3:00 p.m. Workshop Sessions

Multimedia and Petroleum Tech Transfer Mark Kapelke, Vice President of
Tidelands Oil Production Co., and The PAG Vice Chairman

Q & A on EnvironmentalRegulations - Well Abandonment
Discussion Leaders: Mike Glinzak CADOGGR, Patty Gradek and
Jim Haerter, BLM Moderator: Kent McBride

Point/Counter Point onHorizontal/Multilateral Drilling
" Discussion Leaders: Dr. George Cooper. UC Berkeley/LBL and Eric Upchurch,

THUMSLong Beach Co.

Point/Counter Point onEstimation ofOil Behind Pipe
Discussion Leader: Dr. DanMoos, Stanford University andScott Walker,
Tidelands Oil Production Co. Moderator: Buz Delano

Point/Counter Point on Diatomite

Dicsussion Leader: Dr. TadPatzek, UC Berkeley
Moderator: Kyle Koerner

3:00p.m.-3:30 p.m. Summaryand Wrap-Up Dr. Iraj Ershaghi, USC/PTTC
Reports from workshops/Upcoming Events



BakersfieldAttendees List

Attendee Name Company Name

f*t
Adams, Randy CDOGGR

Akkutul, Yucel University of Southern Califor

pin

Aube, Kart

Bilodean, Bruce

Pacific Gas & Electric

Chevron USA Production Co.

Bopp, Hal CDOGGR

fW!l Brannon, Ed CDOGGR

Bronson, Jon University of Southern Califor

Cales, Geny

Chaudry, Vic

Chevron USA

Bechtel Petroleum

Clark, Dave CDOGGR

PHI Clark, Les lOPA

Clifford, Jim Geo Drilling Fluids

Cooper, George

Crawford, Tim

University of California Berke

Arco Western Energy

Dean, Greg B. J. Services

pw| Degenhardt, Kalon Texaco

DeRose, Bill Bechtel

Dunbar, Walt

Duncan, James Griffin & Cam'ck

Duncan, Paul M. H.Whittier Energy LLC

p-i Ershaghi, Iraj University of Califomia

Ganong, Dick Ganong Oil & Gas Operation

Glinzak, Mike CADOGGR

Glinzak, Mike CDOGGR

Goldstein, Nomian E. Lawrence National Lab Berke

m Grader, Patty Bureau of Land Management

Haerter, James Bureau of Land Management

Haerter, Jim Bureau of Land Management

Hall, Chris Drilling Production CoTPAG

Handlin, John Arco Western Energy

Kara, Scott Tidelands Oil Production Co

Holcomb, Silvet Bureau of Land Management

m Horace, Charles

Tuesday, April 01,1997
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Attendee Name Company Name

Kapeike, Mark Tidelands Oil Production Co
I"!

Katragadda, Dave Bechtel

Kharabaf, Hooshang University of Southem Califor

Knauer, Larry

Koemer, Kyle

Bechtel Petroleum

Kramer, Dan ClPA

Marino, Tony Arco Westem Energy

Martin, Mike P. G. & E.

P-l Mayer, David F. System Tech.

Meshkati, Shahed USC/PTTC

Pn
Moore, David Bechtel

Moos, Dan Stanford University

O'Brein, Freda O.Y.Y

O'Bryan, Patrick L Arco Westem Energy

Palermo, Rot)ert System Technology

pw) Patzek, Tad University of California Berke

Pierson, Raymond Epoch Well Logging Inc.

Prude, Jeff Bureau of Land Management

Ryail, Phil Stockdale Energy

Ryan, Kevin Berry Petroleum

1-1
Schwalm, Jeffrey Dynamic Graphics, Inc.

Seymour, Bradley Williams ToolCompany/Ener

Shaudery, Vic Bechtel Petroleum Operation

Snow, Lysle Commander OilCompany, O

Starclier, Mark Bechtel Petroleum

Thomsen, Mark Mobil Oil

Upchurch, Eric THUMS Long Beach Compa

Urdaneta, Alfredo CalResources

Verrier, Carol Bureau of Land Management

Wagoner, Jeff LLNL

(Wf Waldo, Lyndon Texaco

Walker, Scott Tidelands Oil Production Co

Weyland, Ginny Elk Hills

rw)
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

. What is your position at your company? 00oloQ

2. Where is your main production or the production you are associated with?
ou

fHl 3. How did you find out about this workshop? 3up6rVItxf^

PH

ri

f*!

p-i

4. What particular topic(s) did you find relevant and beneficial in this
w^hop? \\on20rrb-i- ^

5. How can this problem identification workshop be improved? L_) ]0tci it

6. What additional topics should be included in future workshops? , ^
dounhoU- cV^em iol^ ^

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

2. Where is your main production or the production you are associatedwith?

3. How (M you find out^
j<7-e

4. What p^cular topic(s) did you find relevant and benefic^ ia^sworkshop?^^^^ ^

5. How can this problem iderofication wori

JIjmM Am ^ ' - >/

). What additional l^lcs i

1. Wnat would you suggest as alternative methods for problem
identification?

U/thJ^

in flitoe workshop^

Additional pomments: , . ~~f 0
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your mainproductionor the production you are associated with?

3. How did you find out about this workshop?

^ ^ P^-vc ' J- 3h a

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

5. How can this problemidentification workshop be improved?

6. What additional topics shouldbe included in future workshops?

7. What would you suggestas altemative methods for problem
Wanlficadon? . > \> lr« k

8. Additional comments:



PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

ile<^7crrs Te.cU^:cJ-

2. Where is your main production or the production you are associated with?

/f/f o-t CA /fK

m 3. How did you find out about this workshop?

/iaU^r

4. What particular topic(s) did you find relevant and beneficial in this
^ workshop? il r r: ^ :•

f . •

•y , . , /

I Y^aJr-i A; C-

rwi

IS-)

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?
.. t •»

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:

T '-.T
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is yourmainproduction orthe production you are associated with?

^
3. How did you find out about this workshop?

4. Whatparticulartopic(s) did you find relevant and beneficial in this
workshop?

1-1

|W)

p-1

5. How can this problem identification works^p be improved? - .

/

6. What additionaltopics should be includedin future workshops? ,
ClST^/^/fXl/KSt I/}

7. What would you suggest as altemative methods for problem
identification? . /i - ^

SuuveM (S
SoUt^^uiA lOi-fh ^piS4io

cPuiuu. f: ^.
8. Additional comments:

Xn~jm^ -MofA. -M
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is yourposition at your company?

\ Cr x-rz ,

2. Where isyour main production or the production you are associated with?

3. How did you find outabout this workshop?

P«n

r-11

rmj

4. What particular topic(s) did you findrelevant and beneficial in this
workshop?

/ ^ ^ * r d / /On <r

PH <w

:^Vr"V- . r , O' *• - r.QfiLa.
/ ; /

5. How can this problem identification workshop be improved?
~ ^ oi.*./"'•-c_ O— yy^o ye ~

6. What addition^ topics should be included infuture workshops?
Oav2- An

l^^yf''h^hza'ho<^ (7- r^-r' "fZ. -f^'cS

v/:>r •>p •> - - ••>

H'OT?. r^ar- 5 iff c V^r-e <7 C,j>. J
7. What would you suggest as altemative methods for problem ^
identification? / .

^j-jy t : « i •/N \ t^'J / t \ • _ ^ V »

rc.,e, op^ct^s -f" f-r-
8. Additional comments: ' \

Cr^r^c.'^ ^ •"•

A -/-O • ^ /• . c'
• '^ fo:- ^ -' r,..

•1
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is yourmainproduction or theproduction you are associated with?

5^/1/

3. How did you find out about tliis workshop?

4. What particular topic(s) did you findrelevant and beneficial in this )
workshop?

5.How can this problem identification workshop beimproved? y ^

6. What additional topics should be included in future workshops?

7. What wouldyou suggest as dtemative methods for problem

8. Additional comments:

/dfjo,
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?
A/

I
2, Where is your main production or the productionyou are associated with?

3. Howdidyou find out about this workshop? i ( .

PqvmU6u14 '] ,^^0 Wom-J .
4. ^at particular topic(s) did you find relevant and beneficial in this
workshop;?^^j^ tjcd (JiaeT

5. How can this problem identification worlcshop be improved? i -5^ ^"
PcfKof^) 0"+^^^ +u^ cjUe^taM^ 4lie- ^
' a^cs.i'-. (Jiey \ \X>) ^

6. What additional topics should be included in fiiture workshops?

7. What would you suggest as alternative methods for problem

^ Til ^ • J-
v)V\t,V (3<rcylc. iec pablc^J

8. Additional comments:
>

identification? , ^ ^ , rKk iA^^'k{icJ ^

' T, , rVv,c^. »v,.'
f-

( ^ ^C.c\ la^,- u I i

j uLc
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

o-iJ ip>

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
f** workshop?

P-J

(W!)

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

7. What would you suggest as alternativemethods for problem
identification?

8. Additional comments:

13
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

3. How did you find out about this workshop?

.4. What particular topic(s) did you find relev^t and beneficial in this

AxAU , ^ _T^U>^<^o CD

5. How can this problem identification workshop be improved?

6. What additional topics shouldbe included in future workshops?

^ uvlkV»

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments: /C ^ k A . »/tr-ua wrISIvip H piirVMN

14
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is yourmain production or the production you areassociated with?

- Su ^ Co AtL.' , Los"^

3. Howdid you find out about this workshop?

lONrS TO S6v4/Via-^C_

4. Whatparticular topic(s) did you find relevant and beneficial in this
^ workshop?

M ui A) ^ o^ ^ \ -p i-.-TTi tc \ f=e>,

5. How can this problem identificaSoiTworkshop be improved?

J fcUhC> "I'̂ O 'MP\J 0^

fS9|

PWI

I i '"^L.

6. What additional topics should be included in fixture workshops?

QMi(VL-^ry ^ ci^NJTCou
4 tyTkO^iot -•••> t
7. What would you suggest as alternative methods for problem /fp^^ ^^tXS k
identification? -

\/v 1Wlo''^ Ufh OF yod Ndt'.-ti.

PS|

psi

Co .M ^j-p-

8. Additional comments:

15
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

3. How did you fmd out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
r«t workshop?

(W(

f-n

n

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

16

7. What would yousuggest as alternative methods forproblem
identification? - y / y y^

8. Additional comments:
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

3. How did you find out about this workshop?

w ^

4. What particular topic(s) did you find relevant and beneficial in this

r-i

fS9t

pel

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

/UaAA^^^

8. Additional conunents:

17
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Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

. Pe^ ©-i6)

pn

pw|

r-\

2. Where is your main production or the production you are associated with?

^ j ,

3. How did you find out about this workshop?

KIML'

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

i«5a) oja -u^i<s
5. How can this problem identification workshop be improved?

•TOPIC'S UiUI'^ ^ Tto ;
It- 66oio^y

6. What additional topics should be included in future workshops? _

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:

^ ^ Liv\Tr tiHC
^vii^et4e^ts, ~ Sivyt. TO

' v^lSt CP/^ no Kofe



n

p«^

P-!

P«1

m

pf|

PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associatedwith?

3. How did you find out about this workshop?

p/h ^ —

4. What particular topic(s) did you find relevant and beneficial in this
workshop? , ^

5. How can this problem identification workshop be improved? ^
CojOy j'O

6. What additional topics should be included in future workshops?

X'r^/PS/'.

Wi

fM?)

P*1

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:

19
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PTTC West Coast Resource Center

Bakersfield Probiem Identification Workshop Evaluation Form

1. What is your position at your company?

\

2. Where is your main production or the productionyou are associatedwith?

PS, 3. How did you find out about this workshop?

7^ A/f/^ ^ -

4. What particular topic(s) did you find relevant and beneficial in this

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments: /L/y6ej^^ 7^
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is yourposition at your company?

2. Where is yourmain production or the production you areassociated with?

Uj^lU

3. How did you find out about this workshop?

4. Whatparticular topic(s) did you find relevant and beneficial in this
M workshop? ^ Cyir<^)

f«!

pif|

5. How can this problem identification workshop be improved?

fW\

ps!

6. What additional topics should be included in future workshops?

7. What wouldyou suggest as alternative methods for problem
identification? c;>/ >)/vr/ ^ ^ ^ -r

C^J^^T^/vTiT r I

8. Additional comments:

<x gc)^ -I^sr-3 9J>^

21
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at yourcompany?

2. Where isyour main production or theproduction you are associated with?

« O/'C

^ 3. Howdidyou find out aboutthis workshop?

/y/f/u

4. Whatparticulartopic(s) did you find relevant and beneficial in this
»oricshop?

5. How can thisproblem identification workshop be improved?

6. What additional topics should beincluded in future workshops?

7. What would yousuggest as alternative methods forproblem
identification? ^ -

8. Additional comments:

22
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is yourposition at your company?

2. Where is your main production or the production you areassociated with?

/vfl-1 , Id ^
3. How did you find out about this workshop?

PL

4. What particular topic(s) did you find relevant and beneficial in this
workshop? j

5. How can this problem identification workshop be improved?

(*•!

f-l

("1

r-i

psi

P*I

P-I

6. What additional topics should be included in fiiture workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:

23
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PTTC West Coast Resource Center

Bakersfieid Problem Identification Workshop Evaluation Form

1. What is yourposition at your company?

2. Where is yourmainproduction or the production youare associated with?
•CcfiTT, Co.

3. How did you find out about this workshop? f\ /] k

CoiuiMK^

4. What particular topic(s) did you find relevant and beneficial in this
workshop? Uk.

5. Howcan this problem identificationworkshop be improved?

6. Whatadditional topics should be included in future workshops?

7. What wouldyou suggest as alternative methods for problem
identification?

8. Additional pomments:

24
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?
•p ; - ^
MA-mw U • t-N/A>ov*AT\ nf4 ^ 0^ I \) \jTf\rtt

2. Where is your main production or the production you are associated with?

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop? HxtC?.

5. How can this problem identification workshop be improved?
cJ\st.vjssio-s VSrvcj

6. What additional topics should be included in fixture workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:

25
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is yourposition at your company? SaW. r

2. Where is your main production ortheproduction you are associated with?

Saiv\

^ 3. How didyou find out about this workshop? t,

fS*|

P-)

f»?|

n

r«i

4. Whatparticular topic(s) did you find relevant and beneficial in this
workshop? \ J l_"

VbTi^nlal welW ^ savxA

5. How can this problemidentificationworkshop be improved?

LovTGje.c plo-vineck —coYicarrc^"^

6. What additional topics should be included in fiiture workshops?
l/JasW. QaxioMieA \\0\2,
DriUiV\^ rwucis ^WW-^A Tf\^r^carlp«'v\

7. What would you suggest as alternative methods forproblem
identification?

No \o "TO pzaple

8. Additional comments:

~T\*s oxss. a wez.{iv\^

26
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaiuation Form

1. What is your position at your company?

1

fineer

2. Where is your main production or the production you are associated with?

Mt c(od^{^ -SZ//-7 3C~/

3. How did you find out about this workshop?

See-

4. What particular topic(s) did you find relevant and beneficial in this
workshop? a « / , .

Jy / re,

9wr-» 20/0*^-^ /
5. How can this problem iaentification workshop be improved?

l/^ cs' ^ rvcA^s

6. What additional topics should be included in future workshops?
^ os'isU

^pnt-ctfcatj
7. what would you suggest as altemative methods for problem
identification?

StAnJe^ys

8. Additional comments:

27
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associatedwith?

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

^/V7CVu.*^^e—

5. How can this problem identification workshop be improved?

fwcesi ^ p>iAfz//sa^k
6. What additional topics should be included in future workshops? ^

7. What would you suggest as alternative methods for problem
identification? 4o do ^

OiJjn^Ul Ef^ccess^ -fir sth^^Jcieetsn-i^7 ttirrnr^wy ^ - » -

, Mtno yvutl /z- .

8. Additional pomments:

T!ol/K peopU. iMi Atn. JciKMS&tv^ J/susS'"'
^ 7iektx^(oe.j

e/c. ) ^ -(kai'UU^.
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

/V ""6^ «j ifvi n/V ^V

f?-i 3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
^ workshop?

• 1% t»s. '\T> *O- «—sA-V v>^ #V «FV—

5. How can this problem identification workshop be improved?

|Wf

r-f

6. What additional topics should be included in future workshops?

PI <_ «-Aa—^
-w

a oe mciuaea m ruuire worKsnopsr /\

r-i

7. What would you suggest as alternative methods for problem
identification?

8. Additional pomments:
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
psi workshop?

m\

r-i

F*1

5. How can this problem identification workshop be improved?

Ca.sc riu.d(t^es

6. Whatadditional topics should be included in future workshops?

fAi^irtyu a^cu'/3 ^

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What isyour position atyour company? Pa^ , UL - C .

2. Where is yourmain production or theproduction youare associated with?

Ncnoe.

3. Howdid you find out about this workshop?

X^ov;lTE^ Pr?.i5^ t .

4. What particular topic(s) did you find relevant and beneficial in this
^ workshop?

/Vcu / Vo Qc, ,rL. /tuw .
iio I s uySAJE. l^frc/^.ls5T/^Jq .

Tost neXTioc^ rtA^ioc, Cdtornvt-rr Iio *i«-iS4W.(nnS u/rs.

5. How can this problem identification workshop be improved?
PB1

n

p-1

(W|

pn

6. What additional topics should be included in future workshops?

KeTKHJ-^s y
- perxejoxiA-u FdY?_ St«r*vr .

7. What wouldyou suggest as altemative methods for problem
identification?

8. Additional comments:

1^ KA-A/t-»€- lO -ruj£ CLf^-y^ %T^-r>K>Cy, 2- ^O^F/joq
Tlf€ - "I lETc.. ^ OT/iJev^^lS-£. T;f-£

to U€. Sx.1

2.) . Ge-r A LIST CTF /vpf»u/nri ^»os/ oa^ /e-M/Hu
/v??T>(4^Sse5 t«h^ A-S S/ni«>L^
j+-.*^b'»oc, iVoioji A CXJP fS<rA/^i> l*J "Tir^ »-UN»-Of/aC, ooT
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is yourposition at your company?

di" U.(?' &a;\lcAjkj L(^5nI^
*J O

2. Where is yourmain production or theproduction youareassociated with?

0 0

3. How did you find out about this workshop?

u sc

4. What particulartopic(s) did you find relevant and beneficial in this
workshop? .

. pVQ.d^wAM'.'C-l'b. A

5. How can this problemidentification workshop be improved?

II'wivA^ t£lM

6. What additional topics shouldbe included in future workshops?

7. What wouldyou suggest as alternative methods for problem
identification?

8. Additional comments:
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

3. How did you find out about this workshop?

^jQi/yyyJl ^ OW-i^

4. What particular topic(s) did you jSnd relevant and beneficial in this
workshop?^^^^^^^^ . / xf-

(SSI

n

pffi

n

(WI

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional conmients:
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associatedwith?

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

5. How can this problem identification workshop be improved?

fS,

!*l

m

1-1

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

r-i

m

8. Additional comments:
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PTTC West Coast Resource Center

Bakersfield Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

3. How did you find out about this workshop? ^ ^ ^

4. What particular topic(s) did you find relevant and beneficial in this
workshop? c<»^so•i-e.cA^:-r,

5. How can this problem identification workshop be improved?
a ^gytnbJ (^6^^

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:
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PB1

Agenda

Moderator: Ed Mayer
Presentations:

9:30 Case Studies of Successfiil Horizontal andMultilateral Drilling
Dr. George Cooper, UC Berkeley/LBL

9:55 Recent Advances in Estimation of Porosity and Detection of Hydrocarbons in
CasedHoles Dr. Dan Moos, Stanford University

10:20 Novel SandConsolidation Completion Technique Using Alkaline-Steam
Injection m The Tar Zone, Wilmington Field Scott Hara, Tidelands Oil
Production Co.

10:30 Break

11:00 Development and Operations Under Environmental Constraints
Paul Mount, ChiefofMineral Resources Management Division, State Lands
Commission

11:25 Multimedia andPetroleum Tech Transfer MarkKapelke, Vice President
Tidelands Oil Production Co., and PAG Vice Chairman

11:30 DOE -Industry Partnership Projects in California Norman Goldstein

12:00 Luncheon

PTTC and Oil & Gas Producers Chris Hall, PAG Chairman

Producers Point ofView Dan Kramer, Executive Director, CIPA

^ 1:30 p.ni.-3:00 p.m. Workshop Sessions

Q & A on Envirormiental Regulations
Discussion Leaders: Bruce Hesson, CADOGGR and Paul Mount, SLC
Moderator: Allan Spivak

Point/Counter Pointon Horizontal/Multilateral Drilling
Discussion Leaders: Dr. George Cooper, UC Berkeley/LBL andEric Upchurch,
THUMSLong Beach Co.

Point/Counter Pointon Estimation of Oil Behind Pipe
Discussion Leader: Dr. Dan Moos, Stanford University and Scott Walker,
Tidelands Oil Production Co. Moderator: Mike Bruno

New Interfaces for the On-Line Calif Oil and Gas Database

Discussion Leaders: JeffWagoner, LLNLShahed Meshkati, USC/PTTC
^ Moderator: Dexter Yuen

3:00 p.m.-3:30 p.m. Summary and Wrap-Up Dr. Iraj Ershaghi, USC/PTTC
^ Reports from workshops/Upcoming Events

F*I
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Long Beach Attendees List

Attendee Name

Anderson, Russ

Barto, Craig

Breitenbach, Randy

Bruno, Mike

Cliffbni, Jim

Cooper. George

Crosby, Fredric C.

Delano, Buz

Du, Chang-An

Duda, Cecilia

Emanuel, Alan

Ershaghi, Iraj

Graham, Patrick

Graner, J. B.

Gunkel, Fritz

Hail, Chris

Handy, Lyman L

Hara, Scott

Hassibi, Mahnaz

Hesson, Bruce

Jepson, John

Johnson, Eric

Kapelke, Mark

Kharabaf, Hooshang

Koemer, Kyle

Koemer, Roy

Kramer, Dan

Lanson, Tony

Long, Robert

Mayer, Ed

McGuri<, Scott

Meshkati, Shahed

Moos, Dan

Tuesday, April Oh 1997
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Company Name

Suma Oil & Gas

Signal HiliPetroleum

BreitBum Energy Corp.

TenralogTechnolgoies

GEO Drilling Fluids

University of Beri<eley

Crosby Construction

Petroleum Engineering Progr

Califomia State Lands

Consultant

University of Southern Califor

Graner Oil Co.

Thums Long Beach Compan

Drilling &Production Compa

use

Tidelands Oil Production Co.

use

CADOGGR

D.O.G.G.R

Victory Oil Co,

Tidelands OilCompany

University of Southern Califor

City of Long Beach Dept. of

ClPA

CalResources LLC

Pan Western Petroleum Co.

Consultant

Consultant

University of Southern Califor

Stanford University
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Attendee Name Company Name

Mount, Paul State Lands
rfi

Riva, Steve ASIOCO

Scott, Jannes PacificEnergy Resources

P-, Shah, Dhannen

Smith, Linda Texokan Exploration Service

PI
Spivak, Allan Intera

Sullivan, Dennis City ofLongBeach Dept.of

Swanson, Glenn Intera

F*1 Torabzadeh, Jalal California State University Lo

Voelker, Ronald Keystone Oil Co.

psi
Voskanian, Marian California State Lands Comm

Wagoner, Jeff LLNL

Walker, Scott Tidelands Oil Production Co

fW) Washbum, Halbert BreitBum Energy Corp.

Webster, Mark Signal Hill Petroleum

Yang, Zhengming use

Yoelin, Shetwin Consulting Engineer

Young, Richard Pacific Energy Resource
f!*| Yuen, Dexter State Land Commission

fW1

rn

TuesdcQfj April 01,1997

PW)
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PTTC West Coast Resource Center

Long Beach» Nov. 25,1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

p-1

fW1

(W1

f8l

r-?!

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional commejtits:
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PTTC West Coast Resource Center

Long Beach, Nov. 25,1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production orthe production you are associated with?

3. How did you find out about this workshop?

^ Spe N<MrlaJt^

m 4. What particular topic(s) didyou find relevant and beneficial m this
workshop?

^11

5, How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

^ tjrf^ ^

1, What would you suggest as alternative methods for problem
^ identification?

8. Additional comments:
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PTTC West Coast Resource Center

Long Beach, Nov. 25,1996

Problem Identification Workshop Evaluation Form

1. What is your position at your company?

0(yO

2. Where is your main production or the production you are associated with?

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop? '—\

Cd> —.

PI

rat

P«1

fwi

pwi

pit

5. How can this problem identification workshop be improved?

/J^o <r/= T

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:
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PTTC West Coast Resource Center

Long Beach, Nov, 25,1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is yourmain production or theproduction youare associated with?

3. How did you fin^ out about this workshop?

4. What particulartopic(s)did you find relevant and beneficial in this

5.Howcanthis problem identification workshop^e improved?

6. What additiondtopiw should be inclucl^ in future workshops? ^

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments
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PHI

PTTC West Coast Resource Center

Long Beach, Nov. 25,1996
Problem Identification Workshop Evaluation Form

^ 1. What is your position at your company?

2. Where is yourmainproductionor the production you are associated with?

^<3

3. How did you find out about this workshop?
*

"5/2. '(TC?

(SI

PI

p-»

fW!

4. What particular topic(s) did you find relevant and beneficial in this
workshop? .

10^

5. How can this problemidentification workshop be improved?

6. What additional topics should be included in fixture workshops?

<£>f- 5e^ S Si eSkKfS' *
7. What would you suggest as alternative methods for problem
identification?

(9- p C - OAJ u>^ O

8. Additional comments: ^
Sis^c^^ .
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PTTC West Coast Resource Center

Long Beach, Nov. 25» 1996

Problem Identification Workshop Evaluation Form

fii, 1. What is your position at your company?

m

2. Where is your main production or the production you are associated with?

(Si)

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop? / / / //

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

^/)^oc/ic/7c^
7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:

fWl

f?W|
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PTTC West Coast Resource Center

Long Beach, Nov. 25,1996
Problem Identification Workshop Evaluation Form

1. What is yourposition at your company?

2. Where is your main production or the production you are associated with?

3. Howdid youfind out about this workshop?

4. Whatparticulartopic(s) did you find relevantand beneficial in this

5.How can this problem identification workshop be improved?

6. What additional topics should be included infuture workshops?

7. What would you suggest as alternative methods for problem
p-i identification?

[W|

8. Additional comments:
r7

P-l

46



rn

(-1

rn

PTTC West Coast Resource Center

Long Beach, Nov. 25,1996

Problem Identification Workshop Evaluation Form

1. What is yourposition at your company?

Ĉrv2-_ —̂ ^^ '̂V0!/ C^tp y

2. Where is yourmainproduction or the production youare associated with?

(dnrrn k c:e.vLn-i I

3. How did you find out about this workshop?

4. Whatparticulartopic(s) did you find relevant and beneficial in this
workshop?

r-i

f-i

P-j

PH

*o\uik(eLs- 1/l^v 'i- t^l I-fi lial-

5. Howcan this problem identification workshop be improved?

6. What additional topics should be includedin future workshops?
^C& Files: ^ ^ c^p^ya-i r

V\1 Fcii/h£-S j \'ie>LO fvi i-t clA+rx. ptz^v^ ^ Fi(€ ^ coI LI
\>e- ptiV- Aih? lo'iil ir be. acHicd pi^^s ju^+-
7. Whatwouldyou suggest as alternative methods forproblem ^ eI J cU
identification? t 11\ re

K/ h ^ F
r^bte. /rtvi^ is

8. Additional comments:
4n£+i,e.^ ciJce fi-h^ibL')
Cir p-v'£rcLti «::b cvv ajn-f^C ]p\^e£ - 1^117 '
Ajf^tu CM tviF=(^l'e

fi-int-t: A-iedt" V ^ iT vTi vi( '

DvtPpC? «.cr c,i T"
T^iy VicitO ^
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PTTC West Coast Resource Center

Long Beach» Nov. 25,1996

Problem Identification Workshop Evaluation Form

n 1. What is your position at your company?

rwi

fWI

r*!

r-n

(Wl

2. Where is your main production or the production you are associated with?
J>e<v Ct

3. How did you find out about this workshop?

w 4. What particular topic(s) did you find relevant and beneficial in this
workshop?

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

p=n

8. Additional comments: ©«^ej«v / —s
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PTTC West Coast Resource Center

Long Beach» Nov> 25,1996
Problem Identification Workshop Evaluation Form

P-, 1. What is your position at your company?

fW|

2. Where is your main production or the production you are associated with?

Go,

3. How did you find out about this workshop?

^ 4. What particular topic(s) did you find relevant and beneficial in this
workshop?

ISTI

F-l

P91 •

5. How can this problem identification workshop be improved?

6. What additional topics should be included in fiiture workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:
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PTTC West Coast Resource Center

Long Beach^ Nov. 25» 1996
Problem Identifieatioii Workshop Evaluation Form

CT 1. What is your position at your company?

p*l

2. Where is your main production or the production you are associated with?

cy

3. How did you find out about this workshop?

t«1

(—1

rm

fm\ j

1
I

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

5. How can this problem identification workshop be improved? ^

iffional to^^i^^be included in future workshops?

7. What would you suggest as alternative methods for problem ^ ^
identification?

8. Additional comments:Additional comments: , -o-rr^
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PTTC West Coast Resource Center

Long Beach, Nov. 25,1996
Problem Identification Workshop Evaluation Form

1. What is your positionat your company?

2. Where is yourmainproduction or the production you are associated with?

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

" 5. How can this problem identification workshop be improved?
—hiiJL lsxnjL\^ p^AXcxfKti^ ^

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:

51
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PTTC West Coast Resource Center

Long Beach, Nov. 25,1996
Problem Identification Workshop Evaluation Form

^ 1. What is your position at yourcompany?

C n^-ecfry
2. Where is yourmain production or the production you are associatedwith?

7
3. How did you find out about this workshop?

L 0/n ^^ ^ Li
(-1

p-1 4. What particular topic(s) did you find relevant and beneficial in this
workshop?

f[JOO-Z / C,0.^£ol'fclc,ifQA.psi

P*1

m

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

Pell
^ Uco

8. Additional comments:

52
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Agenda

Moderators: Rod Eson, Veneco and Arlie Skov, Consultant
Presentations:

9:30 Case Studies ofSuccessful Horizontal and Multilateral Drilling
Dr. George Cooper, UCBerkeley/LBL

9:55 Recent Advances in Estimation ofPorosity and Detection ofHydrocarbons in
Cased Holes Dr. Dan Moos, Stanford University

10:20 Break

10:30 Idle Well and Abandonment Issues EdBrannon andPat Kinnear, CADOGGR

11:00 Problemsand A Potential Solution to Excess WaterProductionFrom the
Turbidite Sands, The Carpinteria Field Steve Coombs, Pacific Operators
Offshore, Inc.

11:30 Multimedia and Petroleum Tech Transfer and Novel Sand Consolidation
Completion Technique Using Alkaline-Steam Injection inThe TarZone,
Wihnington Field Mark Kapelke, Vice President Tidelands Oil Production Co.,
and PAG Vice Chairman

12:00 DOE-Industry Partnership Projects in California Norman Goldstein

12:15 Luncheon

PTTC and Oil & Gas Producers Chris Hall, PAG Chairman

Producers Point of Viev^^ Dan Kramer, Executive Director, CIPA

1:30 p.m.-3:00 p.m. Workshop Sessions

Q & A on Environmental Regulations
w DiscussionLeaders: EdBrannon and Pat Kinnear, CADOGGR

Moderator: Fariba Niece

Point/Counter Point onHorizontal/Multilateral Drilling
Discussion Leaders: Dr. George Cooper, UC Berkeley/LBL and
Moderator: Steve Coombs

Point/Counter Point onEstimation of Oil Behind Pipe
Discussion Leader: Dr. DanMoos, Stanford University andScott Walker,
Tidelands Oil Production Co. Moderator: Mike Bruno

New Interfaces for the On-Line Calif Oil and Gas Database
DiscussionLeaders: JeffWagoner, LLNL ShahedMeshkati, USC/PTTC

^ Moderator: Harold Syms

3:00p.m.-3:30 p.m. Summary and Wrap-Uo Dr. fraj Ershaghi, USC/PTTC
Reports fromworkshops/Upcoming Events
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Ventura Attendees List

Attendee Name

Andersen, Eric

Basenberg, Cecil

Basenbe^, Jeff

Benton, John

Benton, John H.

Bernstein, Carl

Brannon, Ed

Brierley, Gary

Ciawson, Floyd

Compton, Robert

Coombs, Steve

Cooper, George

Delano, Buz

Downs, Cielland

Ershaghi, Iraj

Eson, Rod

Estill, Wayne

Frame, Tim

Gtddens, Kennit

Gillette, Chip

Hall, Chris

Hara, Scott

Hen^ra, Pat

Hull, Harry

Hunter, III, Kenneth

Hunter, Jr., Kenneth

Janes, Debbie

Kerns, Jeff

Keyes, Keven

Kharabaf, Hooshang

Kinnear, Pat

Lyons, Ed

Meshkati, Shahed

Miiler, Dave

Moos, Dan

Tuesdt^, April 01,1997
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Company Name

GRC Intemational, Inc.

Cbase Corportion

Cbase Corporation

Benton Engineering

Consultant

CADOGGR

Stockdale Oil & Gas, Inc

Ciawson Petroleum Consulta

Nordman, Cormany, Hair & C

Pacific Operators Offshore, I

University of Califomia Berke

GRC Intemational, Inc.

University of Califomia/PTTC

Venoco, Inc.

Drilling, Exploration& Operat

B J Services Co.

West Montalvo Corp.

Venoco, Inc.

Tidelands Oil Production Co

Cal Energy Resources

Cbase Corporation

The Hunter Living Trust

The Hunter Living Trust

Silicon Graphics

Venoco, Inc

Environmental Drilling & Clea

University of Southem Califor

CDOGGR

GMS

University of Southem Califor

CalResources

Stanford University
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Attendee Name

Neese, Fariba

Reeves. Mark

Regeber, Wolf

Romming, Fetter

Rothaupt, Gunther

Schrage, Greg

Shah, Oharmen

Sickles, Kurt

Skov, Artie

Syms, Harold

Tuttle, John D.

Wagoner, Jeff

Walker, Scott

Warren, Phil

Warren, Phillip

Whittaker, Jeff

Tuesdco>, ^prii 01,1997
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Company Name

Seneca Resources

Cal Resources LLC

R & R Resources, LLC

United Energy Inc.

R & R Resources, LLC

Unocal

University of Southern Callifo

Stockdale Oil & Gas, Inc.

Arlie M. Skov, Inc

MMS

Enterprise Drilling Fluids Inc.

aNL

Tidelands Oil Co.

Cat Resources

Cal Resources

Consultant
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PTTC West Coast Resource Center

Ventura, Nov. 26,1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

•6erN»ic^c<?, ^
CA<5c5 J>a«/a>6

3. How did you find out aboutthis workshop?
•TKrough 5^£ /iwdi KeV/Af M'l'ArAS

(«i 4. What particulartopic(s) did you find relevantand beneficial in this
workshop? pnllj^q

UHL Aee^^fs?!

P9|

m

f*i

f-n

en

5.How can thisproblem identification workshop be improved? ,.
servico eompAuies Shvioiht-lr eiipenfMS^* couHo&

dtoUt /l)prK/*^9 ^ "5A-)eS

6. What additional topics should be included infuture workshops?

6tl6/iniQ^

7, Whatwouldyousuggest as alternative methods for problem
identification? NceJ-S {tc^orc titn'

i)JC7fj|C^K>J>'

8. Additional comments:
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PTTC West Coast Resource Center

Ventura^ Nov« 26,1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?
CO. cO.

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

(IS]

I?®)

5. How can this problem identification workshop be improved?

6. What additional topics should be included in fixture workshops?

fJZ^cczvlhhJC /i-J ^ofr- fiooL.

7. What would you suggest as alternative methods for problem
identification? * .

8. Additional coiimients:
m\
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PTTC West Coast Resource Center

Ventura, Nov. 26» 1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?
r^-•' 'J? //; /// ;̂> ^

2. Where is your mainproduction or the production you are associatedwith?

3. How did you find out about this workshop?
//'y -: ' - y y /Vxi!

f««i 4. What particular topic(s)did you find relevant and beneficial in this
workshop?

5. How can this problem identification workshop be improved?

f-H

6. What additional topics should be included in fiiture workshops?

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:

^ ^ - * vl '" y A\ '/^l. /yy
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PTTC West Coast Resource Center

Ventura^ Nov> 26,1996

Problem Identification Workshop Evaluation Form

L What is yourposition at your company?

2. Where is your main production or the production you are associated with?

3. How did you &d out about this workshop?

^ 4. What particular topic(s) didyou find relevant and beneficial in this
workshop?-7^

5. Howcanthisproblem identification workshop be improved?

6. What ad^tional topics should be included in future workshops?

7. What would you suggest as alternative methods for problem
identification?

(3H

fSf)
8. Additional comments:
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PTTC West Coast Resource Center

Ventura, Nov. 26» 1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associatedwith?

3.How did you find ou^boutthis workshop^ y

^TTc. j Us C-.
n 4. What particular topic(s) did you find relevant and beneficial in this

workd»p? OJZ^^l

5. How cm this problem identificatira workshop be improved?

^ (T^ ^ '6. What additionaTtopics shouldve included in future ^rkshops?

f.7yo (S S -2.-e» ^
7. Whatwould you suggestas altemativefaethods for problem . "

<-< identification?

8. Additional comments:

\<ls^ prv~^ .

m

(HH
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PTTC West Coast Resource Center

Ventura, Nov, 26,1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is yourniainproduction or the production youare associated with?

3. How did you find out about this workshop?

C:f^

4. What particulartopic(s) did you find relevant and beneficial in this
workshop?

(S|

tm\

P*i

5. How can tliis problem identification workshop be improved?

6. What additional topics should be included in future workshops?

7. What would you suggest asalternative memods for problem ^
identification?

8. Additional coiamients:
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PTTC West Coast Resource Center

Ventura, Nov. 26,1996

Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associated with?

Ka/^sas, A^ok-th pahCotA

3. How did you find out about this workshop?

PtTc AJ tuss LSTT e Si,

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

I Dl e /o
5. How can this problem identification workshop be improved?

Case. s-ru«/ej
fT e 1= Fe c7-( ufAfoP jk|y<-^ TB^HNOLodttz.

s

6. What additional topics should be includedin &ture workshops?

A/ol/CLL -rp^cA-r/^e/JT

/l£s /H6MT.

7. What would you suggest as alternative methods for problem
" identification? ofK/fAraAS To fuT 7"o44-r/<£«

ro/^At^A/£i fAdJiU 1/-XS. ^ fTl.e.SKtJ7 Ya/K
" S" /h'>4x i'/xco-Ti'"»/«' Tby/ci /•» *• r^f-sr

m.
8. Additional comments:

fwn

Lif.<~L LjCLL LJQ

m

PS!

fan
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PTTC West Coast Resource Center

Ventura, Nov. 26,1996

Problem Identification Workshop Evaluation Form

^ 1. What is yourposition atyourcompany?

Vict lA/e/f-
Pfl

1^

2. Where is your main production or the production you are associated with?

// (4* ai1 ^4j

3. How did you find out about this workshop?

n 4. What particular topic(s) did you find relevant and beneficial in this
workshop?

. EAi ^aIuHuJ

5. How can this problem identification workshop be improved?

Alt

^ 6. What additional topics should be included in future workshops?

A CfltHpyu
(wi . •

7. What would you suggest as alternative methods for problem
identification? .

/v/o optmcns Y^l •

m

fPH

8. Additional comments: ^ pavt •/
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PTTC West Coast Resource Center

Ventura^ Nov> 26,1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main productionor the productionyou are associatedwith?

cA-.

3. How did you find out about this workshop?

^ 4. What particular topic(s) did you find relevant and beneficial in this
workshop?

fW1

5. How can this problem identification workshop be improved?

6. What additional topics should be included in future workshops?

JLt j VU^TTTt AalTfT^M /^PS ^

identification?

^ 8. Additional conmients:

Ai^T~ 'nh¥T' /Vz5:vC- A^E-
HxjT'Am- T7t^



pfl

PTTC West Coast Resource Center

Ventura, Nov. 26,1996

Problem Identification Workshop Evaluation Form

^ 1. What isyour position atyour company?

Pl2«t>ocnONl ^C-nv/£<^

2. Where is your main production or theproduction youare associated with?
uuH'irne<^ Fi&cC) r/ecc /^e.,

' f^£oi>

r*i

n

3. Howdid you findoutaboutdlis workshop?

rm\ 4. Whatparticulartopic(s) did you find relevant and beneficial in this
workshop? ^ ^ /

//6 ^/-^CisiTTH f>yU LLA ^ C—

5. How can this problem identification workshop be improved?

PD<Ni'r G-e-T TTTo

6. What additional topics should be included in future workshops?
- ff^CpxJCpOisl

- cl<y5r- C4Jm^(r

7. What would you suggest as alternative methods for problem
identification?

8. Additional comments:
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PTTC West Coast Resource Center

Ventura, Nov. 26» 1996
Problem Identification Workshop Evaluation Form

1. What is yourposition at your company?

7
r*

2. Where is your mainproduction or the productionyou are associated with?

3.How did you find out aboutthis workshop?

f*' 4. What particular topic(s) did you find relevant and beneficial in this
workshop?

" LL ,, a-

P"!

m

5.How can this problem identification workshop be improved?

6.What additional topics should be included in fiiture workshops?
^o>-'̂ cr

7.Whatwould yousuggest as alternative methods for problem
^ identification?

n
8. Additional conmients:
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PTTC West Coast Resource Center

Ventura^ Nov* 26^ 1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your main production or the production you are associatedwith?

3. How did you find out about this workshop?

4. What particular topic(s) did you find relevant and beneficial in this
workshop?

5. How can this problem identification workshop be improved?

SQ^koH

6. What additional topics should be included in future workshops?

upi/i ccfxztJ—
7. What would you suggest as alternative methods for problem
identification?

8. Additional conmients:
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PTTC West Coast Resource Center

Ventura, Nov> 26» 1996

Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is yourmainproduction or the production you areassociated with?

3. How did you find out about this workshop?

f** 4. What particulartopic(s) did you find relevant and beneficial in this
workshop? ^

j0a»J[

5. How can this problemidentificationworkshop be improved?

6. What ad^tional topics should be included in fiiture workshops?

7. What would you suggest as alternative methods forproblem
identification?

fSl

8. Additional comments: Jk xM PWL 3^4 /*«»-)

C^i if ; \aJ^ ^au/Ae>^ 'zAe ^ duSn ^
^Aitr>aauJ



f=^

\mr\

m

(*1

1*1

PTTC West Coast Resource Center

Ventura, Nov, 26» 1996

Problem Identification Woritshop Evaluation Form

1. What is your position at your company?

p.

2. Where is your main productionor the production you are associatedwith?

CoclsItbJ ^ l/oulUy

3. How did you find out about this workshop?

CouHjU "Brv ^rskA^U

4. What particulartopic(s) did you find relevant and beneficial in this
workshop?

'TTvjz. jOC> ^ UJ>r-k

5. How can this problem identification workshop be improved?

'' cctov/J"
6. What additional topics shouldJbe included in future workshops?

w Lt-f-V lAKVCWfliAjDix^

7. What would you suggest as alternative methods for problem
identification?

rm\

fW|

pfl

8. Additional comments:

tAJorU^f w-ocA
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PTTC West Coast Resource Center

Ventura, Nov* 26,1996
Problem Identification Workshop Evaluation Form

1. What is your position at your company?

2. Where is your riiainproductionor the production you are associatedwith?

3. How did you find out about this workshop?

What particular topic(s) did you find relevant and beneficial in this
workshop?

rwi

PSl

PH

-^6-6-ft. /^6.i€Jor^-rl5A).

-j—OiPCO

5. How can this problem identification workshop be improved?
l^fi. -S3U>3T-\o*0/acAwx I

6. What additional topics should be included in fiitureworkshops?
toAr^; COoDTn^oC, ^

oiAlL^
7. What would you suggest as alternative methods for problem

^ identification?

fci^orw H

8. Additional comments:
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PTTC West Coast Resource Center

Ventura, Nov. 26^ 1996

Problem Identification Workshop Evaluation Form

1. What is your position atyour company?

l)f
2. Where is yourmain production or the production you areassociated with?

3. How did you find outabout this workshop?

0,5.C.
4. What particulartopic(s) did you find relevant and beneficial in this
workshop?

p*|

r*l •

F*1

5. How can this problem identification workshop be improved?

fzJl^
6. What addtional topics should be included infuture workshops?

CvJUH-^ CxjCbo
^ -^MulS AnOO^rpet-Cir^ Ti^S^ •

7. Whatwould you suggest as alternative methods forproblem
identification?

()/3'U?2^ Aaa-za. 3j

8. Additional conunents: >^-T"

J
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Petroleum Technology Transfer Council Mission

The Petroleum Technology Transfer Council (PTTC) was formed in 1994 by
the U.S. oil and natural gas exploration and production (E&P) industry. The
PTTC mission is to identify and transfer technology for the benefit of the
domestic oil and natural gasindustry.

PTTC also transfers upstream E&P technologies to help domestic producers
reduce costs, improve operating efficiency, increase ultimate recovery, enhance
environmental compliance, and add new oil and gas reserves. The Program
identifies producers' priority technical problems and communicates them to the
R&D community. PTTC serves as an integrated clearinghouse for E&P
technology information butit doesnotperform or fimd R&D.

Partial start-up funding has been provided by the U.S. Department of Energy.
Additional fimds come from several state governments, industry, in-kind
contributions from Regional Lead Organizations, and PTTC regional and
national activities. The Board ofDirectors is comprised ofproducers from ten
PTTC regions, with a representative from the Independent Petroleum
Association of America, Gas Research Institute, the Interstate Oil and Gas
'̂ ompact Commission, a major oil or natural gas producing company, a major
service/supply company, and one representative each from the three main
)rofessional societies. The PTTC Board is supported by a headquarters staJff.
h each PTTC region, there is a Producer Advisory Group (PAG) and a

Regional Lead Organization (RLO), operating under contract

Building on the new paradigm in technology transfer, the PTTCs approach is
customer-driven. Problem Identification Workshops have been heW in all
regions to allow producers to identify problems, and set regional technology
transfer priorities. Focused Technology Workshops are being held around the
country to provide producers with cost effective solutions to priority problems.

PTTC Resource Centers in each region provide inter-disciplinary technical
assistance and referrals. The centers have computer equ^ped facilities with
access to data, analytical software, and technology information. PTTC also has
many other outreach efforts in the form of Newsletters, information systems,
technical forums, on-line surveys, feedback mechanisms, and regional user
groups.
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West Coast PTTC- StaffContacts

Prof. Iraj Ershaghi —Regional Director
ershaghi@archie.usc.edu
Telephone: (213) 740-0321
Fax:(213)740-0324fWl

p*l

r-n

(-H

Dr. Hooshang Kharabaf—Manager
hooshang@archie.u$c.edu
Telephone: (213) 740-8076
Fax: (213) 740-7982

Ed Mayer —Consultant
Telephone: (818) 796-4437
Fax:(818)683-3047

Herman Schaller — Consultant

Telephone: (619)721-8033
Fax:(619)721.8033

Shahed Meshkati —Consultant

snieshkat@bcf.usc.edu
m Telephone: (213)740-0016

Fax: (213)740-7982

rw!

m\

Eva Tam —Administrative Budget Assistant
evatam@archie.usc.edu
Telephone: (213) 740-0322
Fax: (213) 740-0324

Maria Valenzuela —Secretary
Telephone: (213) 740-8076

^ Fax:(213)740-7982

p-»

YusufAnsari — Web Master

shiekans@sctusc.edu

Dhannen Shah - Graduate Student Assistant

dharmens@scf.usc.edu
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PTTC West Coast Resource CenterAdvisors

Brown» Susan
CaliforniaEnergy Commission
Telephone: (916) 654-4873
Fax:(916)654-4559

Clarke, Don
City of Long Beach
Telephone: (310) 570-3915
Fax:(310)970-3922

Gilbert, David
CIPA

Telephone: (805)633-3119
Fax:(805)633.3191
email: dgcipa@aol.com

Hara, Scott
Tidelands Oil Production Co.
Telephone: (310) 436-9918
Fax:(310)495-1950

Hesson, Bruce
CDOGGR

Telephone: (310) 590-5311
Fax:(310)590-5301

Kennedy, Jeff
MMS

Trjj VM1 fWUIm W l;
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Telephone: (805) 389-7700
Fax:(805)389-7737

Kramer, Dan
CIPA

Telephone: (916) 447-1185
Fax:(916)447-1144
email:dak@cipa.org

Mayer, Ed
Consultatnt
Telephone: (818) 196-M3H
Fax: (818)<>83-3047

McBrlde» Kent
CCCOGP

Telephone: (805)635-0556
Fax:(805)635-0558
email:concom@bak2Jightspeed

Paul, Robert
MMS

Telephone: (805) 389-7702
Fax:(805)389-7637

Santiago, Ed
CDOGGR
Phone: (310) 590-5301
Fax:(310)590-5301

Sdialler, Herm

J J 1 Jwww ijlu/de] • Jng/ad Jil

11/18/96 7:59 PM



Consultatnt
Telephone: (619) 721-8033
Fax: (<>19)721-8033

Syms, Harold
MMS

Telephone: (805) 389-7710
Fax:(805)389-7737

Voskanian, Armen
MMS

Telephone: (805) 389-7710
Fax:(805)389-7737

KD

Voskanian, Marina
SLC

Telephone: (310) 590-5291
Fax:(310)590-5295
email: vosskanm@slc.ca.gov

Willard,AI
SLC

Telephone: (310)590-5207
Fax:(310)590-5210

Yuen^ Dexter
SLC

Telephone: (310) 590-5419
Fax:(310)590-5295
email: yuend@slc.ca.gov

WWW•f lej ' Jig/ad Jfii

minujiniamiumiCT

11/18/96 7:59 PM



i tuuut..ci nuviauiy vjiuup

12 113 1 2 2 111 ''"^/ww" ""•^du/dr~"~|jeng/r-"jl

PTTC West Coast Resource Center
Producer Advisory Group

Mr, John Benton - Ex Officio

Technical Manager
PTTC

1801Broadway
Suite 1120

Denver, CO 80202
Phone: (303) 293-9933
Fax:(303)295-0065
E-mail: jbenton@pttc.org

oo

Mr. Charles A. Champion

Tower Petroleum Corporation
1556 E. Victoria St.
P.O.B0X 4505
Carson, CA 90749
Phone: (310) 638-4588
Fax:(310)638-1345
E-mail:

Mr. James C. Hall - Chairman

President

Drilling &Production Company
P.O.B0X 4120
2323 Border Ave

r*A OftCAl
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Phone: (310) 328-2405
Fax:(310)328-2407
E-mail:

* AMMuvvi rx\Ario\Jiy VJlUUp

I 3 1

Mr, Mark S, Kapeike - Vice Chairman

Vice President ofEngineering
Tldelands Oil Production Company
301E. Ocean Blvd, Suite 300
P.O.B0X 1330
Long Beach, CA 90801
Phone: (310) 436-9918
Fax: (310) 495-1950
E-mail:

Ms. Deborah Rowell - Ex Officio

Executive Director
PTTC

110116thStreet, N.W.
Suite l-C

Washington, DC 20036
Phone: (202) 785-2225
Fax:(202)785-2240
E-mail:

Mr. Philip L. Ryall

Chairman
Stockdale OH& Gas, Inc.
1400 Easton Drive
Suite 135A

Bakersfleld, CA 93309
Phone: (805) 327-5505

J j '-'̂ V/ww jedu/d Jteng/T Jnl
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Fax:(805)327-8016
E-mail:

Mr. James R. Weddle

San Joaquin Energy Consultants
1400 Easton Drive

Suite 133

Balcersfleld, CA 93309
Phone: (805) 395-3029
Fax: (805) 395-0724
E-mail:

Mr. Kevin G. Williams

Corporate AccountsManager
BJ Services Company
11927 Greenstone Ave.
Santa Fe Springs, CA 90670-4724
Piione: (310) 903-7892
Fax: (310) 903-7895
E-mail:

>an litj j j j j j j lUiywww.iiRi^uAipnt/hjeng/P'
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120 million barrels per year in 2020, resulUng in even higher oil imports.

Additional Online Information

("lO ~ I" »m ~ Buteifc

For More Information:

Tom Wesson
Director

Bartlesville Project Office
U.S. Department ofEnergy
P.O. Box 1398

Bartlesville, OK 74005
Tel: (918) 337-4401
Fax: (918) 337-4418
email: twesson@hpn ynv
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Report from Previous Problem ED Workshops

(Thefollowing isa reportofinformation prepared by the Petroleum Technology Tranter
Council (PTTC) andsubmittedtothe U.S. DepartmentofEnergy through its management
and operating contractor, BDM-Oklahoma Inc^ aspartofPTTC'spartnership inoU and
gas technologytransfer withDOE)

Executive Summaiy

The Petroleum Technology Transfer Council (PTTC) is anational non-profit
organization that serves as the technology clearinghouse for the oiland natural
gas exploration and production industry ~ mainly independents. Its mission is
to accelerate the flow oftechnology information to producers and to provide
input to the technology and research and development (R&D) community
about tiie technical problems, needs, and priorities of petroleum producers.

To help focus future technology transfer efforts on the industry's highest
priority national and regional needs, PTTC - together witii its regional lead

pa, organizations, the Texas Independent Producers and Royalty Owners
Association (TIPRO), and the Kansas University Energy Research Center
(KUERC) —has conducted 32 "problem identification workshops** inten oil
and gas producing regions of the United States. The results of these
workshops, held between 1991 and 1995, are being made available to the
industry technology and service companies, and the R&D community. This

pti should helpaccelerate public andprivate research and
technology transfer efforts toward the highest-priority areas.

The results oftiiese workshops identify a broad array of technical barriers,
technology needs, and related concerns inall categories ofpetroleum
exploration and production (E&P) operations inall producing regions ofthe
natioiL In many ofthese areas, technologies and solutions already exist that can
bebrought tobear toaddress the problems under current economic conditions.
Insome cases these technologies need to be improved to increase their
efficiency or reduce their costs.

These findings underscore aclear and fundamental message previously voiced
by technology transfer smdies oftiie Interstate Oil and Gas Compact
Commission (lOGCC), the National Petroleum Council (NPC), and numerous
other organizations. That message isthat current technology transfer
mechanisms have not been able to increase the awareness, use and adaptation
ofcost-effective technologies by vast segments of the oil and gas producing
industry, andespecially independent producers.
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The results ofPTTC's regional problem identification workshops indicate
^ technology marketing efforts of service and supply companies should take into

account specific regional needs. ThePTTC, NPCandlOGCC smdies reveal
significant problems yet to be addressed by private-sector technology

^ providers, especially in the aiea ofproviding education for the application of
the technologies. The value ofoutreach programs similar to FTIC's regional
resource centers (combining private sector, state and federal government, and

pq universityefforts) is clearlydemonstrated.

These findings makeit clearthatinvestments must continue to be in
m public, private and collaborative R&D for the technologies oftomorrow.

Perhaps even more strongly, these findmgs demand that the industry, public
and private fimders ofresearch, and commercial providers of technology need
to invest in amore targeted and aggressive course of technology transfer. The
mission oftechnology transfer efforts must be to accelerate and expand
producers' awareness, understanding, access to, and acceptance ofcurrent and
emerging technologies that are cost-effective. With technology transfer,
industry can apply technologies toimprove exploration successes, detect

^ bypassed and unswept resources, replace and add new reserves, extend the
^ economic life ofmarginal wells, defer abandonments, and enable the maximum

economic production ofAmerica's oil and natural gas resources while
^ protecting the environment Without effective technology transfer, the full

value ofour public and private sector investments in R&D may never be
realized.

In this report, the results ofthe PTTC workshops have been categorized
presented according to major areas ofindustry oil and gas E&P operations.

PS, These include exploration, reservoir management, drilling and completion,
production, and environmental protection and compliance. The results also
address specific producers' needs for cost-effectiveenvironmental regulation

w and improved technologytransferfimctions.

(*l

tW]

Insummary, the findings ofthe PTTC workshops identify several broad
problems andneeds, including:

Inadequate well and reservoir level geologic and production data, case smdies,
and analogs to enable effective analysis and implementation ofexisting and
emerging technologies. (Example: Significant lack ofproduction histories,
completion data and well records inAppalachian Basin.)

Insufficient producer access to or awareness ofregulations and requirements
for environmental compliance and associated financial liabilities. (Example:
Operators in Pennsylvania were not provided adequate information and
training in preparing operating permits for the new air quality compliance
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regulations. Inaddition, the EPA bonding requirements for underground
injection pennits areonerous andinflexible.)

Insufficient availability ofor awareness oftools, technologies, and approaches
^ for cost effective environmental protection and regulatory compliance.

(Example: Although nospecific example exists, the proliferation ofvarious
government rules and regulations fix)m a multitude ofagencies

^ compliance a difficult taskregardless of locale.)

Inadequate producer awareness, and understanding ofand access toadvanced
seismic and remote sensing technologies for exploration and reservoir
development (Example: Operators in theMidcontinent and Rockies have not
been well-informed about applications ofadvanced seismic techniques. Itis
likely that these technologies may bemore useful and cost-effective than is
currently perceived by smaller regional producers.)

Insufficient awareness ofavailability, performance, and economics ofimproved
drilling and completion technologies such as horizontal drilling, coiled tobing,
slimhole, air drilling and extended reach drilling. (Example: Operators in the '
Rockies have expressed adesire to know how to determine iftheir fields might
be candidates forhorizontal drilling and if so, what are the most cost-effective
methods.)

Need for cost-effective, environmentally safe technologies to manage water
channeling, reduce water cut, increase recovery, and address related corrosion,
scale, and other problems. (Example: Operators in the LA Basin are not aware'
of recent advances in gel technologies that may help reduce the producing

pw| water cut from older, mature waterfloods and water-drive reservoirs.)

Inadequate education inand understanding ofapplications ofreservoir
PI management, logging, simulation, and characterization tools. (Example: A

number of producers in the Midcontinent and other regions have expressed a
desire toleam more about how tomake effective use ofsimulation software
published by the Department ofEnergy. The documentation that exists isnot
easy tounderstand and can lead tomisapplication ofthe software.)

Inadequate awareness, applications, performance, and economics of currently
available technologies and operating approaches toremediate well, reduce
oi^rating costs, and improve or sustain economic production, including
primary, secondary, and improved oil and natural gas recovery technologies.
(Example: Producers inWyoming, Kansas, Louisiana and other states where
large numbers ofwells are electrified would benefit greatly from improvements
in artificial lift mechanisms that would decrease electricity usage. Operators in
Texas could benefit fiom additional knowledge incost-effective fiacture-
treatment design.)
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^ Aneed for improved technology transfer mechanisms to infonn producers
objectively about theavailability, application, history, potential costs and
benefits, and potential performance oftechnologies that address their priority

^ problems and needs. (Sample: This problem is so widespread that aspecific
example isnot too useful In general, the initial willingness to accept and
atechnology is determined by the number ofcase studies presented that clearly
demonstrate its usefulness.)

These results, defining needs and regional priorities ofproducers, have been
compared and correlated with two other recent studies on R&D Needs by the
NPC and the Research Comrmttee oflOGCC. Where diese studies overlap, the
findings aie mutually supportive. The NPC and lOGCC studies independently
vaHdate the findings ofPTTC. The PTICworkshops, however, identified
many specific technology needs and regulatory concerns that were not
identified byeither of theother two reports.

The PTTC problem identification process built on regional technology forums
conducted earlier byTEPRO andKUERC, before thePTTC's formation. The
analysis ofthe PTTC problem identification workshops presents the needs of
producers not only by category, but also by region and regional priorities. This
report provides ahi^y valuable tool to be used by America's research
institutions and technology providers to target focused technology transfer
efforts to the specific topics and regions where they axe needed the most
PTTC urges them to respond through the PTTC network to meet the urgent
needs of the industry and the nation.

m

PI

pwi

PH

1*1

(Wl

95



rwi

(W|

fail

p-1

|W)

l™l

ri

pti

Table 1

Locations andDates ofPITC Regional
Problem Identification Workshops

PTTC Region Workshop Locatfon

Appalachia Morgantown, WV

North Canton, OH

Asbland^KY

Central Gulf Lafayette, LA

Shreveport,LA

Eastern Gulf Jackson, MS

Midwest Mount Vemon, II

GrandRapids, MI

North Midconthient * Wichita, KS

Chanute,KS

Liberal, KS

Hays,KS

Great Bend, KS

Denver, CO

Casper, WY

Billings, MT

Rocky Mountafais
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Workshop Date

May 16,1995

September 6,1995

September 21,1995

November 1,1994

November 29,1994

August 22,1995

October 14,1994

Septanber21,1995

1992-93

1992-93

1992-93

1992-93

1992-93

June 21,1995

August 17,1995

October 3,1995



South Mtdconttnent

Southwest

ppf) Texas »♦

pit

PI

PS|

West Coast

fifi
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Table 1 Contiinffid

Nonnan, OK

Okmulgee,OK

Fannington, NM

Roswell, NM

Hobbs,NM

Wichita Falls, TX

San Antonio, IX

Midland, TX

Longview,TX

Houston, TX

Dallas, TX

Aniarilio,TX

Abilene, TX

Long Beach, CA

Bakersfield, CA
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January 28,1995

March 21,1995

August24,1994

August30,1994

August31,1994

1991

1991

1991

1991

1991

1991

1991

1991

September12,1995

September 13,1995
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University of California, Berkeley
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Abstract

A course of exercises has been developed that trains the
student in the different steps involved in discovering and
evaluating the economic worth of an oil field. The objective
is for the course to act as a link for several different a^ects
of petroleum engineering - seismic analysis, drilling and
completion, logging, well testing, reservoir evaluation and
economic analysis - that the student has been taught in detail
in the specialist courses that he/she has attended during the
course of his/her petroleum engineering education.

To do this, a fictitious oil field has been invented, and its
pvi details incoiporated into a simulator that allows drilling,

logging and other operations to be canied out so that the
student gradually leams about the properties of the field
during the course of a series of "hands on" exercises. Once
the investigation is complete, the student has enough
information to make an economic evaluation of the field, and
is in a position to determine the necessary economic criteria -
mvestment requu-ed, net present value, return on investment
etc. - that will allow the "company" owning the lease to
decide whether to go ahead with developing the field.

Introduction

Petroleum Industry' Technical Managers have often expressed
the view that although new engineering graduates entering
the industry from a university have extensive technical

^ knowledp, ittends to be held in isolated blocks that reflect
the disciplines in which it was taught, rather than being

available as a means for solving-problems that require the
combination of information from se\'eral different sources.

For exaaaple, although the graduate may have an extensive
knowledge of fluid mechanics, electrical engineering and
materials science, he/she has never been exposed to the
process whereby elements from each ofthese (helplines are
brougjhttogether to make an efficient and effective design for
an electric punq).

With this in mind, we have developed a course for
petroleum engineering students that guides the student
through various steps that are involved in discovering and
evaluating a petroleum reservoir. The course consists of a
series of eleven exercises, each of which deals with a
different engineering topic, and which together lead from the
eariy discovery of the field through to the decision to develop
it or not The exercises make extensive use of a computer-
based drilling simulator (1) that allows a "hands on" feel so
that, for exanq>le, the costs of drilling a well are partially
determined by the skill of the student in controlling the
drilling process. The simulator also allows wells to be
logged so as to get information on the extent and type of
hydrocarbons in the well, and the porosity and water
saturation of the surrounding formations.

Since each exercise deals with a separate area of
knowledge, but only comprises less than ten percent of the
course, it is not possible to treat each area with the degree of
detail that itmi^t need for the student to understand it fully.
Instead only the material necessary to solve the immediate
problem is presented, and it is left to the student to research
the necessary background. Indeed, it is hoped that by the
time the student is taught this course, he/she will already
have taken a range of specialty courses in drilling, loggmg,
resenroir engineering and so on, and the background material
should already be entirely familiar. In this way, the course
will fulfill its intended fimction, to act as a "capstone"
experience, where knowledge from all the separate specialty
coiurses is brought together in a logical whole.

In order to make the material transportable between
different instructors, it has been assembled in the form of an
instruction manual with printed versions of the exercises and
their solutions, together with the necessary software.
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Construction of the oil field
Hie field to be evaluated is loosely based on the Railroad

field in Kem G)iinty, California (2, 3). The field
geology is in the form of an elongateddome. It contains two
reservoirs, one vertically ^ove the other. These are the
"Cameros" and the "Phacoides" reservoirs, that are,
respectively about 6,400 x 2,000 and 6,400 x 1,800ft. across
at their oil-water contacts. Both have gas c^s. The
Cameros reservoir top is at ^roximately 5,$5S ft depth,
while that of the Phacoides is at 7,754 ft To sin:Q)lify the
calculations, the strata were made to have the form of an
invertedparabola along the narrow axes of the reservoirs, and
to be straight in the orthogonal direction. To obtain closure,
it waspostulated that there is a "fault" that allows one half of
each reservoir to dip down at seven degrees from the fault in
a north westerly direction, and at ten degrees down from the
fault in the south easterly direction. Fig. 1 shows a
representation of the sealing layer on one half of the
cineros reservoir.

The device of choosing a field with two reservoirs that are
broadly similar but not identical helps the teaching process,
as in many of the exercises, the student can be shown a
worlced exanq)le for one reservoir, and then be assigned a
parallel exercise on the second reservoir as homework.

In order to make a meaningful project, all the physical
properties of the field had to be made self-consistent as far as
possible. This means that, for example, the depths ofvarious
ifeatures seen on the seismic sections have to correspond in
depth with those that are encountered while drilling. This
includes the intervals between hard and soft drilling strata,
that can also be "seen" in the seismic sections, the position of
an oil-gas contact that ^ears both in the logging data and
the seismic sections and so oil It was also essential that the

depths of the various reservoir cap rock strata, and the dq)ths
of the oil-gas and oil-water contacts have to correspond in
each of the wells that the student drills so as to allow the

determination of the extent of each reservoir and its

geomeuy. More subtle effects had to be included. For
example, the physical chemistr>' of the oil and gas in each
reservoir had to be consistent with the density, phase
behavior and flow characteristics of the fluids as "reported"
in the well tests, and as needed for calculating reservou*
engineering data such as the oil-gas ratio, the oil formation
factor and the likely recovery.

This need for self-consistenc\' frequently required the
exercises to be constructed in a "first backwards, then
forwards" manner, i.e. to get a self-consistent answer, it was
necessary to start from a desired, physically reasonable
answer, to work back to the geological or other conditions
that would produce that answer, and then develop the
teaching exercise in the "forward" .direction, knowing that the
answer to be obtained would be of the correct magnimde.
This applied not only to issues of the physical chemistry of
the reservoir fluids mentioned above, but also, for example.

to the assignment of values for the rock strength and
abrasivity, the properties of drill bits and the drilling rig
rental rates that would allow the finding of "reasonable" lives
for drill bits, and reasonable costs for drilling and logging
each well.

Finally, efforts were made to bring an element of
challenge into the exercises. This was done by introducing a
degree of choice on the part of the student. This could easily
be done, for exanq)le, in some of the drilling exercises where
the students are fi^e to choose the drilling parameters, casing
dq}ths and so on in an attenq)t to minimize thie cost of each
well. Unfortunately, there are limits to this process if the set
of possible "solutions to exercises" is not to expand without
limit.

The Exercises

We now briefly describe each of the exercises in order to
indicate the range of activities that are covered and the
sequence of operations that lead to the economic evaluation
of the field.

Introduction.The fibrst exercise serves as a frame and

introduction to the course. The lease boundaries are set as a

rectangle of sides 12,000 ft m an east-west direction by 8.000
ft north-south. This defines a local coordinate system to
which all field operations subsequently refer. There is a
description of the regional geology that mentions a series of
folds whose dips run approximately NE-SW, and "rqiorts of
oil strikes" in adjacent leases.

Seismic exercise. Based on the existence of the folding, a
seismic section running approximately NE-SW (i.e. along the
direction of folding) is authorized and obtained (Fig 2). This
shows a clearly defined anticline, and in the center, the
horizontal trace of an oil-gas contact. The students are
expected to recognize this, and then, using some information
on the av^ge speed of sound as a fimction of depth, to find
its approximate depth. They must also estimate the lateral
e?aent of the contact, infer which reflector is the sealing
layer, and then estimate the depth to the top of the reservoir.

Having found strong evidence for the presence of
hydrocarbons by virme of the gas-oil contact, "authorization
is obtained" to make another seismic section, orthogonal to
the first, nmning through the highest point of the anticline.
This reveals that the strata in this direction are unfolded, but
tbat closure is obtained by a fault that causes the strata to dip
down at seven degrees to the north west of the fault, and at
ten degrees toward the south east of the fault. Again,
evidence for the gas-oil contact is found, consistent with the
data fix>m the first section.

This allows an approximate mapping of the extent of the
gas cap on the C^^eros reservoir, and a request for
authorization to drill a wildcat well.
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Planning the Wildcat Exercise three requires the student to
estimate the cost of drilling the wildcat well. Conq)iling an
AFE is a difficult exercise to make interesting, as the student
has to be told how much each operation or type of goods
costs, and it is not easy to make the exercise more
challenging than the task of entering data into a ^readsheet
Nonetheless, there is scope for the instructor to discuss how
rig rates, for exanq)le, might vary between different
locations, how many (^1 bits ofeach size might be needed,

^ and how severe the environmental constraints might be.
Alternatively, students may be asked to estimate all values
for themselves by calling local oil con^janies, although the

m scopeforvariability is very large. Hiese data may be used to
start a useful discussionon the relative costs of operations in
different parts of the woild.

p-i

Drilling the Wildcat This exercise uses the diiUing
simulator to drill a wildcat at the intersection of the two
seismic lines. A typical depth-time plot generated by the

^ simulator is shown in Fig, 3. The lithology corresponds to
that "iseen" in the seismic sections, and allows a correction to
the speed of sound in the strataas a fimction of depth. It also

m allows an accurateidentification of the depth of the Cameros
reservoir. Logging the well allows the discovery of the
Phacoides reservoir, whose existence until now was only
hypothetical.

The exercise also serves to instruct the students in the
choice of casing depths. Initially, the only objective is to
drill the well to as great a depth as possible. To this end,

^ each casing is set as deep as it can be. However, once the
depth of the Phacoides reservoir is known, and it is decided
to drill nodeeper thanthat an improved casing design can be
de\'eloped. based on a "bottom up" design that sets each
casing only as deq) as it needs to be to reach TD. This
results in the casuig costs dropping from $648,000 to

^ $516,000.
Once the casingplan is fixed, each section of the well can

be drilled repeatedly while experimenting with different
choices of drill bit mud and hydraulics parameters, and
operating parameters. With a little perse\'erance. the student
will see the cost of the well drop from about $ 1.2 million to
$836,000.

Casing and Drill String Design. This exercise concentrates
on the design of the drill pipe and the casmgs required in a

^ tjTJical well in this field. Thedesign could be carried out for
the wildcat well, but by now the project team \vill have
decided that they must drill some evaluation wells to check
the extent of the reservoir. The simulator is therefore used to
drill and loganother well, and this is usedfor the casing and
drill pipe design exercises.

The casing designs follow a simplemethodology based on
resistance to collapse, burst and tension. Fig. 4 shows the

design diagram for the 13 3/8" casing. The required design
parameters are derived from the well data as it is drilled. In a
similar manner, the strength necessary for the drill pipe is
calculated for eadi section, based on dq}th and hole
diameter. The latter, of course, determines bit size and thence
the number andweightof collars required.

In each of these operations, the student is given the
designmethod and a worked example for one section of the
well, and is then asked to make a design for another section.
Thereis thusalwaysan example to follow.

Cementing. In a similar manner, the next exercise concerns
the design of a cementing operation. Another well is chosen
for this purpose, with Ae objective of accumulating
additional information concerning the reservoir on the way.
As in the case of the previous exercise, the cementing
exercise proceeds by givingan exanq)le of the calculation for
the 20" casing, and the student is asked to follow that
example to design the 13 3/8" casing cement job (Fig.5).
Again, the student is required to log the well and thereby
gath^ inq)ortant information on the reservoir properties.

Logging. The course now turns away from drilling
engineering towards logging and reservoir engineering. The
next exercise requires the student to evaluate the log data
from a new well and combine it with information obtained
during the drilling of the wildcat and other wells. The
studentmustfirst examinethe logs of the four wellsthat were
drilled so far to determine the heights of the reservoir tops
and the oil-gas and oil-water contacts. Next he/she must
interpret the wireline data to determine porosity (obtained
directly from the logs) and hydrocarbon saturation. In the
latter case, a simple method is used employmg Archie's law
(4), and assuming that the lower part of each reservoir (the
water zone) has no oil saturation so as to be able to determine
thewater salinity. No corrections are applied for changes in
tenq)erature, "shaliness" or other effects that are required in
more sophisticated evaluations. The porosity and
hydrocarbon saturation information gathered from this
exercise will later beused toestimate the gas and oil initially
in place.

The Well Test The well test is an essential part of the
reservoir evaluationprocess. The student is told that a well
testhasbeen carried outon thewildcat well, and is given the
pressure-time data (Fig6). Abrief summary of the theory of
the drawdown test is given, although it is assumed that the
student is ah-eady familiar with one or more of the classic
texts on this subject.

The student is e:q)ected to analyze the test results, and to
derive values for the skin and permeabilities from the early-
time (transient) data, and the drainage area and the Dietz
shapefactor(5), from the semi-steady state results. Asusual,
the exercise takes the formof a worked example, in this case.
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using the data from the Cameros reservoir, while the student
is e7q}eaed to solvethe equivalent problemfor the Phacoides
reservoir. The method employed is very similar to that given
by Dake (6).

Solution of this exercise gives the important results that
for the Cameros reservoir, the pomeability, at 25 mD, is
sufGcient to produce an adequate flow if we install
production wells, and the drawdown area is about 30 acres,
thus indicating that the wells can be spaced a reasonable
distance apait. The coirespondmg data for the Phacoides
reservoir are 0.25 mD and 9.3 acres, which make a less
attractive prospect.

Oil and Gas in Place. The next essential step is to
detsnnine the overall dimensions of the Cameros and

Phacoides reservoirs, and to calculate the oil and gas in
place. To do this, the student must drill and log a number of
delineation wells, making a total of thirteen in all, that will
give an adequate view of the geometry of the reservoir. It
would of course be possible to have the student drill each of
the wells using the simulator, but by now it is assumed that
he/she has had enough exercise in drilling, so the positions of
the reservoir tops and gas-oil and oil-water contacts are
simply tabulated. From this information, and the known
positions of the delineation wells on the lease map, the
student must determine the shape of the reservoir and the
volume of hydrocarbons. It would be possible to do this by
drawing a series of contour maps, but smce our reservoirs
have a very stiaightforward geometry, we can make the
simplifying assumption that they can be approximated to
parts of cones on an elliptical base (Fig 1). This allows the
student to carry out an exercise in solid geometry, and to
determine the res»voir volumes analytically.

Having found the volume of the gas and oil parts of each
of the reservoirs, and knowing the porosity of each reservoir,
the student must determine the volume of gas under standard
conditions, and the stock tank oil initially in place (STOIIP).

These calculations use data concerning the known
pressure, temperature and molecular composition of the gas
and oil phases in the reservoir, all of which are given to the
student as "data obtained from lab tests". Howe\'er, the lab
test data are not fully reduced, so the student must actually
calculate pseudo critical temperatures and pressures, the
solution gas-oil ratio, the oil formation factor and other
values from the lab data.

Economic Analysis. At this point the student has sufficient
information to make an assessment of the economic worth of

the two reservoirs. This is simply carried out by making a
spreadsheet analysis. Input mformation includes the number
of wells that will be needed to drain the reservoir, and the
cost of each well. The total number of wells (13) is based on
the calculated drainage area of each well, (derived from the
analysis of the drawdown test). However, the student will

have to take into account that four of those wells miss the

Cameros formation, and 7 miss the Phacoides fomiation.
Ultimate recovery is estimated from Arps's correlations

(7), taking into consideration the physical properties of the
oil and reservoir nocks as well as an assumption that the
reservoir is pressurized by solution gas, a gas cap and an
active water drive from below.

An assun[q)tion must be made as to the likely productivity'
of each well, and this can again be derived from the well test
data. It is further assumed that after tiie go-ahead is given,
the necessary, production wells can be drilled in two years.
Finally, the cost of the wells is obtained from the results of
the drilling exercises. These are estimated to cost one
million dollars each.

Various economic assumptions must now be made,
concerning the rates of interest and inflation, tax rates and so
on. From these data, a spreadsheet can be constmcted to
show any ofthe common economic yardsticks such as Return
On Investment (ROI), Net Present Value (NPV), Discounted
Profitability Index (DPI) etc. Graphs can also be constructed
to show cash flow as a fimction of time (Fig 7) and other
data.

Naturally, however, it is a sinqjle matter to change values
in the spreadsheet to investigate the results of changes in the
financial parameters such as the rates of inflation and
interest. It is also instractive to investigate the merits of
making changes to the investments in the field, by, for
example, mcreasing the number of wells to increase tiie
production rate. Each of these proposals can be simulated by
making adjustments to the spreadsheet and then discussed by
the class.

Conclusions

The above notes give a brief overview of a training course
that covers most of the technical elements involved in tiie

discovery and evaluation of a typical oil field. Since tiie
course was designed to fit into the time available in a typical
uiuversit}' semester, it has not been possible to enter into as
much detail as may be applied in the evaluation of a real
reservoir in the industi:>'. However, it was not the purposeto
go into exhaustive detail in each techrucal field. Indeed, it is
hoped that students taking this course will already have
greater knowledge of the basic petroleum engineering
disciplines than are treated here.

Rather, the objective has been to bring together tiie
components in a way that illustrates the influence that each
brings to the other, and to illustiate the sequence of
operations that is necessary in the rational development of an
oil field. In addition, it is hoped that the use of computer
simulation, the ability to try different scenarios and to leam
by trial and error will prove interesting and challenging to
future students.
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Fig 1. View of the sealing layer above the NW section of the Cameros reservoir.
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RAILROAD 6AP FIELD SEISMIC SECTION

Fig. 2. The first seismic section. Note the horizontal trace at approximately 2.15 seconds that indicates an oil-gas contact.
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Fig. 3 T>picai depth-time simulator screen, showing the drilling control panel and diagnostics windows, the depth-time plot, the
"mud log" showing the rocks that have been penetrated, and a casing symbol showing that one casing has been set.
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Fig 4. Casing design diagram for a 9 5/8" casing.

p*i

20"csg

Class G

Cement

13 3/8"

csg -

\

Mud, 10.6 ppg
1,521 ft

Water 854 ft

300 ft

4,380 ft

h

7,055 ft

7,070 ft

7, 070 ft 13.9 ppg i

Fig 5. Cementing planningdiagramfor designing the cementing of a 13 3/8" casing.
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Pressure Drawdown Test Data
For Cameros Reservoir
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Abstract

An interactive program has been constructed
that allows a student or engineer to simulate
the drilling of an oil well, and to optimize the
drilling process by comparing different drilling
plans.

The program operates in a very user-friendly
way, with emphasis on menu and button-
driven commands. The simulator may be nm
either as a training program, with exercises
that illustrate various features of the drilling
process, as a game, in which a student is set a
challenge to drill a well with minimimi cost or
time under constraints set by an instructor, or
as a simulator of a real situation to investigate
the merit of different drilling strategies.

It has three main parts, a Lithology Editor, a
Settings Editor and the simulation program
itself. The Lithology Editor allows the student,
instructor or engineer to build a real or
imaginary sequence of rock layers, each

characterized by its mineralogy, drilling and
log responses. The Settings Editor allows the
definition of all the operational parameters,
ranging from the drilling and wear rates of
particular bits in specified rocks to the costs of
different procedures. The simulator itself
contains an algorithm that determines rate of
penetration and rate of wear of the bit as
drilling continues. It also determines whether
the well kicks or fractures, and assigns various
other "accident" conditions. During operation,
a depth vs. time curve is displayed, together
with a "mud log" showing the rock layers
penetrated. If desired, the well may be
"logged", casings may be set and pore and
fracture pressure gradients may be displayed.
During drilling, die total time and cost are
shown, together with cost per foot in total and
for the current bit run.

A demonstration version of the program is
available on the World Wide Web at the

Berkeley Petroleum Engineering Page. Its
current address is: msel6.mse.berkeley.edu

Figures and References at end of paper. 108
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Various types of equipment have been
developed in recent years to simulate the
drilling of hydrocarbon wells for training,
operational or research purposes. Some
simulators include elements of "real" drilling
hardware, in which the operator controls the
simulator via a realistic brake, throttle and
other controls, and sees the output of the
simulator displayed on gauges and meters that
are t3rpical of real drilling equipment (1, 2).
This t3rpe of simulator is mainly intended for
the use of rig personnel, often to train drillers
in the techniques of dealing with kicks or
blow-outs. Its principal intention is to give as
real an impression as possible of the situation
on the rig floor.

Other types of simulator have been more
directed towards simulating the drilling of a
particular well, in order to optimize the
drilling process or to predict the effects of
changing the operating parameters (3, 4). In
these simulators, the objective is more to
make an accurate simulation of the drilling
process within the computer, and to examine
the results in terms of numerical output, than
to generate a realistic "real time" response for
the driller. It should, however, be noted that
such simulators have been xised to model and
optimize the drilling of specific wells as they
are being drilled, and also in the design of rigs
(5) and rig equipment (6). Probably the greatest
use of drilling-related simulators has been to
model well kicks (7 - 10).

.A disadvantage of the first type of simulator is
that, since the intention is to make an accurate
material simulation of the real life situation,
the equipment is necessarily bulky and
expensive, and although portable versions of
such equipment are available, the more
portable they are made, the less "realistic" they
become. Simulators of the second type, that
are intended to make simulations of specific
real wells, are inevitably very complex in the
way that the simulation program is

109

constructed, since the main objective in using
them is to make an accurate model of the
entire drilling process. This requires the
specification of a large number of input
parameters, from the properties of the rocks
being drilled to the mechanics of the drilling
process, the properties of the drilling fluid and
many other factors. This complexity has
meant that such simulators are only used
when substantial resources are available to
determine the set of input parameters that are
required, and skilled personnel are available as
operators.

We have taken a third approach, in which the
objective has been to make a simple simulator
that is above all easy to use, and that conveys a
realistic "feel" to the operator while being
entirely within the computer. This has meant
constructing a drilling model that, while being
adjustable so that many different drilling
situations can be reproduced, gives a physically
reasonable and easily understood response
under almost any conditions that are applied.
It has also required the construction of a
simple, intuitive and largely visual user
interface, with the objective of making the
simulator attractive to the operator.

Overall layout of the simulator

When the simulator is used as a teaching tool,
it reproduces the behavior of a drilling rig
imder sets of conditions that allow the trainee

to observe and react to the response as he or
she changes the operating parameters. In this
mode, the simulator calculations start from a
defined compilation of the properties of the
rocks to be drilled (the Lithology), and the
output is their drilling and log responses. It is
therefore different from some field simulators
that work in the opposite sense, whose
purpose is to infer the formation properties
from the measured drilling and log data.
Further, the simulator usually does not
calculate or suggest what should be done to
optimize the drilling operation, since a major
teaching objective is to make a trainee
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„ engineer learn how to carry out such
optimizations by him- or herself. The
simulator thus differs from some other
simulators that have been developed to help
field engineers calculate answers to particular
engineering problems. Such simulators tend
to be of the type in which once all the
necessary parameters are input, the simulator
outputs a "recommended course of action" or

" value without necessarily explaining why.
The instructional value of such simulators is
therefore much more limited.

IWI

If the simulator is to be used to optimize a real
field operation, it must first be used to deduce
the properties of the rocks that are being
drilled. This is done essentially by running it
"in reverse" i.e. setting the simulator
operating conditions to match field conditions,
and then "tuning" the rock and other
properties so that the simulator response
corresponds to the field results for the known
field conditions. Once the simulator is timed
to reproduce this response, the operating
conditions may be changed to investigate a
range of "what if" scenarios in order to

rwi optimize the field operation.

User interface

In designing the user interface, we have aimed
for simplicity. We have also tried to prevent

fsi the operator entering imrealistic values of the
operating parameters, and generating
"impossible" results; The operator choice is

i«i therefore limited by various means, for
example, when selecting weight on bit, rotary

.speed or mud flow rate, the value is input via
^ a slide bar whose upper and lower limits

cannot be exceeded. When the operator has to
choose the bit type and diameter, the nozzle

^ sizes and similar parameters, the choice is
frequently made via "radio buttons" that allow
a defined choice of options - for example, the
nozzle sizes have to .be in integral 1/32"
increments (see Fig 6, for example). Other

^ parameters can only be input in selected
ranges. Alternatively, the operator is warned

that values exceeding certain limits are
unacceptable. In this way, even a novice
operator is more or less guaranteed of
obtaining a physically reasonable response.

Output is largely graphical, with the main
result being a depth-time ctirve that plots the
progress of the operation. In addition, a "mud
log" is presented, showing the rocks
encountered as a function of depth as they are
penetrated, together with symbols showing
casings that havebeen set. Further graphs may
be displayed that show pore fluid pressure
gradient and fracture pressure gradient, and
wireline logs may also be shown. Some data,
however, must be numerical. Thus overall
costs, cost per foot, current depth, pump
pressure and horsepower and other data are
presented numerically. Such figures are
essential for the operator to be able to make
engineering and economic calculations.

The entire operation of the simulator is
accompaniedby a simple accoimting procedure
that calculates total cost and time, cost per foot
for the current bit run, and cost per foot for the
entire well.

Construction of the simulator

The simulator is programmed in "C", and
runs on Macintosh computers. It is composed
of five linked modules. These are the
Lithology Editor, Settings Editor, Drilling
Simulator, Exercise Editor and "Run An
Exercise". When the program is laimched, a
window appears from which each of the above
modules can be opened by clicking the
appropriate button (Fig 1). "Help" and "Quit"
are also available. When any one of the
modules is opened, further windows appear,
with choices and actions to be taken as
appropriate.

Lithology Editor.

This editor allows the construction of the
sequence of rocks that are to be drilled. When

fBW|
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the editor is activated, a window appears
listing each of the rock layers in sequence (Fig.
2). Each layer can have its particular properties
changed, or layers can be cut, copied or pasted
as required. Parameters to be specified include
first the thickness of the layer and its
mineralogy (from a choice of five types - shale,
hard or soft sandstone, limestone or chert).
Two parameters govern the drilling response.
These are the "Softness Factor" (S) that
determines the initial rate of penetration, and
the "Wear Factor" (W) that determines the
rate of bit wear. Thus, although the choice of
rock types is limited to five "mineralogies" the
range of possible rates of penetration and wear

" is very large. Next, the pore fluid pressure
gradient and the fracture gradient at the
bottom of the layer can be set; these values are
made to change linearly through the layer
from the values set at the bottom of the layer
above. In this way, any desired profile of
pressure with depth can be constructed. The
nature of the pore fluid can be set to be gas, oil,

f«j water or "nothing" and three "wireline log"
parameters can also be set. These are a "Sonic
porosity" the "Natural gamma ray emission

w value" and a "Formation resistivity". The
values are plotted against depth when the
command "log well" is activated during

^ operation of the simulator, and the log and
pressure graphs can be "previewed" while
constructing the Lithology Editor (Fig. 3 shows
the pressure gradient preview). Once a
suitable sequence of layers has been
constructed, it can be saved and called up

^ subsequently to be drilled by the simulator.

^ Settings Editor

The Settings Editor allows all the operating
parameters of the rig and drilling system to be
set. There are two purposes. The first is to
allow the simulator to be timed to match a
particular type of operation, and the second is
to govern the complexity of the simulation so
that the operator may work selectively with

„ particular aspects of the drilling process. Thus

(W!

a student may start in a simple way and
increase simulation complexity as he or she
learns, or an engineer may limit the
simulation to a restricted set of parameters to
emphasize the effects of a particular set of
variables.

The choices are presented in a suite of six
windows that cover different aspects of the
simulation. One vnndow controls the drilling
model that lies at the heart of the simulator
(Fig 4). Here one may decide on the
complexity of the simulation by selecting or
not the different factors in the drilling model
itself. Each of these determines the response of
the model to a particular input parameter. If
all of the factors are deactivated, the model
generates a constant rate of penetration for
which changing any of the operating
parameters has no effect, and for which bits
never wear out, and all bits behave identically
in all rocks. As each factor is activated, the
model becomes more complex, with rate of
penetration and wear eventually reacting to
the specific bit, the bit size and bit nozzles
being used, the rock being drilled, weight on
bit, rotary speed, and the mud density and its
flow rate.

Another window in the Settings Editor deals
with the characteristics of each of the four bit
t5rpes that is available (PDC, Milled Tooth,
Tungsten Carbide Insert and Natural
Diamond). This part of the editor allows the
setting of typical rates of penetration and rates
of wear for each bit in the different rocks, and
the number, cost and size of each bit t5^e that
is available (the latter for "missions" in which
the operator has to do his best under time,
money or materials constraints).

Other windows deal with the costs and
availability of other services, for example,
whether wireline data can be obtained, or
whether it is possible to have information on
pore and fracture pressures. Other adjustable
features concern the introduction or exclusion
of certain "accident" phenomena - for

p*i
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example, the well may be allowed to fracture
or kick, the borehole may collapse a certain
time after entering a shale if the correct choice
of mud was not made, or cones may be lost
from roller cone bits after a certain fraction of
the bit life is consimied.

Drilling Simulator

Clicking the Drilling Simulator button
launches the simulation program itself. The
display is composed of a main window, in
which are shown a depth-time plot, the "mud
log" and casing data, and some smaller
windows that allow controls to be set or output
data to be displayed (Fig. 5).

Before commencing drilling, the operator
must choose the rock sequence that is to be
drilled, and then select a drill bit. Bit selection
is made from a control panel that concerns
operations that are to be conducted with the bit
"Out of Hole" (see Fig. 5). These include
selecting or changing the bit (Fig. 6), running
and cementing casing, logging the well,
carrying out a fracture test, fishing jxmk and of
course "running in hole". Having selected a
bit, the operator chooses "nm in hole", which
closes the "Out of Hole" control panel and
presents the "Drilling Control" panel (Fig 7).
Here the operator sets the operating
parameters and then clicks "Start Drilling".
This starts the simulation, which then
calculates and displays a graph of depth versus
time, displays the "mud log" and calculates
and displays depth, time, cost and cost per foot,
and the mud hydraulic parameters of
standpipe pressure, ptimp horsepower, and
hydraulic horsepower per square inch of bit
area.

At any time the display may be scaled or
scrolled to allow viewing of specific details of
the display, and the simulation speed may be
adjusted to allow rapid drilling through
straightforward sections or slow drilling when
special attention is required.

The Drilling Model

As drilling proceeds, the drilling model is
continuously calculating the state of wear of
the bit and its rate of penetration. The wear
algorithm starts by calculating a "wear factor".
The "wear factor" is the result of first
combining the two wear parameters
mentioned above, set in the Settings Editor
and the Lithology Editor respectively, that are
specific to the particular combination of bit and
rock. This result is then combined with two
factors that represent, respectively, the effects
of weight on bit and rotary speed on the rate of
wear of the bit. Both factors cause the rate of
wear to increase more than in proportion to
increases in the weight on bit and rotary speed.
Finally the combined parameter is scaled to
give a value somewhat less than imity.

The state of wear of the bit is associated with a

remaining "Life". All bits, when new, are
assigned 100% "Life". At each time step the
"Life" is multiplied by the "wear factor", (less
than imity), that reduces the "Life" by a certain
fraction of its ciirrent value. This has the
effect of reducing the "Life" as5nnptotically
towards zero as time increases.

To obtain the current rate of penetration, the
present "Life" is combined with two more
factors that represent the interaction of the
particular bit with the rock being drilled, and
influence the underlying rate of penetration.
The factors are set in the Lithology Editor and
the Settings Editor respectively. The result is
further combined with factors that depend on
the weight on bit, the rotary speed and the
mud density. These operations result in the
calculation of a rate of penetration that would
be characteristic of a bit for which the cuttings
are removed as soon as they are formed, i.e.
perfect cleaning of the workfront. At this
point, the effect of the mud flow is introduced,
and a final rate of penetration is calculated
based on the effectiveness of the mud flow in
cleaning the cuttings away from the hole
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bottom. This procedure is adopted because it is
believed that the effectiveness of the mud flow
is partially dependent on the quantity of
cuttings that need to be removed, i.e. the
greater the rate of penetration, the greater the
mud flow must be to attain "perfect cleaning".
Thus it is necessary to calculate a theoretical
rate of penetration based on all the other
operating parameters before the effect of the
mud flow can be calculated. Once this is done,
however, the final rate of penetration for the
present timestep is known, and the distance
drilled can be calculated and added to the
depth-time plot.

If the operating parameters are held constant,
the effect of multipljring the present "Life" by
the wear factor at each timestep is to produce
an exponential decrease in rate of penetration
with time. This function appears to be a
reasonable approximation to the behavior of
real bits operating under field conditions,
provided that the wear process is imiform.
Failure by "catastrophic" processes is not well
modeled in this way, but provision is made in
the simulator for at least one such behavior, by
allowing sudden failure by "cone loss" in
roller cone bits at a fraction of "Life"
remaining that can be set in the Settings
Editor.

As drilling proceeds, the drilling model checks
at each timestep to see if the well has kicked or
fractured, or if an xmcased shale interval has
collapsed. If any of these events occur, an
alarm message is sent to the operator. Alarms
also occtu: if the mud flow rate is inadequate to
lift the cuttings, or if the mud pump
maximum pressure and/or horsepower are
exceeded. If an alarm is triggered, drilling is
stopped imtil the appropriate remedial action
is taken.

The pore pressure gradient and fracture
gradients to the depth drilled maybe displayed
at any time if these facilities have been allowed
in the Settings Editor, and their graph may be

matched in scale to the depth-time plot, or
printed for later reference.

The drilling assembly may be pulled out of
hole at any time, and various "Out of Hole"
activities carried out. These include setting
casing and logging the well. Log data is
graphed in a similar manner to that used to
present the pressure information, and the
graphs may be matched to the depth-time plot,
and scaled, scrolled or printed as desired. It
should be noted that if the well is "logged"
after a casing has been set, the porosity and
resistivity values will not be displayed over
the cased interval, although the natural
gamma ray data is always available This
behavior is shown in Fig 8.

At any time during operation of the simulator,
a "Note" may be added to the depth-time plot
(three examples are shown on Fig 8), and the
current status of the well may be saved for
future reference or re-drilling.

Exercise Editor

This editor allows an instructor to build
specific exercises for the students or trainees.
Access to the editor is limited by the use of a
password that prevents the students from
obtaining restricted information, or from
changing the exercise parameters. To create an
exercise, the instructor follows a sequence of
operations. These are: 1) Select or create a
lithology in the Lithology Editor, 2) Set the
desired settings in the Settings Editor, 3) Set
the starting conditions for the well (the
exercise may begin in a part-drilled well, for
example), 4) Set module availabilities (e.g. is
the student allowed to examine the Lithology
or change the Settings ?) 5) Set various
exercise options (for example, printing a
"summary sheet" at the end of the exercise), 6)
Write a set of instructions, and finally 7) Save
the exercise.

"Saving" the exercise has the effect of
packaging the entire set of instructions listed
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above into a single file that the student can
run by clicking "Run an Exercise" in the
Module Qiooser window (Fig 1). (see below).

Run an Exercise

When "Run an Exercise" is selected in the
Module Chooser window, the operator is
given a choice of all available exercise titles.
By selecting a particular exercise, the complete
set of instructions, lithology and operating
parameters that were set in 5ie Exercise Editor
are loaded into the simulator, allowing the
student to commence the exercise without
having to "set up" the simulator beyond
choosing the exercise that is to be nm. In
particular, when the exercise is launched, a
window appears that displays the set of
instructions for the exercise. This may be
printed to form" a reference text. In many cases,
we have made this text form a self-contained
chapter that not only explains the
requirements of the exercise but includes a
quantity of backgroimd information that will
help the student to imderstand the larger
context of the exercise.

Other features

The program contains various supporting
features, such as the ability to append notes to
the drilling plot, mentioned above, printing
text and graphs, a "Help" section etc. Overall,
the objective has been to make the simulator
easy to use and to imderstand.

Conclusions

In this paper, we have reviewed some of the
main features of our drilling simulator
program. The main philosophy underlying
the construction of the simulator has been to
make a program that is simple to imderstand
and use, and in which the effects of changing
particular operating parameters are obvious.

We believe that these features will make the
simulator not only a useful teaching tool, but

also a vehicle through which drilling
engineers concerned with field operations can
experiment with the effects of changing the
operating parameters in order to optimize
drilling operations.
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Figure 5: Overall view of the simulator layout, showing the depth vs time window and
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Bit Type:

O Diamond

Sit DJafflstan

®24*

017 1/2"

6 b 1/2*
OS-

Cast: IS99000
Tlma:|20 mln-

Nflzzlas, 32atf* '

08 013 Ote

09 014 OI9
Qia ®1S 02Q

Olt 016 021

OI2 017 022

Figure 6: Drill bit selection window.
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Outline

• Hydrocarbon Detection

• Porosity Determination

• Acoustic Logging

• Field Results

• Future Trends

PTTC, November 1996
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Hydrocarbon Detection

» Standard open-hole technique
» Uses Archie's Law

• NMR

• Carbon / Oxygen
» Pulsed Neutron (Inelastic) Log
» Direct chemical detection

• Capture Cross Section
» Neutron (capture) Log
» Measures S

• Acoustic Detection

>> Vp and Vs (dtP and dtS)

PTTC, November 1996
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Seismic Detection of Pore

Fluid Properties

Theory (Gassman; low frequency):
Moduli: Kis a/" of K^ck. Kfiuid, 0

)! independent of fluid properties
Density: p is a /" of p p 0

Example: replacing water with hydrocarbons
since:

Kh-c <

P H-C < P w

V = (Modulus/Density)^''^

therefore:

Vp lower

Vs higher

Vp/Vs lower for the same Vs

This allows the development of an Acoustic Log
Hydrocarbon Indicator (ALHI) - Williams, 1990

PTTC, November 1996
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ALHI - Williams, 1990

Vp/Vs = 1.182 + 0.00422Ats
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Pore Fluid Properties

API 24

gas free oil

gas saturated oil

gas saturated oil

oasTree brine s tree Dri

gas satura

1000 2000 3000 4000

Depth, ft

PTTC, November 1996
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Rock Properties with Pore
Fluids (0^ model)
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Porosity Determination

Open-hole
» density, neutron, resistivity, sonic, ...

Cased-hole

» "near-wellbore effects" critical

» need "deep-reading" method

Sonic

>> Consolidated formations: Wyilie, Raymer/
Hunt/Gardner

» Unconsolidated formations: modified HSLB

PTTC, November 1996



40 Increasing clay content

Porosity /Modulus
Relations - Lab

"Critical Porosity"

"Wyllie, Raymer/Hunt/Gardner"

Modified HSLB^
"Cementation

Increasing clay content?

Porosity

PTTC, November 1996



Acoustic Logging

• Measure travel-time of refracted
acoustic signal
» dtp, dtco - P-wave (compressional)
» dts - S-wave (shear) in "fast" formations

• Porosity from Wyllie or Raymer/Hunt/
Gardner ("consolidated formations")

• Depth of investigation related to
wavelength, offset

• Through casing "requires good bond"
• Lower frequency, higher energy

» longer offset

» less casing effect

» deeper penetration

PTTC, November 1996
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Dipole Logging

Works in "slow" formations

» dtg > dtf = 200 fxs/ft

Low frequency
» required for penetration

» required to excite the mode

Wave mode interference

» tube wave

Not as sensitive to casing bond

« CBL, USI,... cannot guarantee good log

PTTC, November 1996
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Log Data, 167-W
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Porosity
from Velocity

Shear modulus is related to porosity by
HSLB

Velocity is related to modulus and
porosity by:

G = pVs^
P=(|)Pf+(l-(|))Pg

Errors can result from incorrect

densities

» if Pf 7^: Pw « 1.00

if Pg Pqtz =2.65
These are generally smaller than
effects related to fluid modulus

PTTC, November 1996
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Porosity /Modulus
Relations - M-499

Modified H-S lower
bounds

PTTC, November 1996

Theory: Dvorkin
andNur, 1996

Data: M-499
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M-499 2.8-3,7

169-W 3.5-5.0

167-W 2.5-4.5

FV-67 1.6-3.7

Y-63

X-32

J-15

1.6-3.2

3.0-5.6

1.2-2.9

Zr223 2.0-4.1

Zr27

*partial Vs

2.0-5.3

PTTC, November 1996

I 1

Table - log recovery

1993 Prospect all; CBT; USI; openhole

1995 Open-hole all

30° 1983

17° 1948

17°

1946

vertical 1942

28° 1952

20° 1949

Waterflood SP,GR,cond,USI

Waterflood SP,cond, USI

Prospect SP, cond

Prospect SP, cond

Prospect SP, cond

Prospect SP, cond, GST (1990)

Prospect SP, cond

9/95

I I

Vp & Vs

1995 Vp& Vs

9/95;3/96 Vp & Vs*

Vp only

9/95; 12/96 No data

9/95

3/96

6/96

Vp only

No data



Implications

Porosity
>> from shear modulus (compliance)

Fluid detection

>> from bulk modulus (compliance)

Quality control
» look at raw data

» demand quality from providers

PTTC, November 1996



Future Directions

Since shear modulus is related to
rock strength
» sand control

» production monitoring

» stress estimation

Resistivity through casing(?)
» use shear modulus for porosity

» analyze using Archie's Law

PTTC, November 1996
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Problems and Opportunities in the Development of
Hydrocarbon Resources in the Diatomites
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Passive Imaging of Hydrofractures in the
South Beirldge Diatomite

D.C. Ilderton,' SPE. T.W. Pcrtzek, SPE, and J.W. Rector. U. ofCalifornia; and HJ. Vinegar, SPE. Shell Development Co.

Summary

Wepresent the resultsof a seismicanalysisof two hydrofractures
spanning the entire diatomite column (1110-1910 ft or 338-582 m)
in Shell's Phase n steamdrive pilot in South Belridge, California.
Thesehydrofiractuies wereinduced at two depths(1110-1460 and
1S60-1910 ft) and imaged passively using tte seismic eneigy re
leasedduringfracturing. Thearrivalsofshearwavesfromthecrack-
mgrock ("microseismic events")wererecordedat a 1mssampling
rateby56 geophones inthreeremoteobservation well$, resulting in
10GB of raw data. These arrival fimes were then inverted for the
event locations, from which the hydrofracture geometiy was in
ferred. A five-^mensional conjugate-gradient algorithm with a
depth*dependent, butotherwiseconstantshearwaveveloci^ model
(CVM) was developed for the mversions. To validate CVM, we
created a layered shear wave veloci^ model of the formation and
used it to c^culate synthetic arrival times from known locations
chosenat variousdepthsalong theestimatedfractureplane. These
arrival times were then inverted with CVM and the calculated loca
tionscomparedwiththeknownones,quantifyingthe systematic er
ror associatedwith the assumptionofconstant shear wavevelociQr.
Wealsoperfcmned MonteCariosensitivityanalyseson thesynthet
ic arrival times to account for all other random enrors that exist in
field data. Afterdetermining the limitations of the inversion algo-
ridun,we hand-picked tte shearwavearrivaltimesfor both hydro-
fracnires and invertedthemwith CVM. Finally, to coirectfor die
areal inhomogeneityofdie rock, we calculated the distortion of con
icalwaves that weregeneratedby air gun blasts ina remoteobserva
tionwell This noveltechnique improvedsignificantlytheaccuracy
of the event locationsmthe shallowhydrofracture. The azimudi of
both hydrofractures was N21''±4**E.In eadi treatment well,there
weretwo separate hydrofracturesat two differentdepths thatcorre
spondto the diatomite layerswith higherpermeabilities.Bodishal
lowhydrofractures wereasyimnetricaL Initially, theupperNEwing
was 230 ft long, whereasdie lower SW wing was only 30 ft long.
Thedeep hydrofracture wassymmetrical and the wings of its two
parts were inidally 130and 10 ft long, respectively. These conclu
sions agree well with temperature surveys in the surrounding ob
servation wells during steam injection.

Iiitnxluction

The lateand middle Miocene diatomaceous oil fields in the SanJoa-
quin Valley, California, are located in Kem County, some forty
mileswest of Bakersfield. The largestoil volumesare found in the
South,MiddleandNorthBelridgeDiatomiteandBrownShale, Lost
HillsDiatomiteand BrownShale,AntelopeHills,McDonald Anti
cline, Chico-Martinez Chert, Cymric Diatomite, McKittrick,Rail
roadGap,BelgianAndcline. Asphalto,ElkHills,BuenaVista Ante
lope Sh^e, and Midway Sunset Reef Ridge and Antelope Shale.
The major producers of diatomiteoil are Shell, Mobil, Chevron,
SantaFe, CrotcherT^, Exxon, Texaco, and Unocal. An estimated
(»iginal-oil-in-place in the Montereydiatomaceousfieldsexceeds
10billionbarrelsand iscomparableto diat in Prudoe Bay inAlaska.

The uppermostproductive memberof the Monterey Formations
is the Diatomite that passes westward into the aigillaceous Reef
Ridge Shale. The Diatomite overiies the Brown Shale with the dia

*Naw with Pair Isaoe Ina

Copyright 1996Sodeiy ofPetroleum Ei^ineers

OiignaJ SPE (nanusctipt teceivad for review Oec. 1.1994. Rewiseci manuscript tacetvad
SepL18.1995. Paperpeerapptovod OcL 6.1995. Paper (SPE28383) first presented at ttie
1994 SPE Annual Tectincal ConferaiKa and Extiibitionheld in New Ofteans. Sept 25-28.

genetically defined boundary. The Brown Shale in mm overiies the
Antelope Shalememberof dieMonterey. Cyclicbedding in thesili
ceous fades is a welldocumentedphenomenonattributed to alter
nating deposition of detritus beds,clay,andbiogenic beds (mosdy
diatoms; 75 million of these microscopic plants fill a cubic mcl^.
Thecycles s{»nlength-scales thatrangefroma fraction of an indi
to tens of feet, reflecting the duration of depositional phasesfrom
semi-annual to thousands of years.

Themineral composition ofdiatomaceous rockscanbedepicted
as a mixtureof biogenic silica,detritusandshale.Forexample, the
South Behidge diatomite has more biogenic silica, and the Lost
Hillsdiatomite'has moreshaleandsand. Depending ondepthand
temperature, tiieunstablebiogenicor inoiganic silica (Opal-A)dis
solves and reprecipitates to form ametast^le compounti Opal-CT
(BrownShale), that in turn dissolvesand reprecipitates as micro-
crystalline quartz(Antelope Shale,Chen and/orChalcedony).

The diatomaceous rocks are very porous (25-65%), rich in oil
(35-70%), andalmost impermeable (0.1-10md).Thehi^ porosiQr
and oil saturation, togetherwith largethickness(upto 1000ft) and
area (up to a few squaremiles per field) translate intothe gigantic
oil-in-place estimates. Unfortunately, thelowdiatomite permeabil
ity makes efRcient oil production verydifiicult, if notimpossible,
with current technology.'

Tocompensatefor the lowreservoirpermeability, allwellsin the
diatomitemust be hydrofractured. A typicalwell has3-8fractures
witii tiie wing spanof 300 ft tip-to-tip. Wells are usually spaced
along lines following the maximum in-simstress every330 ft (2Yt
acre), 165ft (1acre) or even 82 ft (^/s acre). Thousandsofhydro
fractures have already been inducedand diousands more may be
created as new recovery processes, such as steamdrive on 5/8 acre
spacing, become commercially viable. With so many hydrofrac
tures so dose to each other, it is crucial tiiat we know dieir lengdu
height, azinmth, dip, symmetry,conductivity and dynamics.

Thehydrofractures in thediatomite canbe imaged [^ssively, '̂̂
using theseismicenergyreleasedas die rockcracks arid is propped
open, and actively,using shear wave shadowing. In thecase ofpas
sive imaging, the microseismic event arrival times are picked and
inverted to find the event locations, which are then used to infer the
hydrofracturegeometryas a fimction of time.As inanyarrivaltime
based inversion, the calculatedevent locationsare verysensitive to
the errors in the pickedarrival times and the choice of an**average**
formation velod^.

Wepresentthe resultsofpassiveimagingofhydrofiracnires in two
injectors in Shell's Phase n steamdrive pilot in South Belridge.We
developed an inversion algorithm based on a modified conjugate
gradient method with a constant velodty model (CVM).By using
a layered shear velodty model and Monte Carlo simulations, we
have delineated tiie limitations of CVM. Finally, to conect for the
azimuthalvariabilityof shear wavevelodty in the diatomite, wecal
culated tiie distortion of conical waves from air gun blasts in a
nearby logging observation well.

Experiment Description

Fig. 1 depictsa planviewofthe Phase11 steamdrivepilotinSection
29 of the South Belridge diatomite. Hydraulic fractures were in
duced in three treatment wells: producer 543P. followed by two
steam injectors IN2Uand IN2L. WellsIN2U and IN2Lwere perfo
rated from 1110to 1460 ft and from 1560 to 1910 ft, respectively.
Well543P was perforated in the lower zone between 1540and 1890
ft. Results of hydrofhicmre imaging in 543P have been reported
elsewhere.^*^ Three dedicated microseismic observation wells,
MO-1, MO-2, and MO-3, were strategically placed aboutthe treat-
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Rg. 1—Plan view of microseismic experiment in the South Bel-
ridge field.

ment wells. In each observation well, an array of three-component
geophones was strappedonto the casingand cementedinplace.The
geophone stations were spaced every 20 ft over the entire diatomite
column. A second array in MO-3 had geophones positioned every
5 ft overa 200-ft intervalat the bottomof&e diatomite. Vinegaret
al^ provided a detailed description of the materials used in the
construction of the geophone pods. Fig. 2 is a cross-sectionaiview
of the experimentsite between IN2U and MO-2. Only the active
geophonesAatspan die perforated interval ofIN2U are shown.The
diatomitecyclesandporositylog arealso shown. Note diatporosity
jumpsfrom30 to over60%across the top of thediatomiteat a depth
of about 900 ft.

LX)13 is a logging observation well in which anair gun was fired
for the purpose of shear-wave shadowing of the fracture in IN2U.
Hiese blastsalsogeneratedtube waves that provedinvaluableinour
analysis. A logging observation well LO1S and MO-3 were used to
determinethe formation shear velociQr log by measuringthe inter-
well seismictravel tinse.Hie velocity was foundtorange fromabout
1800 to 2300 ft/s.

The fracturingof IN2U consisted of a six-stage minifrac and a
seven-stage mam fxac (Ikble 1). Only tte mam ftacture was m-
duced in IN2L. Generally, the pumping rate washigher with each
subsequent stage of the minifiracs and was significantly increased
duringthemainfiac.Allminiftac stageswerepunq)ed with2%KQ
brine except the last one in which cross-link^ 40 pcMmd gel was
used. Main ftacs were pumped with 2% KQ brine,cross-linked 40
pound gel, and 20/40 Ottawa sand.

Data Acquisition

infty-sixchatmelsof data were recorded by Western Geophysical
DownholeSeismic Servicesusing a 60-chaime]DFS-Vsystemwith
dual 9-trackmagnetic t^drives. Channel limitationsrestricted re
cordingto approximately 18geophones ftom eadi observation well
duringeachfracturingstage.Hius, only the geophonesspanningthe
perforated interval in the treatment well were used. The data were
collected at a 1 ms sample rate in 16-second blocks separated by a
950 msgap to allowfor die DFS-V to reinitialize the recordingse
quence. Also, an LRS-1300 triaxial borehole tool was used to ac
quire the microseisimc data in the treatment well. Over five hours
of continuousrecording time was required for each fracture treat
ment, resulting in almost 10 GB of data.

The data were band-pass filtered to eliminate 60 Hz electronic
noise and lowenergyfr^encies, thus improving the signal to noise
ratio. Wealso used predictivedeconvolution to helpreduce any co
herentnoisesignal.Despitethis processing,wewereable to detect
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Fig. 2—Cross-sectional view of experiment site shown with po-
R^ity log and geologic layering.

the arrival of seismicenergy only in the formof shear waves,as
shownin Vig.3. The hyperbolicmoveout of about2000 ft/s identi
fies this shear wave arrival. We did not find any P-wave arrivals
associatedwith the microseismicevents that could be pickedwith
confidence. Wills et td? reported that compressional waves are
highly attenuated in diatomiteand that shear waves are produced
witha muchlargeramplitude.Webelieve thatourinability todetect
P-wave arrivals was also because of their horizontal polarization,
which inhibited P-wave detection by the vertical-component re
ceivers. Unfortunately, analysis of the few horizontal-component
channels was inconclusive as well.

When a microseismic event was found, the arrival times were
pickedbyhandforeachgeophone.Wefeel thatthetime<onsuming
processof pickingbyhandresulted ingreateraccuracyofinversions
for the microseismic event locations.

inversion Algorithm

The reason for having diree observation wells with multiplegeo
phones was to allow for an accurate inversion ofevent locationsby
triangulation.An easy way to view such an inversion in twodimen
sions is to imaginegrowingcircles at a constantrate about each ob
servation well. The point where these circles intersea defines the

TABLE 1—FRACTURE DATA FOR IN2U AND IN2L

Starting Volume Rate

Stage Time (bW) (bpm) RuidType

Mini1 (IN2U) S:56 S0.22 9.21 2%KCIbrine
Mini 2 e29 100.22 8.37 2% KCI brine
Minis 7:01 375.51 4.99 2%KCIbrine
Mini 4 8:19 326.40 18.20 40IbCLG
Minis 8:37 76.57 24.05 2% KCI brine
Mini 6 9:11 11.73 0.90 2% KCI brine

next day
Main 1 (IN2U) 10:27 76.30 22.12 2% KCI brine
Main 2 10:49 51.25 23.29 40(bCLG
Mains 10:51 193.43 26.26 40 lb CLG and OS
Main4 10-59 297.39 26.28 40 lb CLG and OS
Mains 11:10 416.07 26.31 40 lb CLG and OS
Maine 11:28 432.49 26.29 40 lb CLG and OS
Main? 11:42 43.40 25.53 40 lb CLG
Main 1 (iN2L) S:51 201.75 25.06 2% KCI brine
Main 2 e:10 69.28 23.48 CLG
Mains e:13 193.95 26.21 CLG and OS
Main 4 295.72 26.13 CLG and OS
Mains 6:32 460.05 26.14 CLG and OS
Maine 6:49 499.35 26.12 CLG and OS
Main? 7:08 55.73 25.72 2% KCI brine

CLG = Cross-linked gel
OS=20/40 Ottawa sand
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event location. We developed a fiVe-dimensional inversion algo
rithm thatusesa modified conjugate gradient method to minimiyA
an objective fimction:

^^ceptenrrr

I
-,2

+ (y,- - y^) + iZi - 2ev) - vjfi - r„.)
i-1 L

(1)

foreach event, ev. The unknowns here are ^ itv and, ifde
sired,

The algoridmi can beexecuted inone oftwo modes. InMode#l,
thesingle velocityused fordie inversicmispickedfrom theinterwell
shearvelocity Ic^fortte depth of theearliest shearwave arrivalat
each observation weU. InMode #2, ftesingle best velocity iscalcu
latedasapart ofminimizing Eq. 1,usingaseparate Golden Secdon
Seardi'* in the velocity dimension (because time and velocity mtfr
Eq. (1) asaprodua). Ineithercase, the chosen velocity isagcitmivi
tobeuniform inalldirections and constant widi depth. Thus, theal-
g(»itfama/>Miyjassumesahomogeneousorconstantvelocity model
(CVM) during theinversion, regardless of the execution mode.

Totest the algorithm, synthetic eventlocations were selectedat
various locationsanddqpdis throughout thetestsite,inwrfo andout
sideof thegeophone networic. The shearwavetraveltimesto each
geqriione were conq)Uted for a uniform medium ofa^ledfied ve
locity. Hxe arrival times were then inverted inMode #2, anddiecal
culated locadons compared with die selected ones. Fig.4shows the
results ofdie calculatex-coordinates versus ±e selectedx-coradi-
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Rg.4—Each square represents theX-coordfnate calculated by
the location algorithm vs. the true X-coordinate of the cone-
sponding synthetic event

nates. The inversion isaccurate towithin one footSimilarplots for
the other calculated parameters (y-coordinate, depth, origin time,
and velocity) reveal ^ same jnedsion. Afterdiorou^ testing, we
feel that diis algorithm issuperior tothe standard least square fit
with Gaussian elimination, which suffers from illconditioning and
round off errors.

ValidityTestforInversionAlgorithm. HavingestablishedUiat the
inversion algcnithm woiiced numerically in a homogeneous me
dium, we needed totest its c^)acity toinvert field a depdi-de-
pendent, butotherwise constant shear velocity model israrely a
good representation ofa layered and heterogeneous rocL Seismic
waves propagating through such a rock are subject to velocity
chmges diatresult inray-bendmg. Ontheodierhand, aconstant ve
locity model assumes strai^ ray paths, and itis necessaiy to re
solve thesystematic error incurred when inverting real data with
such a model.

ToHnd this error, we first developedahorizontally layered, shear
wave velociQr model, using theinterwell velocity andbulk density
logs. Tte model velocities and layering werechosen tore^vesent the
diatomite formation asaccurately aspossible and are shown inF%.
S.Fig.6compares two sets ofarrival times, one generated with our
layered model and the other firom a real microseismic event The
approximate agreement between these and other arrival timescchi-
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Rg. 6—Arrival times comparison.

1.25

4« 157 SPE Fomiaiton Evaluation. March 1996



n

tW|

1*1

ri

f-*

a.

S
i 100

I
B

s
«a

5

200 .

Calculated
f

_i _ Known Event

• /
IN2U

Y * Location

d
-SO

100

EW DistanceFrom 543P(ft)

Rg. 7A—Known vs. calculatedlocations(1200 ft).

vioced usthatourlayered model was a reasonable representation of
the diatondte.

Next, we assumed known synthetic event locations at various
depths alongtheestimated hydrofiacture plane inIN2U. Theshear
wave travel times toeachgeophone werethencomputed from the
layeredmodel. Theseanival tunes were in turn inveitedwith CVIA
inMode #1« and die calculated locations were compared with the
known ones. 7Aand Bshow theresults ofthis comparison in
plan view fortheevents at 1200 and 1400 ft. respectively.

Thecalculatedlocationsmayseemacceptable, butdieystill result
from inverting ideal, error-freeanival times, which are hanlly typi
cal offield data. The arrival times ofreal seismic events are subject
tovarious errors. There isetrorbecause oftherecordingequipment,
noise in the seismic signal, and the actual picking of thearrival
times. UnfcHtunately, these enors aredifficult todecoiq>le.

Totest the validity of inverting real data withCVM,we had to
introduce anelemoit ofenorinto the arrival times enmpiit^d from
thelayeredmodel. Accordingly, weperturbedtheanival tinteatev-
eiy geophone by a random fector of the orderoffour ininise<^on<ls.

random&ctor,whidi isaj^noximatelyonethird ofdteaverage
periodf(»-the realshearwavelengdis in ourdata,wastoaccountfor
allerrors. Invertingthe arrival times after each of500 peituibations
yielded an (Rentedellipsoid ofunceitainty fordie loca
tions in Figs. 7A andB.

8Aand Bshow the unceitainty '̂ clouds'* around thecalcu
lated locations, together withtheknown synthetic locations. These
plots aremoresignificant thanth(^ inFigs.7AandB,because the
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calculated locadon forareal microseismicevent conesponds toany
oftheevent locationscomposingtheuncertainty ellipsoid. Theenor
associated with inverting real data using a homogeneous model is
iq«esentedby thedistance between theuncertainty cloudandthe
specified location. If thecloud encompasses thespecified location,
then such aninversion isvalid forthat location, given apineciable
enorsinduced bywell geometry, geophone spacing, andallother
errors discussed above. If thespecified location falls outside of the
cloud, then invertmg with a homogeneous model isinsufficient for
that location, anda vertically variable velocity inversion (a more
difficult task)mustbe performed.

Conditional ValidiQr. InRg. 8A, the uncertainQr ellipsoids are in
good agreement with thespecified locations at alldistances from the
treatment well. However; inRg. 8Btfiey compare favorably nearthe
treatment well butget jnogressively wOTse with distance away from
the b(Hehole. We believe that diis diminmiaH accuracy is related to
thevertical locationofdie^diedcevents. At1400ft,theshearwave
velocity has a higher gradient than at 1200 ft which could explain
why ouraccuracy ispocnerat 1400 ft The variation inshearvelocity
isnKHe inqxntant than itsmagnitude. Alargergradient leads tomore
seismic raybending andgreater uncertainty. In addition, events fiar-
ther away from the geophone wells aremore pn»e toray bending,
explaining whyaccuracy diminishes withdistance.
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Rg. 9—IN2U mieroseismic event locations using constant ve
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Initial Event Locations for IN2U

Afterdetemuning the accuracyand limitationsof our inversionmeth
od, we proceeded lo invert the arrival times of reaJ microseismic
events. The search through all the IN2U hydroiractuie data resulted
inthe detection of about 80 direct arrivals. Unfortunately, halfofthese
were conical waves caused by the air gun shots that were used for the
shear waveshadowing analysis.^ We picked thearrival times forall
the microseismic events and inverted them using CVM.

rig.9 is a plan view showing the calculated event locations for
Ae microseismic events. The locations are much more dispersed
than we expected, and it is difficult to define any incmre plane at
all. Also, the fracture is asymmetrical, extending almost entirely
northeast of IN2U. These results led us to question again the validity
of otu" inversion routine, but from a different perspective.

The validity tests described above showed t^ inverting real data
with CVM is acceptable for our purposes. However, for the South
Belridge diatomite, lateral vari^ility ofshear velocity may exist
and must be taken into account when inverting for the microseismic
event locations. In fact, with only three geophone wells, azimuthal
variation could be a more signiHcant source of error than vertical
variation. Thus, we devised a method to detect directional changes
in shear velocity in the diatomite. The conical waves ^m the air
gun blasts in LOB, which had originally been considered an un-

Depth (ft)

Hg. 11—Conical wave arrival at MO>2 recorded by the vertical
component of the geophones (note shadow zone).

Air

Gan .
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Rg. 10—Conical wave generation and propagation.

wanted noise, were now viewed as a potentially useful tool to esti
mate the shear wave velocity betweenL013 and the three observa
tion wells.

Conical Waves

Generation and Propagation. Conical waves are frequently en
countered in vertical seismic profiling (VSP). An air gun blast
causes a fluid disturbance within the well that emits tube waves
which travel up and down the borehole, away from the airgun.^
As the tube wavespropagate,theydiffract intothe formationas con
ical wave fronts if the tube wave velocity exceeds the velocity of the
adjacent formation.^*' For our test site, the tube wave velocity is
greater than the diatomite's shear velocity but less tiianits compres-
sional velocity;hence,wecan detect only shearconicalwaves inour
data.^ The conical waves emerge intothe formation at an angle 6
with respect to the perpendicularto the borehole, where

--[Hi-
Vf(z) is the depth-dependent shear velocityof the formation, and
V^(2) is the mbe wave velocity.The angle in our case varies from
about 27' to 45® and is more sensitive to Vj than to V,. Big. 10 illus
trates the ray paths takenby the conicalwavesfrom LO13to theob
servation weUs. Note the shadowzone, equal to 7B,separating the
conical waves generated by the up- and downgoing tube waves.
Consequently,only geophoneswhose depthsaregreateror less than

a 1300

MO-3/MO-2 MO-3/MO-1

MQ-1/MO-2

0.85 0.9 0.95 1.0 1.05

Velocity Ratio

Rg. 12—Relative shear wave velocities.
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dte depth ofdie airgun by an amount equal tortan6), where r isthe
radial distancefiomL013,willrecord strongconical wave arrivals.

The zero frequency approximation ofthe tube wave velocity is®:

VXz) = P/
1 1 1
Bj Vliz>pr + Eh/d

(3)

where p^is the well fluid density;^is the bulk modulus ofthe well
fluid; Vs(z) is the depth-dependent formation shear velocity;pr is
the bulk density of the formation; and E, Kand dare the Young*s

wall thickness, and iimer diameterof the well casing, re
spectively. Th<^ tube wave velocity was computed to be about 4300
fVsand is most sensitive to Becauseconical waves attenuateas
the square root ofthe distance ftom the source well, they can be re
cordedover laige distances away from the borehole.^ Fig. 11shows
an exampleofaconical wavearrival in oneofthe observation wells.
Thetiueeearliestarrivalsaredirectshearwaves thatarevisibleonly

they are within the conical wave's shadow zone. Outside
dieshadow zone, strong conical wave anivals can beseen which
completely scale outthe direct shear wave. The linear moveout at
an apparent velocity equal tothe tube wave velocity characterizes
the conical wave. Contrast Hg. 11 with the shearwave arrival from
a microseismic event inRg.3, which has hyperbolic moveout and
a slowerapparentvelocity.

UseofConicalWavestoEstimateRelative ShearVdodties.The
relative variation of shear velocity wiAazimudi wasof greater in
terest than thevelocity magnitudes dxemselves. Therefore, wespe
cified ashearvelocity inone direction asareference. We chose the
direction from L013 toMO-2 asourreference direction. Fiveconi
cal wave ray paths, each being emitted from L013 at a different
depdi, were then determined insuch away as to intersect MO-2 at
a spedfic geophone depth while intersecting MO-1 and MO-3 at
depths whereageoi^one was positioned nearby (cf. Fig. 10). First,
a reference shearvelocity wastaken ftomdieinterwell logandas
signed toeach ray path according tothe ray path's depdu The emer
gent anglesofdie conical wave ray padis from L013 were dien cal
culatedusingEqs. (2)and (3) above. We assumed straight ray padis
for theconicalwaves.Thediree geophones foreachray paAwere
grouped together for die analysis.

Themodeled traveltime of theconical wavetoMO-2wasfound
by dividing die straight ray distance, r2, from L013 to MO-2 by die
reference shearvelocity, Vr. The origin time,to,of die air gunshot
wasdiencalculated bysubtractingdiemodeled traveltimefromdie
picked arrival time, 5j2, atthe geophone in MO-2:
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Thearrival times, 4,ij, at thegeophones inMO-1 andMO-3 were
corrected for the diff^nce in depth, Azij, between the intersection
of the chosen conical wave raypath with these observation wells
and the nearest geophone:

_ Az,j (5)

where is the corrected arrivaltimein MO-1 or MO-3,andV, is
thetube wave velocity. This correction assumed parallel ray paths
forconical waves emanating atdepths that were very close to the
depths ofthe five chosen ray paths. Subtracting the origin time, /q,
fipom the corrected arrival times atMO-I and MO-3 ^ve the travel
times of the conical waves to those wells. The relative velocities,

were then computed bydividing these travel times into the
straight ray distances, to MO-1 and MO-3

- ,^,3 - r„- (6)

Since the relative velocities were calculated with respect to the
reference velocity inthe MO-2 direction, we divided them by the
reference velocity toget shear velocity ratios. Fifr12shows the
shfflrvelocity ratios as afiinction ofthedepthatwhich the five cho
sen ray padis emer^from L013. Note diat die velocity towards
M0-2isabout 10% greater than diat towards MO-1 and MO-3 (ra
tios of0.9). Failing toaccount for suchadifference insh^velocity
when performing inversions can drastically alter the microseisrmc
event locations.

Evidence confirming diat die shear velocity does ind^ vary
with direction canbeseen inFig.13,whidi shows thearrival of a
conical waveat eachof the fifteengeophones. The threereceivers
for each ofdie five ray padis have been grouped togedier, and the
arrivals atthe geophones inMO-1 and MO-3 have been corrected
for depdiusingEq. (5)and distance:

A/ij
^3 - ^2

Vr
(7)

where tu isthe time ccniectionfor theextra radial distanceto MO-1
andMO-3. Inodier words. Fig. 13 shows what dierelative arrival
ofaconicalwave would beat a specific geophone ineachobserva
tionwell if dieduee receivers were positioned at exacdy diesame
depth, and the distances firom L013 toMO-1, MO-2, and MO-3
were equal. All five geophone groups are ^own. Ifthe shear veloc
ity in the diatomite was the same inall directions, the three arrival
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times within eachgroupwould be synchronous. However, Fig. 13
clearly shows thatthearrival timeisearlier fortheMO-2 geophone
in all five groups.Hius, theshear velociQr is fastertowardsMO-2
than towardsMO-1 and MO-3for all fivedepths.

Improved Event Locations for iN2U

The extentofdeformation ofconical waves allowed us to estimate the
leaeralvanabili^of shear velocity inthevicmiiy of1N2U. Fig.14is
a plan view ofthe new locationsofthe microseismicevents, after in
vertingin Mode #1, wiAthe aid of velociQr multipliers. We were
pleased to see diat these locations have colUq^onto awell-defined
fracture plane.Thisplaneisalmostvertical andstrikesa^jproximately
N2P±4'^ The azimudi froma tiltmeter survey by Applied Geo
physics, Inc.was N19.4®±4®E. Contrasting Fig. 14with Hg. 9 re-
ve^ the magnitude ofimprovement in the event locations asaresult
of accounting for the azimuthal variation in shearvelocity. Fig. 14
alsoconfirms diat the hydrofiractuie extended asymmetrically about
IN2U. Its NE wing wasabout 230 ft longand its SWwingwasno
morethan30 ft long. Another intriguing aspectof die fracture, how
ever,isshownin Fig. 15.Thisside viewrevealsthattheasymmetrical
wingsoccurredat two different depths.Thereare actually twodiffer
ent firacoires—a long NEwingat a depdiof about 1200ft and a short
SWwingatabout1400ft.Bothdepths correspond tothehighest per
meabilities in the diatomite layers near1N2U. The lackof symmetiy
of die fracturewings in IN2Uindicatessignificantreservoirhetero
geneityor nonuniformporepressure.Hiis fmdingdiffers fiom those
reported m dieIherature. e.g. Stewart eto/.^^

Event Locations for IN2L

The deep hydrofracture was induced in IN2L, die second steam in-
jectcn:After {nckingdie arrival times, we inverted for die microseis
miceventlocationsin Mode#1, usingdierelativevelocity multipli
ers of 1.20 for MO-1 and 0.87 for MO-2. The azimudial variation
in shear waveveloci^ aroundIN2L couldbe largeas a resultofhy-
drofiracturing in 543P overdie same verticalintervalandonly 40 ft
east (Hg. 1). As reported in [2], IN2L was next to die disturbed
formation around the hydrofracture inS43P. There wereno air gun
shots during ficacturing of 1N2L, and die velocity multipliersused
above werecalculated from the conical waveevents in^2L itself.

16 shows the resultsof the inversion in plan view. Again, we
have a fairiy well-definedfracture planediat strikes approximately
N21'^ for this particular setof multipliers(widiout the multipliers
die ftacture azimuth was an unacceptable NSS^E).

Odier conical wave events seem to indicate diat die ftacture azi
muth is closer to N2S*'E—N30'*E, and we continue to refine our
analysis. The microseismic analysis of die hydrofracture in 543P
yielded^*^ anazimuth ofN26** ± This timediehydrofracture is
symmetrical about IN2L and both wingsare ^roximately 130 ft
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Fig. 16—IN2Lmicrosasmicevent tocationsvirith relative veloci^
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long. A sideviewof thehydrofracnire in IN2L is shown in Fig. 17.
We can see that both fracture wings are atadepth ofabout l^ft,
suggesting that there is only one majorfracture in IN2L. There is
also a short,symmetrical fractureatabout18S0ft depth, extending
no more than 10 ft in each direction.

Temperature Date

18 shows the locations of the Phase I and Phase n steamdrive
pilot injeaors, producersand observation wells.NotethatthePhase
I hydrofiractures haveazimudis of about NIS^E, in agreement with
other fielddata.As theuppercyclesofdiediatomitehavelowerper
meabilities than the bottom ones, die drawdown from producer
S43H resulted in a steeper pressure gradient that attractedthe new
hydrofracture inIN2U. Similarly, the more significant,' butslowly
occurring latendextensions oftte hydrofracture m 1N2Uare domi
nated by dieattractionfrom a full-interval producerS43N,whereas
those in IN2Lby producerS43P,completed only in die lowerzone.
In short, bodi injection hydrofiactuies are dynamic ^sterns that
evolve with time, dependingon the localstress field that in turn is
influencedbythe pore pressure.Theeariybehaviorof thesehydro-
fractures,however,is closely relatedtotheir originalshapeand ex-
rent and can be verified by the initial temperaturesurveys in the ob
servation wells.
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It is well known that in linear, transient and nonisothermal flow
of steam, the reservoir pressure andtemperature aregoverned bya
TinniiTipar pressure dif^ion equation cotqpled with a linear heat
conduction equation, and vary approximately asthesquare root of
time.i^'^^Therefore,if thereis no deviationftom linearflow ofmass
andheat,the temperature profiles inanobservation wellshould be
spaced uniformly when interpolated in equal increments of the
squarerootof timeelapsed on steaminjection.

Observation well L015 is located 23 ft east firom both injectors.
Fig. 19 shows a square-root-of-time interpolation of temperature
surveys in this wellbetween 200 and1400daysof steaminjection.
Thetwothicksurveysareat770 and1400days. Well LOISisdomi
natedbythepulverizedformation closetotheinjectors—not thehy-
droftacture planes far from the injectors—and has responded to
steaminjection intobothupperhydrofractures at 1200and 1400ft
and both lower hydrofracturesat 16S0and 18S0ft.

Geophone/observation wellMO-2 is located 63ftSEfrom IN2U
and 44 ft SE from IN2L. Observation well L012 is located S3 ft NE
ftom IN2U and 71 ft NE from IN2L. Both observation wells are
about 20 ft east of the injector hydrofractureplanes. Therefore, one
would expectthesewells to respond similarly to steam injection. If
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bothwings ofthehydrofractures were symmetrical, theresponse of
well MO-2 to 1N2U would be slightlyretarded relativeto L012.
Conversely, the response of MO-2 tt> IN2L would beaccelerated
relativetoLOIZ However, themagnitude ofbothresp(»ises should
besimilar.Thetemperature increases inMO-2 andLO12 areshown
inFig.20.Note that after770days ofsteam injection (thefirst thick
survey), well MO-2 had shown almost noheating across theupper
injection interval, whereas LOl2heated uniformly to60°F. Even
after 1400daysof steam injection andseveral fracture extensions,
flje reservoir heatmg at MO-2 lagged significantly thatat L012.
Alsonote thatthereisnoheating inbothwellsat 1400ft.suggesting
thatthelowerhydrofracture inIN2U neverincreaseditslength.This
is the most direct proof of ourconclusions from themicroseismtc
imaging ofthe hydrofracture in IN2U. Interestingly, almost no re
sponsetoIN2L was seen atbothwellsforthefirst 770daysofsteam
injection. Thereafter, theheating accelerated more inMO-2 at1650
ft butmore in LO12at 1850ft.Thissuggeststhat (1)newflowchan
nels, perpendicular tothehydrofracture plane, opened and (2)the
deepest hydroftacture increased its lengUi many-fold. Both heated
depths coirespond to themicroseismic activity.

Conclusions

Twohydrofinactures intheSouth Belridge Diatomite were imaged pas
sively using theseismic energy released during fracture propagation:

l.Theazimuth ofbothhydrofractures was aboutN21®±4®E.



2. in each treatmentwell, there were initially twoseparate hydro
fractures at two different depths that corresponded to the diatomite
layers with highest permeabilities.

3. The IN2U hydrofractures were asymmetrical. Initially, the upper
NE wing a: 1200 ft was 230 ft long, whereas the lower SW wing at
1400ft was only 30 ft long. The lower wingnever grewsignificantly.

4. Asymmetry of a new hydrofracture is likely to be caused by the
areal nonuniformity of pore pressure around this hydrofracture.

5. The IN2L hydrofractures were symmetrical and their wings
were initially 130ft long at 1650 ft and 10ft long at 1850ft. The low
er wings increased their length many-foldduring steam injection.

6. The above conclusions agree with temperature surveys in the
surrounding observation wells.

7. Our sensitivity analysis indicates that the lateral uncertainty in
the microseismic event locations is usually ± 20 ft while the vertical
one is ±2-5 ft.

8. The microseismic data are scanered around the most likely
fracture planeswithin ±20-25 ft. Thismeans that the existence of
the disturbed "process zones'* aroUnd the hydrofractures is neither
supported nor rejected by the data.

"niehydroftacture in IN2U was verydifferent than that in IN2L.
Therefore, the diatomite properties can change dramatically with
depth and time,and this has implicationsfor the implementation of
steamdrive on a ^/g acre spacing.
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Abstract
An optimal water injection policy mavimiT.^ oil recoveiy po-

pf)aiTBl of injected water while mintmirmg finmation Hamagi*
md maintaining reservoir pressure. Opt^ial water injecti(m
into low pemieability, fiac&ned oil reservoirs is {noblematic
because ofhighfy nonlinear and complex resovoir dynamics,

f^ikewise, current first principle models offluid movement in
lactured, low permeability rode systems are insufSdent to
design, operate, and fnedict the petfinmance of large scale
waterfloods. Historically, die conjBict between prudoit
eservoir management and meeting field injecdon-]so^cdon
aigets has resulted in reservoir and well damage, injectant
recirculation andineversibfy lostoilproducd(m.

n Here we present thenext generation of"nitelligent"
urveSlance and jTredicdon software basedon n^nal networks

and implemented ona PC. We demonstrate a new approach to
-field-wise perfimnance predicdra and optimization of
"^Valerfioods that recognizes an oil field as a coupled, highly

lonlinear ^stem of injectors and producers. With lease>wide
historical data fixmi a waterfiood in the Lost Hills Diatomite

County, CA), we ccmstroct several neural networks
/hich recognize thatindividual well behavior m^ depend on

*irell history and die injecdon-production conditions of
surrounding wells. Some of our neural networks accurately

r"'^ict wellhead pressure as a fimcdtm of injection rate, and
iceversOt for all injectors. Odiernetworks history-match oil

and water production on the well-l^-well basis, and predict
j^fitture production on a quarterly or half-year basis. Finally,

ur neural networks recognize and suggest water injection

policies diatlead todie minimum injected water and the best
ofl recovery.

Introduction
Hiis pE^ outlmes a new, field-wise apjvoadi to managing
large fidd mjection projects in tight l^draulicalfy fiactured
reservoirs. We use neural networks to anafyze the past
petfismance of watofiood projects and to predict future oil
recovoy, and water injectionand [Hoduction. Neural networks
are use^ in that a structural model between injection and
producticm need not be q)ecified in <»der to laedict
perfomiance. Hie neural netwcaic qiproach recognizes that
indiWc^ weU behavior depend on the well history and
the injection^aoductira conditicms of simounding wells.
Also, lease-wide production is die result of mjection and
producticm atmany wells and dieir interactions. Our qpoach
discerns injecticm polides that lead to die mminmm injected
wateranddie bestoil recovery.

We focus on water injection mti^t reservoirs because
significant quantities ofcrudeoilremain in them, and stateKjf-
the-art undeastanding offioid movement in low permeability
nx^^stonsisnot sufficient for design and operation oflarge
fimd injection projects. Water injection is al^ hnportant for
rnitigating reservoir compaction and sur&ce subsidence. In
tightrocks, inoject q>eFati<m is problematic because reservoir
d^nnamics arehi^ifyn(Hilinear andcomplex.

An optimal injection policy (i.e., the schedule of
inje^on rates chosen to produce a field) fia* tight fields
minimizes formation damage while maximizing oilproduction
per unit vohnne of injectant Fluid injection mto low
p^eabilhy reservoirs (diatomites, chalks or carbonatBs),
either ^ pressure maintenance or secondary oil recoveiy is
very difficult On one hand, injection rates must be low
enough to prevent reservoir damage from ovei]nessuring and
inducing unwanted fractures. On die odier hand, these rates
must be high enough to make the cosdy fluid mjection
process economic. This conflict between prudent resovotr
man^ement and meeting injection taigets has resulted in
significant reservoir and well damage, injectant recirculation
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and Ineversibly lost oil {iroduction. Cmrently, engineers
develop injection policyon&e basis ofpastexperience, partial
knowledge of the. state ofreservoir stress, production history,
and limited predictions of fatnte reservoir perfoimance from
numerical simulation. Injectors are usually controlled

^ individually, with constant set points, and without feedback
among nei^boring patterns.

Hie field-wise approach for fluid mjection management is
applied here to a diatomaceous oilfield in California, but it is
general andm^ aiq)lied to otiier deeper, tight reservoirs. The
Califinnia Diatomites are shallow, de^ly populated widi
wells, and undergoing massive water mjection, tiier^

^ allowing anunprecedented glimpse intothe inner workings of
tigiit rocks during fluid injection. However, problems &oed in
the Diatomites are common to other ti^. fields. These
problems are (a)imbalance of fluid injection and wididrawal,
(b) excessive fiacturing ofdie rock by die injected fluids, (c)
inahiliiy to contTol ^d injection m an opthnal feshicm to
maximize cumulative injection, while mmimizmg reservoir

m damage, (d) ladeof mjection profile control, (e) thief zones,
and (0 difiScuhies m calculating the incremental oil
production.

fm\

Neural Networks
Durmg the lastdecade, the application ofneural networks fir

pfj identification of nonlinear, time vaiying, and nonstationaiy
Isystems has increased expon^itially [1-8]. Recentfy, artificial
neural networks have been used to model reservoir bdiavior
under steam and water injection[9] model oil and water

n imbibition processes [10], well test analysis [4, 11, 12], sad
model reservoff properties [13]. This wides|̂ ead application
resulted from sevei^ attractive features of neural networks,

p. Unlike r^ression, neural networks do not require specificaticm
ofa structural relationship between mpat and output, havethe
ability to approximate arbitrary nonlmear functions to any
degree ofaccura^ [14, 15], can be trained easily using p^
datarecords fixim die system under study [9], have the ability
to learn, have die capabilhy of performing massive parallel
processing, have sigi^cant froilt tolerance, and are readify
applicable to multivariable systems.

In addition to the above attractive feature, new interest
was fiieled, in part, powerful new neural network models
such as B-spline Networks, Radial Basis Function Networks,
Ebnan Networic, and new leammg methods such as Badc-
Propagation [16, 17] and Associative Learning Rules. The
interest in neural networks is also due to advances in computer
technology which have made it possible tobring together both
a very large number ofnodes andmassive intercormection cf
simple neurons, much like die human brain.

Multi-layer perceptron networks with a backfKopagation
^ learning algoritiim are perhaps the most widely used neural

networks fin* process identification. There are typically two
liters widi connections to the outside worid. These are die
input layer, where dataare presented to the networic and the
output layer, which holds the response of the network to a
given input Lasers distinct from fte input and output layers
arecalled hidden layers. Typically, one hidden l^yer is used.

aldiough there are no restrictions cm die number of hidden
l^ers. Tlie modeling capabilities of tiiese networis have been
demonstrated in numerous publications and successfiil
mdustrial applications.

In an artificial n^nal network, the simple n<mlinear
elemrats called nodes, n«irc»is, or processmg elements, are
interconnected and die strengdi of interconnections is denoted
1^ parameters called wei^ts. The values of the weights
represent dieoment stateof knowledge of the netwoiiL These
wei^its are adjusted to iminx>ve peifismanc^ dq)ending on
the task at hand. They are eidier d^ermined via some
prescribed ofif-liDe algoridun and thus remain fixed during
operation, or a<yusted on-lme via a learning process [5, 18].
Thenodeweigte providediememorywhichis necessary in a
leammg process. Learning may require providing many
examples to thenetwork manythousands oftimes.

Anodierphase indieoperation of a networic is recalling.
Recallmg refos to the w^ die nonal network processes a
sthnuhis presoited at its input 1^^ and creates a respcmse at
the outputl^er. Often,recallis an integral partof the leamh^
process.

An addTtinnai important diaracteristic ofa neural network
is its generalization properties.JThe nature nonal network
memory leads to reas<Hiable network response i^en presented
widi incomplete, noi^, ot previously unseen hqiut This is
g(^epiK7atinTi The quality and meaningfiilness of
generalization dep^ds on die particular ^)plication and die
typeandsophistication of the network.

Fmally, whereas traditional computmg ^stems sufl^
from even a small amount of damage to memory, neural
systems arefaulHolerant, For example, if some pocessmg
elements aredestrc^edorimpaireddie behaviorofdie network
as a whole is only sli^itly d^iraded because odier nsiral
padiways throu^ dienetwork remain. PerfiMmance suffers, but
die system does not come to an abrupt halt Neural networic
systems arefeuk tolerant because infinmatmn is not stxxred in
oneplace, butisdistributed throughout thesystem.

Neural Networte and Pattern RecognitiotLIn die 1960sand
1970s, pattem recognition techniques were onfy used
statisticians and were based on statistical theories. Due to
recent advances inccmiputer systons and tedmology, artificial
neural netwcnks have been used in many pattem recognition
applications fitnn simple diaracter recognitiim, interpolation,
and extrapobction betweai specific patrons to die most
sophistical robotic applications. To recognize a pattern, <me
can use the standard multi-layer percqitpcm with a back-
propagation learning algoridim or simpler models such as self-
organizmg networks [19]. Self-organizmg networics can e^ily
leamto recognize die topology* patterns, and distribution in a
specific set of informatioiL A detailed account of self-
organizing n^orks and pattem recognition techniques is
beyond die scope of this papw, but we will use a self-
organizing networic to divide die wateifiooded field into
smaller regions.

Our neural networks are unplemented on a PC using
MATLAB, a technical computing environment combinmg
computation, numerical analysis,and gRq>hics [20].
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Lost Hills Waterflood Project
We examine specificaUy a wateifiood project in Section 2 cf
me Lost Hills Diatomite (Kern County, Califinnia) denoted
•T-ost Hills r and operatedby Mobil E&P U.S. Across all
leases, the Lost HiUs Diatomite contains an 34

fMnillion bblof light oil recoverable by primaiy mediods [21],
3iit the OOP is 2 biUion baxrels (22] andthe taiget
for inoemental recoveiy is huge. In Lost Hills I, the oil-
bearing diatomitelies between depths of 1600and 2650 ft. It

*^5 ovolain by the 'Dilare sands and underlam the Reef
^dge andAntelope shales. Porosities rangefiom 40 to 75%,
while the aver^ field penneabi% is around 1 mD. The

^j^es^ok is highly layered and inteibedded widi oil-bearhig,
dliceous diatomite ciHnposed ofa veiy fine-gtained mixture cf
oiogenic silica interla^rered between shalQr and silly
diatomites. Diatomite properties also vary diagenetically witii

Opal A is found in Ae upper diatomite interval and
ransitions to Opal CT as depdi and pressure inoease. Opal
CT is more de^ less porous, and stronger than opal A.
Both rocks types are pn^uctive. This leered, interbedded,

'̂ iatomite/shale geology is a general chaiacteristic of the
Matomites [23,24].

Extensive development df Lost Hills I began m die late
r>i^970's wididie useofhydraulic fiacturii^ to improve injector

nd producer efiGidenQf and a second phase of liydraulic
liacturing followed in 1982 [^]. The presence ofgas-ridi oil
and fiee gas results in higjh gas production rates and

'Acceleration of reservoir voidage and compaction. To combat
ompaction and subsequent subsidence and to maintain

reservou* pressure, water injection at Lost Hills I b^an in
^991. To date, tiiere are roughly 120 producers and 50

ajectors m operation.Wells are perforatedovera total interval
^f 600 ft, completed in 3 or 4 stages, and hydraulically
fiactured. Figure 1 gives a plan view of the injector and

r^Wiucer locations at Lost Hills I. The daik circles are
roducer locations, \^e tiie open circlesare mjectors. Well

configurations yieldan incomplete staggered linedrive aligned
wifli die inductfiacture direction, and on 1 1/4 acre spacing.

*^111 wells are hydraulically fiactured witii a field-wide fiacture
.zimuthaveragmgN 50** E [25]. The fiactures are quite laige
with an average tip totip len^ ofabout 700 ft.

if-i Diatomite properties contribute to some additional
perational problems. For instance, diatomite has relatively

low Young's Modulus (50,000 - 200,000 psQ whidi causes
induced fiacteres to be much more elongated than those in
'"Wer rocks [25]. Low permeability contributes to high

wellhead pressures and low injection rates. Ifoveipressurized,
hydrofiacture extension and linkage occurs [26]. -Likewise,
^latively low fomiation permeability and large formation

lickness make it hard to establish uniform displacement
..lonts in all diatomite layers.

r^il Production. Production responses of individual wells
aiy widely. Figure 2 catalogs die most likely types of

producer behaviorduringdiatomitewaterfloods. First, Fig. 2a
demonstrates no oil or water production response. The well

Hintinues to behave as if it were in an mfmite medium,
econd, a well may show no waterflood response, but well

productivity decreases due to iuterfenaice witii cQier producers
as shown in Fig. 2b. Third, as Fig. 2c demonstr^ a water
production response m^ be measured with no oil (noduction
response. Fourth, a well may show,increased ofl production,
but no increase mwater production as in Fig. 2d. Fifih, Fig.
2eshows a well widibodi increased oil andwater production.
Lastty, water production might increase and ofl production
might show a^(Rt'4»m response andtiien b^in to as
mFig. 2t Table 1surmnarizes diecurrent totals fi?eadi type
ofbdiaviorat Lost Ifills L Each type ofrespcmse is flssigngrf
the letter illustratmg its typical respcmse on Fig. 2. C3iief^,
waterflood reqxmse is eidio' a simultaneous water and oil
production response or a water production response vM no
corresponding oilproduction response. Together types (c) and
(e)account fiir104ofthe 123 producers cataloged.

Catalogmg of fsoducer types was aided 1^ a neural
network. Thenetwork scans die response of eadi producer and
mdicates the most likefy type ofbc^vicn* illustrated in Fig. 2.
Table 1 shows how this network helps to define more
p^isely the pattern inaproducer reqxmse. Columns 2 and 3
give die results fitnn assignment of jnoduco* types manually.
We term this process KEE fta- knowledge of an expert
engineer. Instead ofrepeating the laborious manualprocess to
check assignments, the neural network (NN) was used to
predictdiepatterns according to die types ofbdiaviiH* defined
in Fig. 2. Manual and network assigmnents (KEENN) were
compared and when die two (fifiered (Column 3 ci Table 1),
diose individual wells were red^dked manually. Columns 4
and 5 of Table I show die result of final refinement All
togedier 17% of the welltypeswerediangedresulting fiomdie
network verificaticm of ]soducer behavior. Thus, our
understandingofres^oir behavior improved 17%.

Additional^, the network was adapted based on die
refined produce- catal(^g. The {Hoducer responses were
divided into 3 parts. The first dJrd of die 123 producer
responses was us^ for networic training. The second&ird was
us^ fx testing and die rest of the data were used fir
validation. Table 2 shows die overall perfismance of the
network. It predicts that 64.2 percent of the {nnducers have
type (e) behavior, 25.2 have type (c) and 10.6% are die
remaming types. This corrqiares &v(n^fy widi die manual
assignment of producer typ^. Finally, Fig. 2g shows the
distribution ofproduca*typ^ after 5 years ofwaterflood. Note
diat die producerbehavior tends to be extreme as it followsthe
edges ofthe plot

Over the last five years, oil pxxhtction per well m the
LostHills I waterflood project has averaged 18.7 BO/day and
water production 323 BWday as shown m Fig. 3. The
average produced water-oil ratio (WOR) is tiius 1.7. The
productivity ofthe wells variessubstantiallywidi a maximum
oil rate near65 bbl/dayand a minimum at rou^ty 2 bbl/day.
Figure 3 also gives gr^hically the distribution of WOR's 1^
well for the project The dadcdiagcmal lines mark watercuts of
1,2, and 4, respectively. Roughfy 43% of the producers make
oil at a WOR of 1 or less and 66% make oil at a WOR of2 or
less.

To gaugeproduction response to water injection. Fig. 4
plots the fiaction of wells showing oil and water production
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response versus die square root of time on production. A
{Hx^ctionresprase isinfored when cumulative production in
a well deviates fnm that expected far transient fk>w in an
infinite medium or transient flow widi interference, i.e.,
responses shown in Figs. 2c to 2£ Therefore, we consistently

^ plot time as a square root because cumulative production
versus thesquarerootoftimefOT a well in an infinite medium
is a straight line if foimation and fluid properties do not
evolve. Figure 4 teadies diat the numberof wells showmg a
waterproduction lespcmse consistently ouQjaces die number Gf
wells shoTf^g oil producticm response. Afior 1600 dsys (40
days^^X eadi curve plateaus. All production wells show a
waterflood response smce the fiactitm of wells showmg water
hmaifriimiigh is 1. 72% of the wells show increased oil
production as a result ofwater injection. Often tiiis positive oil

„ response diminishes witii time and becomes ne^ve. The
limited pump capadty of wells, which produce significant^
more water after break&rou^ msy contribute to tiiis
behavior. The averagp time on production fx the onset of a
waterflood response is 900 days (30 da^^^) as botii oil and
wato* production response curves on Fig. 4 are at caie^ialf cf
their maximum at this time.

Water Injection.Water injection perwell has averaged 198
bbl/day. Therefore, the average ratio of injected fiiud to
produced fluid, per well, is 4.9. This ratio is not unity in

^ Older tomake iq) forthevoidage caused 1 '̂primaiyproduction
andbecause produceis outnumbo' injectors bya ratio of2.4 to
1.Figure S plots themean injection pressure at the top ofthe
paforati(His versus tiie mean water injection rate for each

^ injector. Although the data are scattered, it is clear that the
average injection pressure is slightfy more tiian 300psL

Becausewells in tiie depdis and die lengtiis ova*
^ which Hkcy are perforated, it is necessary to rescale die

injection pressure and rate fo* each well in order to make
meaningfol ccnnparisons and to characterize injection well
behavior. The dimensional groii^ing of variables chosen to
represfflt specific injection pressure is the injection pressure at
die top ofdie perforations divided by the dq)th to the top cf
diepofinations, and thespecific injection rate is the water rate

^ divided the total height ofthe prorated mtervals. The data
in Fig. 5 are rescaled accordingly and presented m Fig. 6.
This operation significandy reduces thescatter indie injection
data, andsuggests tiiat many of die wells behave similarly.
Rescaling will later prove to be a powerful means of
classifying well behavior and subdividing the waterflood
project intogroups ofwells withanalogous behavior.

Field-Wise Waterflood Management
Optimally, waterfloods should be managed to produce oil as
quickly and efficient^ as possible without damaging the
resovoir ©ccessively. Limiting damage in the Diatomite is
synonymous with minimiring tip extensions of hydiofiactures
and induction of new fiactures that may, or may not, link
injectors and producers. However, translating diis field-wise
goal into an operating procedure for each well is a difficult
task, especially since tightoil reservoir dynamics arecomplex.

nonlinear, and difficult to predict Before quantitative^
describing field-wise mana^ment with neural networks and
sqtptying it to Lost Hills I, we desaibe die process
gr^hicalfy.

Figure 7 presents a sdiematic diagram outlining our
proposed sqjproach to integrating die predicted behavior cf
individual wells into an ovoall watetflood managanoit
scheme. Field-wise management lies at die top of the
schematicbecauseouroverallobjectivesconcerndie field as a
whole, and not individual wells. Waterflood management
mi^t entail setting monthly, quarterly, and yearfy promotion
goals.As we move down die sdionatic, infi»mati<m becomes
finergrained. Hie horizontal linebetweencumulative injection
andproduction signifies diatthese twotypes ofinfinmation are
related even diou^ we m^ not know how to specify the
relfltiftnship matfa«natically.

Immediatefy below the field-wide cumulative rates lie
cumulative injection andproduction ratesin smaller r^ons cf
the field. These r^ons mi^t be organized simpfy as
individual patterns or collections of pattrans that b^ave.
similarfy. Ideally, die piocess of subdivisi(m' ^ould be
automatedand the oiteria for decidii^ indiidiwells behavein a
similarmanner^ould be basediqxm{ffopeify scaled injection
anH production rates. Odier infonnatioa sudi as l^rdrofiactuie
size and azimuth, die geology arcMmd die well, time on
production, and location of die well widi respect to lease
boundaries can also be included. Figure 8 displ^^
sdiematicalfy, howafield mig^ be subdivided intor^ons of
shnilarly behaving wells. Region boundaries do not have to
be strai^t, nor do regions have to* cova' idei^cal surfice
areas. Ofcourse, once the cumulative water injecticm in eadi
region isknown, die field-wide injecticm is known. But, Fig.
7 teadies that the cumulative water injection sets die
production for eadiregion ofdie field even &ou^ wemigiht
not know the structoral relationsh^. At diis level, it can be
verified that die jnoduction goal set in reservoir management
leadsto reasonable quantities of injectedwater.

Hie b^vior ofa r^(m isdie sumtotalof the bdiaviors
ofthe wellswithinit Sinceregions weredelineated groiq)s
of wells with similar characteristics and we have neural
networks that canpredict well well behavior [9], we caa
predict die injection per region leading to the best oil
recovery. The next lower level is the injection and poducticm
rates perwell which are set by optimizing r^on production.
At the lowestlevel, diefieldengmeer nowhas a suggestion as
to howto operatefte field in an optimalmaimer.

Prediction of Daily Oil Production. One of the most
important questions asked in managing a waterflood is "How
much oil will be produced if the current injection-production
poliQ' is continued indie future?" To answer this question, a
neural network model is used to estimate die field-wide
production, givenfield-wide injectioit

Mobil's Lost Hills I waterflood in Fig. 2 includes 123
producers and48 injectors. The data set also includes 5 years
ofhistorical injection andproduction ratedatacollected at 1 to
10-day intervals. Neural network design for predicting the
behavior of the field starts with filtering, smoothing, and
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^inteipolating values fia* misging infcmnation in tiie higtnriiiaj
data set A first ord^ digital and a simple imftar recursive
parameter estimator [27, 28] fia- interpolating is all ftat is
needed to filter, smoo^ andreconstruct tiienoisyfield

m To model the total daily production in the field, our
netw<Hk uses 10 input nodes rq>resentnig &e cunent
measurementand the 9 most recently measuredvalues of field-
wide }:^uction rate at 10 d^ intervals. All rates aie scaled

'"Wor^g to the following equation

o T j T7 I Actual Value - MeanScaled Value = (1)
^ Majdmum - Minimum

and then the scaled value is normalized so &at it lies between
^.1 and 0.9. The hidden l^er contains 10 nodes with a

nonlinear transfer fimction. Hie ou^ut layer contains 3 nodes
representing the prediction ofthe total daily production rate at
3 subsequent 10-day intervals. For predictmg outputs mcne

1 mondi into the fiiture, iteratitm through the n^nal
aetwoik is required. For quarter^ prediction ofproduction, die
n^oiics were iterated and thedaify production rate 3 months
Mto the futurewas predicted.

The data wm divided mto trainmg and test data sets,
rhe netwdic was then trained usmg the test cto set, the
badqsupagatira learning algorithm, and an ads^itive learning

coefScient. The network was trained until the prediction
sufiE^ upon continued training. Figure 9 diows tiie
performance of the netwoik fiH* the trainmg data set and
illustrates that tiie netwoikaccurate^ predicts the total daify

''̂ ^broduction, using all production wells, 90 days into the
future. Hie daik Imerq}resents the smoodiedfield dataand tiie
li^iter, dashedImethe netwoik predicticm. Figure 9 gives the

P^pimulative water mjection. We find mFig. 9that the n^odc
srediction is accurate, and the total daily production averages
2330 BO/d^. Note t^ the network wei^ts are not adjusted
while predictii^ cumulativeproduction or injectionfor the test

nlataset

Subdividing the Field into Regions. The infonnation
nrovided in Figs. 5 and 6 detaiUngmjection rate as a fimction

^fpressure at the top ofthe perforations was used to divide the
18 injectorsinto collectionsofsimilarly behaving wells. This

.taskwas accomplished with a self<»isanizaig neural n^oik,
Prescribed below. For brevity thou^ the creation ofonly two

hich regions is discussed m detail.
The netwoik far grouping wells and well bdiavior into

regions is a two dimensional, self-oiganizmg netwoik with
*^0 input nodes which represent the scaled mean water

njection rate per well and scaled mean injection pressure per
well, respective^. In conjunction, 25 neurons are used to

classify patterns existing in the injection data. Hie two-
iimensional map is five neurons by five neurons widi
distances calculated according to the Manhattan distance
neighboihoodfimction [20]. In this case stucfy, it is assumed

t^hat no other knowledge exists to divide the field into regions.
Although this methodology has limitations, the usefiifaiess cf
the technique is fin* &st screening and stu(fy of dififerent

^jection policies with reasonable accuracy. Later, the sh^Tes

of the hydrofiactures will be added as anotiio- fectcr fir
dividing &e field into smaller regions.

Figure 10presents scaled mjecticm pressure at die top cf
the perforations versus scaledwater injection rate and shows
partial results fiom the n^nal n^ork subdivision of the field.
The filled circles m Fig. 10 arethe scaled mjection lates and
theremainmg^bols define the neural netwoik diflferentiated
r^ons ofinjecticm behavicxr. For example it is {Hedicted diat
injectors Al, A2, and A3 di^k^ similar bdiavior. In
addition, it is predicted that inject B1 and B2 wSl show
the shnilar behavior. All wells have high specific injection
pressures, but tiie scaled water injection substantially
between thesetwosets of wells. Fig. 1 shows tiie location of
these injectors, and, as expected, th^ are m dif^Rotparts <f
the field.

To demonstrate that the network accurate^ recognizes
patterns existing m the injection data, and also to show that
thefieldis conrotly dividedmtosmallerregions, the bdiavior
ofdie injectors Al, A2, A3, B1 and B2 is shown m Figures
11-15. Comp^g Figs. 11, 12, and 13, one can see tiiat the
general b^vioroffi^ three injectors isveiy mudi the same:
the average injection rate is around 780 bbl/d^, the aven^
injection pressureat the top of the well perfoiations is around
450 psi, and all three wells have nearly die same mjectivity.
likewise, comparing Figs. 14 and 15, one can omchide that
die last two injectois b^ve similar^, but dieir behavicn* is
mudi diCfenaal fiiHU that exhibited Al to A3. In the latter
case, injection pressure exceeds the injection rate and the
injection rate is quite low. Aldiou^ the injection{sessure at
the top of die well pofoiaticms is around 500 psi fo bodi
wells, die hijecti<m 'rate is nni^ify 150 hWday on average.
Hence, the injectivily in the fiiit set ofwells is much greater
than the second set Hgure 10 ilhistrates diat we 21
suchregions in Lost Hills1widithe self-oiganizmgnetwoik.

Total Injectton/Production for a Regioit At die seoHid
level below reservoir management (Fig. 7), two neural
netwoik models are develop^ to predict die relationsh^
between the total water injection and the total oil, water and
gas productionfor a specific region. Here diou^ wewill onfy
predict oil production. This pr^ction, however, demonstrates
dietypicalbdiavior foundalsofor water andgas production.

Tlie first neural netwoik model developed predicts the
total injection based on known total oil production for a
specificregion. The second neural netwoik model is developed
to performthe so-called "inverseproblem** where the total oil
pr^ction ispredicted fiom known orexpected total injection
in a specific region. The data presented here are based on die
cunent policy followed by Mobil, but we could begin to
screen injection poliQr scenarios by settmg die desired
production and then compute required water injection,and vice
versa

The first neural netwoik model for estimating water
injection has 3 nodes in die input %er representmg die
cuirent and two past total oil production rates (scaled) at one-
ds^ intervals. It has 1 node in die hidden l^er with nonlinear
transfer fonction (sigmoid function), and one node in the
output l^er predicting the current total water injection rate
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(scalecQ, with a nonlinear transfer fimcdcHL Five years cf
historicdata were used training the neural network. The
data were divided into 120-d^ intervals. The network was
trained basedon die first60 days. Thenext 60 days were used
for testing the network peifonnance. The model was iq>dated
eveiy 60 days to predict the next 60 d^s over the entire five-
year history. Figure 16 shows the perfinmance of the neural
network model for a training and test data set The network
predicts well the total injection based on total production m
this r^on, for the training and test data setinFig. 16, and for
the entire five years ofdata.

Tlie inverseproblem of tiie networkjust discussed is to
predict tiie oil {voduction finm the total injection. Tliere ae
two methods far solving the inverse problem: direct and
mdirect In the direct method, the inverse of the first network
model is used to solve the problem. For simple invblems and
with a snxq>le networkstructure, it is possible to calculate die
exact inverse of&e neural network [29]. For complex neural
network models, an optimization routine is need^ to solve
the inverse problem [29]. In the seccmd approach, a separate
neural network model is developed to solve die inverse
problem. However, in this case the two network models
constram each odier. The output fiom one network is
considered as input into the second network and the two
networks in series are considered as a unit transfer fimctioiL In
this case study, the two qiproaches were not compared.
However, we recommend die direct method simple and
well bdi^ed oil fields and die indirect method mtne
complex problems.

The neural network to solve die inverse problon was
developed independently of the first network following the
indirect mediocL Thus, eadi ofthese models can be us^ as
solution to the other inverse problem. The develq)ed neural
network model has 3 nodes in the input l^er rqiresenting the
current and two past values of total injection (scaled) at one
day intervals, and one node in the hidden layer with a
nonlinear transfer function widi a sigmoid shape. The single
node in the output layerrepresents the current scaled, total oil
production, with a nonlinear transfer fimction. Five years cf
historical data were used for training the network. A moving
window of 120 days was used for training and testing die
network. Hence, the first 60 d^s were used to train the
network and the next 60 d^s was used for testing the network
perfixmance.

Without updating the network, the model has the ability
to capture the pattern existing in the oil production behavior
far a given region. However, in some cases, a constant offiet
b^een model prediction and actual data is found. Figure 17
shows die performance ofdie neural n^ork model for training
and test data set befcne the network has been updated.
Referring to Fig. 17, one can see that the network has a good
performance for prediction ofthe total oil production bas^ on
total water injection in this region for both the trainmg and
test data set. The ofi&et, if present, is removed by adding the
error from the previous time step to the future prediction. This
is, in effect, a linear corrector.

Once the total injection and production is predicted for a
specific region, the next task is to predict the total injection

andproduction ineachinjector and prochicer. In die following
sectionthe procedurefor domgso is discussed.

Injection in an Individual WelL Anodier network was
created to predict the specific injection per well for each
injection well m a given region: The network has 3 nodes in
the input l^er representing die current and two past total
water injection rates atone day intervals. The netwo^ has one
node in the hidden k^rer andthree nodes in the ouQmt l^er
widi a nonlinear, sigmoid, transfer function predicting die
current total irijection ine^h well. For example, considCT die
region coiitaining die injectcns Cl, C2, and C3 as shown in
Fig. 1.Tlieavailable dataweredividedinto 130 day intervals
and die network was trained basedon the first 80 days. The
model was trained untO die prediction suffered i]q)on continued
learning. The next SO d^s, m each 130 day mterval, were
used for testing the network perfi:»mance. To adapt die
networkto changesin the field,the model was updated <ni>lme
every 80 d^. The peifismance ofdie neural netwok model
for training and test data set is shown in Figure 18. Tlie
networic shows good perfomiance fis* prediction of the total
water injection in ea^ qiedfic well based on total water
injectionin this region for both training and test data set

Production in an Individual Well. The qiedfic region in
this case study, includesfive producers.Tlie goal is to predict
the total productionin each well based on the total pvKtection
in the r^ort Tlie developed neural network mo^l has 3
nodes in the input U^er including the current and two past
scaledtotal oil inxxhiction at one d^ intervals. Tlie netw<Hk
has 3 nodes:in di& hidden layer and S nodes in the output
l^er widi a nonlmeartransfer fimcticm. The network predicts
die current total {Roduction in each welL Five years cf
historicaldata have been used for training the nonal network.
The data were divided into 100 day intervals. The n^ork
was trained based on a moving wmdow of 70 days and the
next 30 days were used for testing die network performance.
To capturedie changes in the injection poliQr in die region,
the model was updated every 70 days. The neural network
prediction for total {Hxxiuction in each well is in good
agreemoit widi the actual data.The typical perfomiance of the
neural network model over a 100 d^ interval is shown in
Figure 19. The peifonnance of the network for the rest ofdie
fiveyears and-fordie rest ofthe producers was die same.

Once die total injection and production is inedicted in a
specific injector and producer, the next task is to predict die
daily injection and production rate in other injectors and
pro^cers.. In the following section, we will discuss this
procedure. It is important to mention that the neural network
models described above emulate the differential q)erator in
conjunction with a nonlinear filter. In other words, a
differential operator in conjunction with a nonlinear filter can
be used for the next case study instead of using the neural
network model. However, the following section will show the
usefulness ofdie neural networkmodels in this application.

Total Injection Related to Daily Injection. In this smdy, the
developed neural network model has 3 nodes in the input layer
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representing the current and two past total water injection rates
(scaled atone-day mteivak) and 3 nodes in the hidden l^er
with a nonlmear, sigmoid transfer function. The model has
onenodeinthe ou^nitlayerwidi a nonlinear transfer fiinction

P^redicting the current daily water mjection rate (scaled). Five
years ofhistorical data, divided into 140 d^ intervals, have
been used far timing and testing the neural netwoik. The
network was tramed l^ised on a moving window <rf 80 d^s

HEoid flie next moving window of60 d^ was used fia* tagring
the n^<nk perfini^ce. To captare the changes m the
behavioroftiie injector, tiie model was iq)dated eveiy 80 d^.
b thisst^, the networic was not trained to exactfy emti|̂
the differraitial qperatcn*, but it was trained to a^roximate tiie
dififereotial opeatar in conjunction with a nonlmear fiho* to
smooth the actual data. Ifthe netwoik is trained to peifectfy

r^ulate the differential operator, which is veiy common m
recent applications, updating of nelivoik is not necessary.
However, indiis case, thenetwoik issensitive toany noise in
the data. Figures 20and21 show theperformance ofthe neural

'Network model far the trainmg and test data sets. As it is
shown, the netwoik has peifect perfonnance fis* piediction of
the daily injection rate in a spedfic injector based on total

P^pter injection in this injector fer die training and good
lerfonnance for test data set

Once the daify injection rate is predicted in a specific
injector, previously developed methodology Nikravesh et

[9] can be used to predict die wellhead pressure as a
imction ofmjection rate. In addition, it has ben shownthat

neural' netwoik models can be used far screening various
^jection poii(^ and str^^es and diQr are able to accurate^

ledict extensions ofinjection hydrofiiacture and provide us
/ith a means ofpreventmg unwanted fiacdning [9]. Therefore,

ikey accurately recognize injection policies that lead to the
(«^iinimum injected water and the best oil recovery.

I'otal Production Related to Daity Prodactioii. Here a
neural netwoik model was devel(q)ed to predict the daily

'̂ "^uction rate in a specific producer ba^ on its total
roduction rate. The netwoik has 3 nodes in the input layer

representmg die cmreiit and two past total, scaled oil
,j^ucdon rates at one day intervals, 3 nodes in the hidden

\yer widia nonlinear sigmoid transfer function, andone node
^ the output l^er representing the cuirent, scaled daify
production with a ncmlinear transfer function. The available

were divided into a moving window in 100-day intervals,
he network was trained tesed ona moving widow of70days

anddie next30 days in die moving window were used to test
Ae network perfermance. Figures 22 and 23 show the
^rfoimance ofdie neural netwoik model fia* die training and

St data set The network prediction fa* daily i»oduction rate
is ingoodagreement with the actual daily production ratefir
l^)til the training andtest data set It is importam to mention

at in this case study, the model is also used as a nonlinear
niterto smooth theactual daity oil production. However, it is
possible to make die netwoik leam all the peaks, and to
'̂ serve the exact behavior of the producer (Figure 24).

gures 22, 23, and 24 show typical behavior of netwoik
prediction for a period of 1470-1570, 1540-1580, and 1810-

1940 days. The perfonnance of dienetwoik fia* die rest ofdie
five years and fir the rest ofdie produces in this case study
was also veiy good.

Conclusions
We have shown thata neural netwoiks can forecast waterflood
perfonnance inlow peimeability, fiactured oilreservoirs even if
all mechanisms afifecdng injection and production are not
known. In particular, neural netwoilcs can be usedto:
• P^ct total performance ofalaigewateifloodproject
• Divide a waterflooded field mto r^ons of sunilarfy

having wells and predict the rel^onsh^ b^een
mjection andproduction vdthin a region.

• Predict the behavior ofindividual injectors and produceis.
• Modify theexisting water injection policy to increase oil

inxxlucti(m and decrease reservoir aQ(]
• Predict productivity and injectivity of fiiture mfiU wells

andwaterbreakdirou^ time.

The neural networks described here were hnplonented on the
PC using MA1LAB[20].

Acknowledgments
Wediank Mobil E&P U.S. fer providmg die waterflood

data. This woik was supported the Qflioe of Laboratray
Technology Applications, Qfi&e of Eneigy Researdi of die
U.S. Department of Eneigy under contract No. DB-AC03-
76FS00098 totheEldest Oriando Lawrence Beikel^r National
Laboratoiy ofdieUniversity ofCalifemia.

References
1. Nikravesh, M., Kovscek, A.R., Patzek, T.W., and

Soroush, M., " Identification and Ccmtrol of bidustrial-
Scale Proce^ via Neural Networks," presented at
Chemical Process Control V, Tahoe City, CA,Jan. 1996.

2. Bombeiger, J.D., Seboig, D.E.,Lightbody, G., and Irwm,
G.W., " Experimental Evaluation of Neural Nonlmear
Modeling,** presented at Chemical Process Control V,
Tahoe City, CA, Jan 1996.

3. Rogers, L.L. and Dowla, F.U., **Optimization of
Groundwater Remediaticm Using Ax^dal Nonal
Netwoiks witii Parallel Solute Transport Modelmg,"
Water Res. Res. (1994), 30(2), 457-481.

4. Al-Kaabi, A.U., McVay, D.A., and Lee, WJ., "TJsing an
Expert System To Identify a Well-Test bteipretation
M<^el," J. Pet. Tech. (May 1990), 654-661.

5. Azimi-Sajadi, M. andLiou, R.J., Tast Learning Process
of Multil^er Neural Netwoiks Using Recursive Least
Squares Metiiod," IEEE Trans, on Sig. Proc. (1989),
40(2), 446-449.

6. Psichogios, D.C. and Ugar, LH., "A Hybrid Neural
Network-First Principles A[^n)ach to Process Modeling,"
^/C/»e/(1992), 38(10), 1499-1511.

170



pn

r*i

n

m

n

" 14

F-) 15,

p-1

NEURAL NETWORKS FOR RELD-WISE WATERFLOOD MANAQBAENT IN

LOW PEPMEAPHmr. FRACTVRgP Q\l REgERVQIPg
SPE 35721

7. )^drow, B. and Lehr, MA^ "30 Years ofAdaptive Neural
Netwoila: Perceptro^ Madaline, and Badq)ropagati(m,''
Proceedings ofthe IEEE iSepL 1990), 78(9), 1414-1442.

8. Chen, S., Billings, SA., and Grant, P^., "Non-linear
System Idoitification Using Neural Netwoiks," Int. J. of
Confro/(1990), 52(6), 1191-1214.

9. Nikrave^ M., Kovscek, A.IL, Johnston, R.M., and
Patzek, T.W., " Prediction ofFonnation Damage During
Fluid Injection into Fractured, Low Penneabilily
Reservoirs via Neural Networks," SPE 31103, presented at
SPE Fozmation Damage Symposium, La&yette, LA, Fd>
1996.

10.Garg, A., Kovscek, AJL, Nikravesh, M, Castanier, L.M.,
and Patzek, T.W., " CT Scan and Neural Netwoik
Tedmology for Ccostniction of Detailed .Distribution cf
Residual Oil During Waterflooding," SPE 35737,
presented at SPE Western Regional Meeting, Anchorage,
AK,M^1996.
Juniardi, LR. and Ershaghi, L, " Complexities of Using
N^nal N^oric in Well Test An^is of Faulted
Reservoirs," SPE 26106, presented at SPE Western
RegionalMeeting, Anchorage,AK, May 1993.
.Allain, O.F. and Home, R.N., "Use of Artificial
Intelligence in Well-Test Jntetpretation,"; J. Pet. Tech.
(Mardi 1990), 342-349.
Zhou, CJ)., Wu, XX., and Cheng, " Determining
ReservoirProperties in Reservoir Studies Using a Fuzzy
Neural Network," SPE 26430, presented at SPE 68tfa
Annual Tech. Con£ and E^diibition, Houston, TX,
October 1993.
Cybenko, G., "Approximation by Si]9>erposition of a
Sigmoidd Function," Math. Control Sig. System (1989),
2,303-314.
Hedit-Nielsen, R., " Theory of Backpropagation Neural
Networks," presemed at IEEE Proc., Int Con£ Neural
Network, Washington, DC, 1989.

16.Rumelha^ D.E., Hinton, G.E., and Williams, R.J.,
"LeammgInternal Representations by Error Propagation,"
m Parcel Data Processing, D. Rmnelhart and J.
McClelland, Editor, MIT Press, Cambridge, MA, (198Q
318-362.

17.Charalambous, C., " Conjugate Gradient Algorithm fir
EfiScient Training ofArtificial Neural Networks," presented
at IEEE Proc. G., 1992.

18.Nikravesh, -M., Farell, A.E., and Stanford, T.G., "Model
Identification of NonMear Hme Variant Processes Via
Artificial Neural Networks," J. of Computers and
ChemicalEngin^rir^ (accepted1995),

^ 19.Kohonen, T., Self-Organization and Associate Memory,
2ndEdy Vol., Springer-Veriag, Berlin, (1987)

20.Bemutii, H. and Beal, M., Neural Network Tool Box,
^ Vol., The Matii WorksInc.,Natick, MA, (1994)

2\.78th Annual Report of the State Oil & Gas Supervisor.
1992, CaliforniaDepartment of Conservation Division of
Oil, Gas, & Geothermal Resources.

^ 22.Klins, MA., Stewart, D.W., Pferdehirt, DJ., and Stewart,
M.E., "Fracturing Alliance Allows Economical Production

11

12

13

171

ofMassive Diatomite Oil Reserves: A Case Study," JPT
(Jan, 1996), 48(1), 68-74.

23.Schwartz, DJE., "Charactsizing the Lithology,
Petrophykcal Properties, and Depositi<mal Setting ofthe
Befaidge Diatomite, Soudi Belri(^e Field, Kem County,
California," in Studies ofthe Ge^ogy ofthe San Joaquin
Basin, SA. Graham and RC. Olson, Editor, The Pacific
Section Society of Economic ^eontologists and
Mmeralogists, Los Angeles, CA, (1988) 281-301.

24.McGuire, M:D., Bowosox, JJ^ and Earnest, L.J.,
"Diag^etically Fnhanred Entrsqmient g£ Hydrocaiixins -
Soudieastem Lost Hills Fractured Shale Pool, Kem
County, Califomial," Selected Pcqters Presented to San
Joaquin Geological Society(Jan 1984), 6,40-50.

25.Wri^t, CJi., Conant, RA., Goli(^ G.M., Bondor,
PX., Murer, A.S., and Dobie, CA., " Hydraulic Ffacboe
Orientation and Production/lbjection Indeed Reservoir
Stress Oianges in Diatomite Waterfloods," SPE 29^,
presented at SPE Western Regional Meeting, Bakersfield,
CA, Mar. 1995.

26.Pat^k, T.W., " Surveillance of the South Behidge
Diatomite," SPE 24040, presented at SPE Western
Ri^onal Meetmg, Bakersfield, CA,March1992.

27.Ljung, L., S^ystem Identification —Theory for the User,
Vol, PrenticeHall, Englewood Cliffi, NJ, (1987)

28.Ljung, L., Slystem Ideitt^ication TooWax, VoL, The Math
Works, Inc., Natick, MA, (1995)

29.Nikravesh, M., DynamicNeural Network Control, 1994,
Thesis, University ofSoutiiCarolina:

Table 1: Pattern recbgniti<m based on tiie knowlege of and
exoert ensineer (KEE) in Coniunction with a neural netwoik

KEE %KEE Giange
based on NN

#KEENN %KEENN

B 5 4.1 + 1 6 4.9

Ea 5 4.1 -1 4 3.2

B
D

34 27.6 -4 30 24.4

1 0.8 0 1 0.8

B 70 56.9 4^/-2 74 60.2

B 8 6.5 +3/-3 8 6.5

Table 2: Comparison betw«
ensineerinc prediction (KEEN

1

1

NN %NN KEENN %KEENN % of Correct
Classifications

a 5 4.1 6 4.9 79

_b 2 1.6 4 3.2 79

c 31 25.2 30 24.4 83

_d 1 0.8 1 0.8 79

e 79 64.2 74 60.2 93

f 5 4.1 8 6.5 79

Total 109/123 or

89%
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Abstract

*^6 coupled, nonlinear and dynamic mechanisms that
effect fluid injection for pressure maintenance or
displacement, and oil production, are not well
•^derstood in low permeability fractured reservoirs.

hus, it is difficult to select an injection policy which
maximizes oil recovery while minimizing fonnation
f<^mage caused by fluid injection and withdrawal. Here,

e show that neural network models can be developed
^d used to predict, on a well-by-well basis, the
^i^amics of low permeability, fractured reservoirs

idergoing fluid injection. The networks are trained
using historical data from field operations.

We present an example from (i) a water and (ii) a
Heam injection project where over-pressurization has

ad to unwanted extensions of fractures. First, using
data from a waterflood project in the South Belridge
Piiatomite (Kem County, CA), we have built a neural

itwork to predict wellhead pressure as a function of
injection rate, and vice versa. The resulting model
|Q]^ovides an excellent correlation between the inputs
; id outputs and recognizes major patterns in the input
udta structure, even though the behavior of the
waterflood is complex. Second, using data from a dual
:'*^jector steamdrive pilot in the same field, we have
< eated neural networks which correlate the injection

pressures and rates, and temperature responses in
seven observation wells. Assuming a future injection
pressure policy, the neural networks predict the
injection rate and growth of heated reservoir volume.
These predictions are then combined with a history-
matching reservoir simulator to demonstrate how
predictive simulation can be achieved even when
mechanisms of steam mjection and oil displacement
into a tightfractured rock are not fully understood.

Introduction
Injection of water, CO2, or steam into low
permeability fractured rocks such as diatomite, chalks,
or carbonates for either pressure maintenance or oil
displacement is problematic. On one hand, injection
rates must be low enough to prevent reservoir damage
from over pressuring and inducing unwanted fractures.
On the otherhand, these rates must be high enough to
make the costly fluid injection process economic.
Historically, the conflict between prudent reservoir
management and meeting injection targets has resulted
in significant reservoir and well damage, injectant
recirculation and irreversibly lost oil production. Much
effort has been expended in recent years to develop
models and theories for predicting tight rock behavior
during fluid injection. However, the outcome has been
less than satisfactoiy, and we still camiot tell reservoir
engineers how to best produce low permeability,
fractured reservoirs without incurring extensive
formation damage.

Currently, reservoir engineers develop fluid
injection policy on the basis of past experience,
partial knowledge of the state of reservoir stress,
production history, and limited predictions of future
reservoir performance from numerical simulation.
Neural network models for analyzing and predicting
complex reservoir behavior are a promising new
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engineering tool. Unlike other models, neural
networks are capable of making accurate predictions
even if all mechanisms affecting injection, production,
and formation damage are not elucidated because these
networks do not require specification of a structural
relationship between input and output data.

The objective of this paper is to demonstrate the
capability of neural networks to model reservoir
behavior and to report the steps required to design a
neural network model that predicts the dynamics of

m water or steam injection wells. Likewise, we discuss the
frequency of wellhead data collection necessary for
accurate modeling. We concentrate on the behavior of

^ individual wells and discuss fieldwise prediction and
management of injection in a companion paper [1].

Successful implementation of a neural network
model requires extensive data sets, from pilots or
computer assisted fleld operations, that sample a wide
variety of reservoir behavior. We choose to analyze
historical data from the South Belridge Diatomite

w (Kern County, CA) because both waterflood and
steamdrive operations have been carried out there and
the field is shallow, thereby permitting a high density
of injection, production, and observation wells. Thus,
we can verify the generalization properties of our
neural networks for an entire spectrum of reservoir
behavior. Although some properties of the diatomite

^ are unique, it is an excellent analog of other deeper
fractured reservoirs. Accordingly, the methodology
developed here should be applicable to injection into

n other tight fractured reservoirs such as the Austin
Chalk and the West Texas Carbonates.

pm California Diatomites. The diatomaceous oil fields
of California, members of the prolific Monterey
formation, are located! in the San Joaquin Valley, west
of Bakersfield, CA. The estimated original-oil-in-

^ place in the California Diatomites exceeds 10 billion
barrels and is comparable to that in Pnidhoe Bay,
Alaska [2]. They are largely undeveloped, but are
relatively well characterized with the oil quantity and
quality known. Although the Diatomites contain an
astounding volume of oil, they also present severe
engineering challenges. Matrix permeability is low,
ranging between roughly 0.1 and 10 mD, while
porosity is quite large, 25 to 65%. Further, the

^ Diatomites have a high rock compressibility, but the
rock is also naturally fractured. Natural fractures may
be open or cemented shut. Additionally, diatomite is
chemically unstable and exists as various forms of opal

^ or quartz depending on depth and temperature [3]. It is
possible to dissolve diatomite, transport it some

distance, and then reprecipitate it as a different silica
phase.

Diatomite reservoir architecture takes the form
of a series of stacked silicarich layers with thicknesses
ranging from a few inches to tens of feet separated by
shales, silty clays or mudstones [3]. To compensate
for low permeability and improve efficiency, both
injectors and producers are hydrofractured. A typical
well has 3 to 8 fractures with tip-to-tip fractures of
about 300 ft [2]. Even after fracturing, primary
recoveiy remains transient for many years because of
low rock permeability. A typical oil recoveiy after 10
years on primary is 2.5 to 6.0%. Indefinite primary
production is impossible to achieve because of
reservoir compaction, subsidence, and severe well
failures.

Waterfloods in the diatomite, implemented to
sustain oil production and arrest subsidence, have
suffered from low injectivity, poor vertical and areal
pveep, severe extensions of injection hydrofractures,
injector-producer linkage, and increased rates of well
failure [4]. Every drop of secondary oil that is
displaced during a waterflood must be contacted by
water. Low rock permeability, low water injectivity,
and large formation thickness all conspire to limit the
success of waterflood in the diatomite. The best
approach to improve waterflooding is to carefully
balance imbibition, water injection, and production so
as to promote good volumetric sweep and stable water
displacement fronts. This approach demands
prediction and monitoring of waterflood performance
at an unprecedented level.

On the other hand, steam can displace oil without
contacting it directly. Oil heated by thermal
conduction expands and evaporates, and is thereby
expelled from the rock matrix. Hence, heat sweeps
areas of the reservoir never directly contacted by
steam. With steam injection in low permeability
formations, success is predicated on maximizing heat
delivery while minimizing the formation damage. To
date, steam injection has not yet been applied
commercially in the diatomite. Shell has conducted
two limited steam drive pilots (Phase I and II) m the
South Belridge Diatomite [5, 6], Mobil is conducting a
heavy oil steam drive pilot in the South Belridge
Diatomite [7], and Chevron has steam soaked
producers at Cymric [8].

Both Shell pilots have demonstrated that steam
can be injected into the diatomite, significant
formation heating over the entire diatomite column
can be achieved, and a significant oil production
response to steam can occur. The reservoir behavior is
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far from simple though. For instance, in the Phase I
P^pilot, injectivity increased roughly 10-fold over the

first six years of injection due to hydrofracture
extension, opening and reconnection of natural
^fractures, and dissolution of the diatomite by steam.
The Phase II pilot exhibited these characteristics, as
well as highly unsymmetrical heating due to preferred
steam convection channels. Therefore, means of

^selecting and controlling injection pressures and rates
must be devised to either prevent or limit the abrupt
and large extensions of hydrofractures.

Neural Networks. Both isothermal and thermal oil
displacement processes exhibit inherently complex,

^onlinear, time varying, and nonstationary behavior.
During water or steam injection m die diatomite, there
are several factors which cause such behavior: (1)
changes in the rock matrix permeability; (2) extension

"^of the existing fractures, creation of new ^ctures, and
linking of fracture networks; (3) changes in the
reservoir temperature; (4) changes in the oil viscosity;

r-*and (5) dissolution or creation of the gaseous phase.
Unfortunately, only linear and simple nonlinear

reservoir behavior can be captured and analyzed with
^conventional statistical methods such as ordinary

Least-Squares, Partial Least-Squares, and nonlinear
Quadratic Partial Least-Squares. Neural network
analysis, unlike regression, does not require

'^specification of structural relationship between the
input and output data. Cybenko [9] and Hect-Nielsen
[10] have shown that a neural network model can

r^pproximate any continuous nonlinear relation and
generate complex decision regions for input-output
mapping with usefril generalization.

Neural networks have the potential to model
reservoir behavior from nonlinear complex multi
dimensional field data and may find wide application in
reservoir engineering. To date, they have been used in

'̂ petroleum engineering mainly as tools for assisting in
well test analysis and for well log analysis, c,f. [11-15].

Details regarding neural networks are available in
•^e literature [9, 10, 16, 17]. Therefore, only the

important network characteristics are mentioned here.
The typical backpropagation neural network has an

f-^nput layer, an output layer, and at least one hidden
layer as illustrated in Fig. 1. There is no theoretical
limit on the number of hidden layers, but, typically,

^there will be one. Each layer is fiilly connected to the
succeeding layer with corresponding weights. The
input-output mapping of the multilayer network
shown in Fig. 1 can be represented by

p-i

y'*"" = y/""' +te). ....(1)

with

(N«) =Fj(W x+§.0- (2)

where

nx:

nh:

ny:

m-.

WO'

ei:
62:

x:

(Net),

number of inputs
number of hidden layer nodes
number of outputs.

nh • nx; input/hidden layer weight matrix
ny • nh; hidden/ou^ut layer weight matrix

nh * 1; hidden layer bias vector

ny • 1; output layerbias vector

ny • 1; network prediction vector

nx • 1; network input vector

nh * 1; hidden layer output vector

The nonlinear transfer function, Fi, used in this work
for all the network layers is the sigmoid hyperbolic
tangent

^ o (y(obscivcd) y(jnredieted) )
^ i=l

e' + e"

As the neural network learns, the information is
propagated back through the network and used to
update the connection weights. Learning may require
showing a network many thousands of examples. The
objective fimction for the training algorithm is usually
set-up as an optimization problem and is defined as the
sum oferrors squared.

.(3)

-(4)

where P is the total number of separate data items used
to train the network. This objective function defines a
local error for the observed value at the output layer
which is propagated back through the networlL During
learning or training of the network, the weights are
adjusted to (i) minimize this sum of squared errors, (ii)
improve the performance of the network, and (iii)
provide the network with memory necessaiy in a
learning process. Once neural networks are trained
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^ with information that spans a wide range of system
behavior, they become excellent predictive tools. In
addition, neural networks have ^e ability to infer

^ general rules and extract typical patterns from specific
examples, as well as to recognize input-output
relationships from complex field data[18]. These
properties give neural networks the ability to
interpolate between typical patterns of data and
generalize their learning in order to extrapolate to the
region beyond their training domains.

In general, the perfonnance of neural networks is
a function of hidden layer topology. Useful
generalization is affected by the number of hidden
nodes and not by the number of hidden layers. In
comparison with one hidden layer, two or more hidden
layers do not significantly aid the recall process [19].
Therefore, depending on the complexity of the
problem, useful generalization requires a minimum
number of hidden nodes, but not a minimum number of
hidden layers. In addition, the generalization results
produced by multiple hidden layers and discriminatory
capability with more than one hidden layer can lead to
erroneous predictions. However, single hidden layer
networks offer useful generalization and they generdly
train faster than multiple hidden layer networks. It can
be shown that there exists a neural networie with one

^ hidden layer topology which has at least the same
performance as a multi-hidden layer network [19].
Therefore, there seems to be no reason to use more
than one hidden layer network in preference to a

^ multi-hidden layer network in most applications. In
addition, it has been shown [9, 10] that
backpropagation networks with three layers can
approximate any contmuous nonlinear function and
generate an accurate input-output mapping. Hence,
only single hidden-layer networks are used here.

^ Waterflood
There are two approaches to analyze and predict the
performance of waterfloods. In the first approach, the

^ behavior of each injector or producer is considered
independently and modeled widi a neural network. For
an injector or producer, historical data consisting of
flow rate and well pressure are used along with the
assumption that the same strategy of well operation
will continue into the future. This approach uses a

^ very sunple neural network model and is easy to train
and implement based on a minimum amount of
information from the field.

In the second approach, the behavior of the
^ waterflood is consider^ as a coupled, highly nonlinear

system of injectors and producers. The field-wise

objective is to meet a given production goal with the
minimum amount of injectant The oil field is divided
into sections with sunilar characteristic behavior and
each well within a section and its interaction with the
other wells is studied. The model helps improve
waterflood management and the design of recovery
strategies. Our field-wise management approach is the
subject of another paper [1] and here we concentrate
on predicting the performance of single mjectors.

Model. Figures 2 and 3 show typical behavior of a
waterflood injector located in the South Belridge
Diatomite. The well is undergoing a pressure-step test
to judge injectivity. The injection rate and pressure
data are noisy and occasionally miss information.
Actual data are displayed with dashed lines and
represent one-hour averages of measurements acquired
every second by a Computer-Assisted Operations
(CAO) system for Shell's South Belridge diatomite
waterfloods.

The design of a neural network to predict the
behavior of an injector starts with filtering,
smoothing, and interpolating values for missing
information in the historical data set. A first order
digital or analog filter and a simple linear recursive
parameter estimator [20, 21] for interpolating is all
that is needed to filter and reconstruct tiie noisy data.
Figures 2 and 3 show the performance of the filtering,
smoothing, and reconstruction operation on the
wellhead pressure as a dark solid line.

Our model to predict the behavior of an injector
has 3 input nodes representing the current scaled
values of pressure, current scaled mjection rate, and
tiie scaled step change in pressure. All mputs are scaled
between 0 and 1 using the maximum rates and
pressures for a particular well. The hidden layer
contains 10 nodes. The output layer has 75 nodes
representing the prediction of the injection rates.

Initially we trained the network using a
backpropagation algorithm and tiie reconstructed data
shown in Figs. 2 and 3. The subsets of the historical
data marked by the numbers 1, 2, and 4 were presented
to the network for training purposes. Training
continued until we found that the network prediction
suffered upon continued training. Data sets 3 and 5
were used later for mterpolation and extrapolation to
test the network performance. This network
accurately predicts the behavior of the reservoir 75
time steps into the future, where each step represents
an interval of 2 hours. For predicting outputs more
than 75 time-steps into the future, iteration through
the neural network would be required. Hence, the
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predicted outputs from the network are reused as
f^puts, and the inputs are shifted accordingly.

Figures 4 through 8 show the performance of the
neural network model in more detail. The network

i^odels very well the training data sets 1, 2 and 4, as
hown in Figs. 4, 5 and 6, respectively. The thickdark

line gives the input wellhead pressure to the network.
The actual water injection rate is given as a solid line,

"^hile the neural network prediction of injection rate
-s a function of wellhead pressure is given by a dashed
line.

^ To demonstrate the generalization properties of
ur network, we used it as both, an interpolator and

extrapolator. Wellhead pressures from data sets 3 and
were presented to the network and water injection

ate was predicted using the network weights and biases
round from training it with data sets 1, 2, and 4. The

performance of the network for interpolation (data
St3), and extrapolation (data set 5) is shown in Figs.

. and 8. As we can see, this neural network maps well
the inputs (injection pressures) onto the outputs
'injection rates) and serves as an excellent

iterpolator and extrapolator. Thus, the neural
network model has good generalization properties.

rflf Figures 3 through 8 show typical results from our
tudy of waterflood behavior in the South Belridge

Uiatomite. It is important to note that this study used
^ minimum amount of field information, i.e., only

ijection rates and injection pressures. It is possible to
..itroduce more information into the network model
to constrain it. For example, a rock mechanics model
""^uld be used to predict extensions of a hydrofracture.

n estimate of the hydrofracture location, orientation
and size might be used to predict injector-producer
r^age, etc.

Most of the wells examined in this field showed
only a single fracture extension. If the fracture
pension data are introduced to the network during

le training period, the network captures this
wxtension. However, a perfect match of a past fracture
extension is no guarantee that the network will
'^curately predict future fracture extensions. This is

scause at present there are no other fracture
extensions in the well that may be used to retrain the
i^twork. A predictive rock-mechanical model used in

injunction with a neural network should remedy this
potential deficiency.
^ To show that it is possible to predict fracture

ctensions using the neural network model, we studied
« more complex situation. First, a part of the
waterflooded field was chosen. The network was then
^ined based on known information from wells in that
, ut. Included in the training set were the fracture

extension behavior and normal behavior of several
injectors. Hence, the neural network accumulated
information from several wells. The network was then
used to predict the performance of another well within
the same part of the field. This particular well had
never been shown to the network. Figure 9 shows the
wellhead pressure as a function of time, while Fig. 10
shows the behavior of the test injector. Data to the
left of the dark, vertical, dashed line at roughly 12
days are introduced to the previously developed
network model for additional training. It is important
to note that this small amount of known information
is not a sufficient data set if used as the sole source of
training information. Figure 11 shows the network
prediction of water injection rate using wellhead
pressure as input. Comparing Figs. 10 and 11, it is
evident that the network is able to accurately predict
injection rate and capture the dynamics of the
hydrofracture extension that occurs at roughly 64
days. Hydrofracture extension is marked by a large
increase in injection rate over a short period of time.

Since the network has learned the symptoms of
injection leading to hydrofracture extension, it can be
used to suggest an injection policy for the well that
minimizes formation damage. Based on the knowledge
contained in the weights and biases, the network model
suggests that wellhead pressure not be allowed to
exceed 150 psi. In Fig. 9, the actual injection pressure
is stepped to approximately 160 psi at 64 days and to
about 170 psi at 75 days. The lifter line between 64
and 90 days in Fig. 11 shows the network prediction of
injection rate based on the more conservative policy.
The network predicted injection rate is low because a
wellhead pressure of 150 psi is not high enough to
induce a hydrofracture to extend based on the
historical data from wells in this part of the field.

Figure 12 replots the injection data for this
example as the cumulative injected water as a fimction
of time. The solid dark line is the actual field
performance, and the gray line is tiie neural network
prediction of the actual performance. Lying much
below these two curves is the result of the injection
policy suggested by the neural network. Because the
wellhead pressure is limited, no fracture extension
occurs and the cumulative injection continues along
the same trend. This result is consistent with our god
of maximizing oil recovery while minimizing
formation damage and fluid injection.

Fracture Extension
After reviewing waterflood dynamics in the South
Belridge Diatomite, we have learned that, historically,
an important factor causing fi^cture extension is the
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aggressive action of Proportional-Integral-Derivative
(PID) controllers during start-up periods, or when the
system is near the fracturing gradient. The effects of
aggressive controller behavior are evident upon
comp^ing Figs. 2 and 3 with Figs. 9 and 10. The
behavior of both injectors is veiy similar as fracture
extension occurs in both wells when the wellhead

^ pressure approaches 150 psi.
However, there are important differences between

these two injectors. Figures 2 and 3 show that the
behavior ofthe reservoir around the well after the first
fracture extension (point 5) does not differ
substantially from the behavior before the fracture
extension. Injection response to changes in the
wellhead pressure, both before and after hydrofracture
extension, displays a classical square root of time
decline in the rate of injection [4]. This is not true for

^ the second well shown on Figs. 9 and 10. After
hydrofracture extension, injection rates show no
decline upon establishing a new wellhead pressure,

m Both cases are examples of forced fracture
extension. In response to aggressive PID action which
creates a water hammer in the wellbore, the fracture
opens for a period of time allowing large water
injection rates even though the final pressure does not
lead to a pressure gradient above the fracturing
gradient. Essentially, the fracture fills with liquid as a
result of injection, the liquid causes the fracture to
extend, and then the liquid squirts into the formation
in response to a pressure perturbation. It is important
to note that the data available for this study were one
hour averages of well behavior. Since we believe that
the dynamics of forced fracture extension occur over a
much shorter time period than 1 hour, the actual
behavior of the PID controller during fracture opening
is not shown by these figures. Thus for a time period
shorter than the 1 hour average, the pressure gradient
exceeds the fracturing gradient. The length of the
period of time during which the reservoir stays equal
to or above the fracturing gradient, determines

^ whether fracture extension is temporary or
permanent. Figures 3 and 4 demonstrate a temporary
fracture extension in that the system returns to it pre-

„ extension behavior, while Figs. 10 and 11 display a
permanent fi^cture extension.

There are several ways to prevent such fracture
^ extensions. One is to retune the PID controller to

improve performance and reduce controller
ajggressiveness. In general, retuning PID controllers is
time consuming and requires a combination of

^ operational experience and trial-and-error procedures.
A neural network model can assist greatly in retuning

by learning the good and bad symptoms of the PID
controller behavior and then suggesting new controller
setpoints and gains. Figures 9 through 11 show that
based on what the network learned, it was able to
suggest a better operating procedure. Aggressive PID
action was prevented, thereby preventing ftacture
extension.

A second approach is to use the network as a
model identifier to assist the PID control. During the
past few years, neural networks have been applied
effectively as controllers for time varying processes
with highly nonlinear behavior. It has been shown that
the neural network model based control strategies are
robust enough to perform well over a wide range of
operating conditions, and they are much easier to
design and implement than classical PID control [17].
Currently, we are developing a neural nettvork model
based control strategy for water and steam injectors to
augment the present PID control strategy.

Steamdrive Behavior
Thus far we have only examined neural network
models for the analysis and prediction of single well
behavior. However, when used in conjunction with a
first principles model, such as a reservoir simulation
model, neural networks allow us to achieve predictive
simulations while oil displacement and formation
damage mechanisms are being explored.

As an example, we use neural networic predictions
of steam injection rate and temperature profiles in
observation wells for the Phase 11 steamdrive pilot as
inputs to a histoiy matching simulator. The simulator
functions by using temperature response and
cumulative steam injection to infer the portions of a
hydrof^ture which conduct steam to the formation,
the temperature distribution within the formation, and
relative changes m matrix permeability [22, 23].
Unfortunately, this simulator is not predictive.
Although our model can capture changes m matrix
permeability, mechanisms for permeabilhy evolution
are not included in it To be fair, predictive models for
fracture extensions and formation plugging by silica
precipitation are not parts of more sophisticated
commercial simulators either.

Details of this pilot can be found elsewhere [5, 6].
In short, steam is injected through two hydrofractured
injection wells, IN2U and IN2L, that span the entire
Diatomite column at South Belridge and oil is
recovered at two production wells lying to the
northwest, 543N, and southeast, 543P, of the
injection hydrofractures. IN2U is perforated from
1110 to 1460 ft, while IN2L is perforated from 1560

183



(-1

3PE 31103 M. NIKRAVESH, A.R. KOVSCEK, R. M.JOHNSTON, AND T. W. PATZEK

CO 1910 it; hence, there is no communication between
the injection hydrofractures. Heating of the Diatomite

steam is measured in 7 observation wells that are
distributed across the pilot area. Figure 13 gives a plan
view of the pilot, the surface locations of the wells, as

f^ell as the individual names of the observation wells.
The hybrid reservoir simulation-neural network

approach for predicting results of the Phase II Pilot
p^nctions in the following manner. Given steam

njection rate, wellhead pressure, and the temperature
responses at the observation wells for a given period

^f time, say 0 to 700 days of steam injection, a neural
letwork model and the steam injection history

-.natching simulator are run in parallel to obtam a best
fit of the Phase 11 results. In the case of the neural

i^etwork model, this entails predicting the change in
emperature at each observation well for a given time

interval.
The trained neural network is then used to

extrapolate into the future the temperature response
m each observation well and the steam injection rate,

^^e temperature response and the cumulative mjected
iteam predicted by the neural network are used in
place of actual data as input to the histoiy matching
simulator. The simulator is then restarted with the

'Output from the first 650 days of steam mjection as
nitial conditions and **histoiy matching^ of the neural
netwoiic data is performed.

pn Hence, this combination of neural network
extrapolation of steam-injection response in time and
history matching allows us to predict volumetric

^eating ofthe diatomite and the zones with the largest
:team flow. As a sidenote, the power of neural
aetworks to interpolate between complex nonlinear
data also allows us to generate various injection

'Scenarios and visualize their results [1]. Details of &e
leural network prediction are described prior to

displaying the results of this hybrid qsproach.

Neural Network Model for Steam Injection
Figures 14 and 15 show typical behavior of the IN2L

^team injector from the Phase 11 Pilot. The dashed
ines representing the injection rate and wellhead

pressure include substantial noise. Similar to tiie water
injectors, the first step in designing a neural network

Hiodel was to filter and smooth the actual injection
lata. Next, a series of neural network models for short

term prediction of injection behavior were developed.
I--I Fu*st, steam injection rate as a function of

vellhead pressure is predicted, and then the so-called
"inverse problem," wellhead pressure as a function

p^eam injection rate, is predicted. The structure of
iach neural net is similar. Each model has 6 input

nodes, 15 nodes in the hidden layer with nonlinear
transfer functions, and 10 nodes in the output l^er
with nonlinear transfer functions. Networic output is a
prediction of either the mjection rate or the wellhead
pressure for the next 10 samplmg periods. All rates
and pressures are scaled using historical maxima in the
data set. The sampling period between known values
of wellhead pressure and injection rate is 1 day.

For prediction of steam injection rate the input
nodes represent the current wellhead pressure, current
injection rate, and 4 past values of wellhead pressure.
The six input nodes for the network that predicts
mjection pressure represent the current injection rate,
current injection pressure, and the 4 past values of the
injection rate;

Each network is initially trained using a
backpropagation algorithm with smoothed and
reconstructed data. A moving window is used for
traming on the first 200 days of data, and the next
100 days of the data set are used for testing the
network. The network is trained and updated in the
next training window data set based on a sunultaneous
updating approach [17]. The training data sets labeled
in Figs. 14 and 15 were presented to the network, and
traming was stopped when it was found that the
network's prediction suffered upon continued training.
Next, steam injection rate and wellhead pressure were
predicted by each network, respectively.

The network has excellent prediction for the
training data sets, as - expected. To show the
performance and generality of the netwoik, tiie model
was used for interpolation and extrapolation of
injection 3 months into the future. The performance
of the network for the test data is marked as a solid
Ime in Figs. 14 and 15. Both figures illustrate that each
neural network maps well inputs onto outputs and is a
good interpolator and extrapolator. Thus, tiiese neural
network models have excellent generalization
properties.

For networic prediction of injection rate more
than 10 time steps into the future, iteration through
the neural network is required. Therefore, the
predicted ou^ut fix>m tiie network is used as input to
the neural network and the input is shifted
accordingly. It is important to note that the
prediction will deviate gr^ually from the actual value
as the networic is iterated. For our model, as long as
discontinuous changes in* the behavior of &e reservoir
do not occur (e.g., an extension of the injection
hydrofracture), &e prediction is reasonable.

Also, note that even though the performance of
the networks was perfect for this case study, a
comparable performance is not guaranteed for other
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cases. Therefore, we are conducting a more detailed
^ study of modeling reservoir behavior aswell as a model

for field-wide management [1].

Long Term Prediction of Steam Injection. Since
short term prediction of steam injection behavior was
successful, we developed a neural network model for
longer term prediction of steam injection rate as a
function of injection pressure. This model is used to
estimate the long term performance of steam
injection in conjunction wi^ a reservoir simulator.
Using this network model, the results from different
injection scenarios can be predicted allowing us to
analyze and choose an optimal scenario. The model

^ has 5 input nodes representing the current and 4 past,
scaled values of the injection pressure, 20 nodes in the
hidden layer, and 2 nodes in the output layer. The

fsi, output gives a prediction of injection rates two
sampling periods mto the future. The model is called a
feedforward model, because the injection rate is
predicted solely from the known pressure histoiy. The
network was trained using a backpropagation
algorithm with the reconstructed data given in Figs. 14
and 15. Training was stopped when it was found that
the network's prediction suffered upon continued
training. After the injection rate versus time
relationship is known, calculating cumulative steam

1^ injection versus time is trivial.
For long term prediction, the error in the

cumulative sum of the injection rate is backpropagated
^ through the network for adjusting the weight and bias

terms instead of the error in the daily injection rate.
The performance of this model on a daily basis is not
as accurate as the previous one. However, because the

^ current model is .constrained by the total amount of
injected steam, its long term prediction of cumulative
steam injection is excellent In addition, the models

tm for short term prediction may be used to assist the
feedforward, long term model. Therefore, the
combination of feedforward and the previous model
for short term prediction can be used for better long
term prediction if information is needed on a daily
basis.

Figure 16 shows the performance of the network
model for predicting the cumulative amount of steam
injected versus the actual data. The network has good
performance. Also shown are network predictions of
cumulative injection given ±10% changes in the
wellhead pressure, thereby allowing us to see the effect
of changes in the injection pressure on the cumulative

^ steam injected. We conclude that by using simple
neural network models, it is possible to predict the

p-i

behavior of the injectors for both a short and long
time periods to a reasonable degree of accuracy.

Neural Network Model for Observation Wells
The temperature responses in the observation wells
displayed in Fig. 13 quantify tiie extent and uniformity
of heating of the reservoir and the rate of expansion
of the heated rock volume. The latter rate is a
function of the injection pressure, the hydrofracture
area and the creation of steam-flow channels in the
formation. Hence, prediction of the future
temperature responses is crucial to ensuring smooth
operation of injectors and the prevention of unwanted
fracture extensions.

Briefly, we have devek)ped several neural network
models to predict the temperature responses of the
observation wells. A typical network has 3 input
nodes representing the current and 2 past scaled values
of temperature response, 2 nodes in the hidden layer,
and 1 node in the output layer that gives a prediction
of the temperature response 30 days into the future.
The network is trained usmg a backpropagation
algorithm. Figures 17, 18, and 19 show the 1>^ical the
temperature responses of Wells L013, L014, and
L015. Actual temperature measurements are shown as
dashed lines, while the neural network predictions are
given as solid diamonds connected by straight lines.
Only the temperature responses at depths
corresponding to the midpoints of the reservoir
simulation layers to follow are shown, suggesting an
unperfect match of the field data. However, our neural
network models the temperature profiles exactly.
Although not displayed, temperature responses at
observation wells, LOll, L012, MOl, and M02 were
generated with identical networks. Model predictions
can then be used in conjunction with any reservoir
simulator for further detailed studies of the reservoir
under steam mjection. Here we use only our histoiy
matching simulator with simplified physics to show
that neural networks and reservoir simulators can be
used in concert.

Hybrid First Principle-Neural Network Model
Figure 20 displays a plot of wellhead steam injection
pressure for well IN2L as a function of time. The dark,
dashed line gives the actual histoiy from the pilot for
the first 700 days of injection while the solid line gives
the pressure input to the history matching simulator.
Given the continuation of steam injection between
700 and 1200 days at the pressure indicated on Fig.
20, the neural networks are used to predict the
temperature responses in the observation wells, in
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addition to tlie cumulative injected steam. These
predictions become the inputs to our histoiy matching
isimulator to estimate the volumetric distribution of
heat within the pilot and diagnose future perfonnance.

As a demonstration of the results from this hybrid
'^approach, Fig. 16 superimposes the simulator-

predicted cumulative steam mjection over the actual
and the neural-network-predicted injection.
Additionally, Figs. 17 to 19 show the neural network
and simulator predictions of temperature response
between 700 and 1200 days for observation wells

^L013, L014, and LOIS. As shown on Fig. 13, these
wells are adjacent to IN2L. The dark dashed line gives
the actual temperature response between 1500 and
2000 ft. Neural network predicted temperature

'^response is represented by solid diamonds and the
simulator predictions of temperature response are
marked by solid circles. The horizontal dashed lines

fn^d the letters J through M indicate the geologic
layering at Soudi Belridge.

To the east of IN2L, Fig. 19 displays a dramatic
^temperature response at a depth of roughly 1800 ft.

This indicates that continuing &e current injection
policy will lead to dramatic temperature increases in
L015 and steam breakthrough at the close by

'producer, 543P. In fact, tiiis was observed m the pilot
[22, 23]. To the west of IN2L, Figs. 17 and 18 show
vertical asymmetiy of heating, but no acceleration of

rnthe temperature response.

Summary
^Neural network models can match and then predict

complicated reservoir behavior when historical
databases are available. To capture detailed extensions
of injection hydrofractures in tight rocks, the

'^historical data must be acquired at 30-60 second
intervals. Modem Computer-Assisted Operations
(CAO) systems, mass data storage devices, and fast

r^data transfer protocols provide the foundation for
rapid data acquisition. With current computer
hardware and networks, these requirements can be

^satisfied at a relatively low cost and the potential
savings m terms of otherwise forfeited oil production
may be huge. To capture large and permanent fracture
extensions a much lower frequency of data acquisition,

"^say 1 measurement per day, is required. The neural
networks are capable of making accurate predictions
even when all mechanisms affecting injection or

nproduction behavior are not known. Further, neural
networks provide a way to incorporate disparate
information because a structural relationship between

^input and output data is not required.
Using steam and water injection data from field

1*1

operations in the South Belridge Diatomite, we have
demonstrated that neural networks are capable of
predicting injection rate as a function of wellhead
pressure and vice versa. The networks used are simple
and are based on accepted neural netwoiic designs and
training algorithms, lliese networks match field data
very well and have exceptional generalization
properties. They are able to accurately predict
extensions of injection hydroftactures and provide us
with a means of preventingunwanted ftacturing.

With regard to steam injection, neural networks
used in conjunction with reservoir simulation provide a
novel tool for predicting, visualizing, and screening
various steam injection strategies, llius, predictive
simulation can be achieved several months into the
future even when mechanisms of injection and oil
displacement are not fully understood.

Nomenclature

E = objective function
F = transfer function
n = number

W - wei^t
X = network input
y = network prediction or hidden layer output
6 = bias vector

Subscripts
h = hidden layer
X = inputs
y = outputs
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