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APPENDIX 

Part I : Reservoir Fluid Analysis Boulder Pcol (pink). 

Part I I : Reservoir Fluid Analysis Canada Ojitos Unit (green). 

Part I I I : Oil and Gas Fields of tne Four Corners Area, Four Corners 
Geological Society, Volume I , Pages 248-250, 1978 (blue). 



C O R E LABORATORIES , INC. 
Petroleum Reservoir Engineering 

D A L L A S . T E X A S 

October 23, 1962 

RESERVOIR FLUID OIVISION 

Standard Oil Company of Texas 
Drawer S 
Monahans, Texas 

Subject: Reservoir Fluid Study 
Jicaril la 4-26 No. 3 Well 
Boulder Mancos Field 
Rio Arriba County, New Mexico 
Our File Number: R F L 2301 

Gentlemen: 

Subsurface fluid samples were collected from the subject well by a 
representative of Core Laboratories, Inc. and submitted to our Dallas 
laboratory for use in a reservoir fluid study. The results of this 
study are presented on the following pages. 

The saturation pressure of the fluid was measured to be 802 psig at 
the reservoir temperature of 141° F . The reservoir pressure at the 
sampLng depth is 856 psig. 

During differential pressure depletion the fluid evolved 147 standard 
cubic feet of gas per barrel of residual oil. The associated forma
tion volume factor was measured to be 1. 098 barrels of saturated 
fluid per barrel of residual oil. The viscosity of the fluid was meas
ured t.nder similar depletion conditions. It varied from a minimum 
of 3. 03 centipoises at the saturation pressure to'a maximum of 5. 44 
centipoises at atmospheric pressure. 

It was a pleasure to perform this study for you. If you have any ques
tions or if we may assist you further, please do not hesitate to con- • 
tact ut». 

Very truly yours. 

Core Laboratories, Inc. 
Reservoir Fluid Division 
P. L . Moses 



CORE LABORATORIES, INC 
Petroleum Reservoir Engineering 

DALLAS. TEXAS 

Page 1 of LL 
TT;1O R F L 2301 

r»n,pany Standard O i l Company of Texas n g j . 0 g ^ p i ^ October 4, 1962 

UV:1 J ica : - i l la 4-26 No. 3 County Rio A r r i b a 

Field 3 o u i i e r Mancos State New Mexico 

Formation Name 
Date First Weil Completed 
Original Reservoir Pressure 
Original Produced Gas-Oil Ratio 

Production Hate 
Separator Pressure and Temperature 
Oil Gravity* 160° F. 

Datum 
Original Gas Cap 

FORMATION CHARACTERISTICS 
Gallup 
August 

Total Depth 
Producing Interval 
Tubing Size and Depth 
Productivity Index 
Last Reservoir Pressure 

Date 
Reservoir Temperature 
Status of Well 
Pressure Gauge 

Normal Production Rate 
Gas-Oil Ratio 
Separator Pressure and Temperature 
Base Pressure 

Well Making Water 

SAMPLING CONDITIONS 

Sampled at 
Status of Well 

Gas-Oil Ratio 
Separator Pr essure and Temperature 
Tubing Pressure 
Casing Press ire 

Core Laboratories Engineer 
Type Sampler 

19. 
867 
167 
175 

32. 5 

JPSIG @ 3 8 8 0 Ft. 
SCF/Bbl 
Bbl/Day 

°F. 
°API 

_PSIG, 

J t Subsea 

WELL CHARACTERISTICS 
7240 G L 
4120 
3820-4120 

.In. to. 

. F t 
J t . 
J t . 
J t . 

Ml. 
October 4 

JBbl/D/PSI @ 
.PSIG @ . 

Bbl/Day 
3880 Ft. 

139* _ ° F . @ _ 
Shut i n 65 hours 

19_62_ 
3880 Ft. 

Amf t - ra r ia . ( D O ) 

175 
200 

15. 025 
None 

JPSIG, 

_Bbl/Day 
.SCF/Bbl 

°F. 
_PSIA 
.% Cut 

3850 J t . 
Shut i n 65 hours 

JPSIG,. 
.SCF/Bbl 

°F. 
PSIG 
PSIG 

J£T_ 
Perco 

REMARKS: 

* T e m p e r a t u r e ext rapola ted to m i d - p o i n t of producing i n t e r v a l = 141° F . 



C L . - I 1 I 

CORE LABORATORIES, INC. 
Petroleum Reservoir Engineering 

DALLAS. TEXAS 

Page_iL__of LL 
T?\.(. RFL 2301 

WPII J i ca r i l l a 4-26 No. 3 

VOLUMETRIC DATA Reservoir Fluid R A M P L E 

1. Saturation pressure (bubble-point pressure) 8Q2 PSTf; @ _I41_op > 

2. Thermal expansion of saturated oil <g> 5000 P S I = V © 1 4 1 °g] = I . 02778 
^ V @ 76 °F 

3. Compressibility of saturated oil @ reservoir temperature: Vol/Vol/PSI: 

tTrnm 5 0 0 0 PRT r.n 3 5 0 0 PST — 5 . 2 7 X 1 0 ~ 6 

From 3500 P S I to 2000 P S I = 5.92 x I O " 6 

From 2000 psi fn 802 psi = 6. 63 x 10" 6 

4. Specific volume at saturation pressure: f t 3/lb 0. 01959 @_141_opt 

e r̂ rtiiaiyses, opinions or interpretations are based oa observations and material supplied by the client to whom, and for whose exclusive and confidential ute. 
% r r : i o r t i s m a d e . T"ni* i n t e r n r e f ; t i n n * n r n n i n i s t n * t * - t r . r A r-mnrmttm-n* t h * k « « * i t tg loynmnt n ( r « r » T i > y > r « » > v t # < T n n " * m * - a ««.^>._ « . : \ . v...» 
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R e s e r v o i r F l u i d SAOTT.?: TABULAR DATA 

PRES i U R E - V O L U M E 
D E L A T I O N 

<a 141 "F.. 
R E L A T I V E V O L U M E O r 

V I S C O S I T Y 
DIFFERENTIAL L l SEDATION @ 141 -F. 

PRESSURE 
PSI G A U G E 

PRES i U R E - V O L U M E 
D E L A T I O N 

<a 141 "F.. 
R E L A T I V E V O L U M E O r 

O F O I L 

<e 141V. . 
C E N T I P O I S E S 

G A S / O I L R A T I O 
L I B E R A T E D 

PER B A R R E L OF 

G A S / O I L R A T I O 
IN S O L U T I O N 

PER B A R R E L O F 

R E L A T I V E O I L 
V O L U M E , 

V / V R 
O I L A N 3 G A S . V / V S A T . 

O F O I L 

<e 141V. . 
C E N T I P O I S E S 

R E S I D U A L O I L R E S I D U A L O I L 

R E L A T I V E O I L 
V O L U M E , 

V / V R 

50.10 4. 52 
5000 0.9755 1. 071 
4505 * . 4. 33 
4500 0. 9780 1. 074 
4000 0. 9806 4. .15 1.077 
3500 0.9833 3. 96 1. 080 

3 oro 3. 75 
3000 0.9861 1. 083 
2510 3. 60 
2500 0.9890 1. 086 
2005 3 .42 
2000 . 0 .9921 1. 089 
1505 3.26 
1500 0.9953 1. 093 
1400 0.9960 1. 094 
1300 0.9967 1. 094 
1200 0.9973 1. 095 
1100 0.9980 1.096 
1015 3. 10 
1000 0. 9987 : 1. 097 
900 0.9994 1. 097 
802 I . 0000 3. 03 0 147 1. 098 
798 1.0016 
794 1. 0032 
790 1. 0062 
777 1. 0139 
755 3. 09 
751 1.0293 -
712 1. 0477 
698 19 128 1. 092 
oo3 1. 0795 
655 3. 20 
603 1. 1268 

v = Volume at given pressure 
/SAT. = Volume at sr,:u ;ation pressure and the specified temperature. 
/R == Residual oil " : me at 14.7 PSI absolute and 60° F. 

"nese analyses, opinions or interrelations are baaed on observations and material supplied by the client to whom, and for whose exclusive and confidential use. 
Wis re:>r... » .Ti.-.oe. '.'.ic interpre-stions or opinions expressed represent the best judgment of Core Laboratories, Inc. (all errors and omissions excepted); but 
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J icar i l la 4-26 No. 3 

Reservoir Fluid SA'CT.?! TABULAR DATA 

PRES: SURE. V C L U M e V I S C O S I T Y | 
DIFFERENTIAL LIBERATION @ 141 'P. 

PRESSURE j 
P a l G A U G E ! 

D E L A T I O N 

S 141 'P.. 
R E L A T I V E V O L U M E O r 

O I L A N 3 G A S . V / V S A T . 

1 O r O I L 

! & I 4 I "r. . 
j C E N T I P O I S E S 

G A S / O I L R A T I O 
L I B E R A T E D 

PER B A R R E L O F 
R E S I D U A L O I L 

G A S / O I L R A T I O 
IN S O L U T I O N 

PER B A R R E L O F 
R E S I D U A L O I L 

R E L A T I V E O I L 
V O L U M E , 

V / V « 

601 34 113 1. 087 
550 3. 37 
538 . - 1. 1915 
499 50 97 1. 081 
473 1. 2765 
455 3. 52 
404 1. 3966 
398 67 80 1. 075 
350 3. 78 
342 1. 5473 
300 83 64 1. 069 
276 1. 7859 
250. 4.06 
200 >. 2504 
199 100 47 1. 062 
150 4. 38 
138 .5. 0146 
98 119 28 1. 055 
50 4 . 82 

0 

"• • 
5.44 147 0 1.036 

* @ 60° F . = 1. 000 

Gravity of residual o i l = 30. 5° API @ 60 F. 

v = Volume at given pressure 
/SAT. = Volume at saturation pressure and the specified temperature. 
in = Residual oil volurie at 14.7 PSI absolute and 60° F. 

"-.ese analyses, opinions or interpolations are based on observations and material supplied by the client to whom, and for whose exclusive and confidential use, 
.::s repc.; .s ,-r.ade. . he interprets ions or opinions expressed represent the best judgment of Core Laboratories, Inc. (all errors and omissions excepted): but 
..-.r/» , " r : n r i ̂  • . n r a n r l i t . ftftii..M a„» l - -— - — ' - — - . . . 
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Differential Pressure Depletion at 141° F. 

Pressure Oil Density Gas Deviation Fa< 
PSIG Gras/Cc Gravity Z 

802 0.8176 
698 0. 8199 0. 686 0.934 
601 0.8218 0. 687 0. 940 
499 0. 8242 0. 689 0. 950 
398 0.8265 0.699 0.958 
300 0. 8287 0. 714 0. 968 
199 0.8314 0. 743 0.979 
98 0.8340 0. 806 

0. 0. 8428 1. 093 

These analyses, opinions or ii terpretations are based on observations and material supplied by the client to whom, and for whose exclusive and confidential use 
f ' '-rr- ;-J?—r— -* —r r —;„ i\.„ ^.n . _ „ . . v...'. 
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SEPARATOR TESTS n ? Reservoir Fluid SAMPLE 

E E P A S A T O R 

P R E S S U R E . 

PSI G A U G E 

, S E P A R A T O R 

j T E M P E R A T U R E , 

1 
i 

S E P A R A T O R 

G A S / O I L R A T I O 

See Foot Note (1) 

S T O C K T A N K 

G A S / O I L . R A T I O 

See Foot Note ( I ) 

S T O C K T A N K 

G R A V I T Y . 

• A P I <& 6 0 » F . 

S H R I N K A G E 

F A C T O R , 

V R / V S A T . 

See Foot Note (2) 

F O R M A T I O N 
V O L U M E 
F A C T O R , 
V S A T . / V R 

See Foot Note (3) 

S P E C I F I C 

G R A V I T Y O F 

F L A S H E D G A S 

0 74 155 30. 5 0.9033 1. 107 0. 885 

30 74 138 10 30. 7 0. 9102 1. 099 

60 74 127 20 30. 7 0. 9099 1.099 

120 74 111 40 30. 7 0. 9074 1. 102 

(1) Separator and S.tock Tank Gas/Oil Ratio in cubic feet of gas @ 60° F. and 14.7 PSI absolute per barrel 
ci.stock tank oii @ 60° F. 

(2) Shrinkage Fact j r : VB/V«AT. is barrels of stock tank oil @ 60° F. per barrel of saturated oil @_JL9-2__ 
PSI gauge and- 141 » p. 

(3) Formation Volume Factor: VSAT./VR is barrels of saturated oil @_802_psi gauge and 141 o F , p e r 

barrel ci stock ;ank oii ® 50° F. 

These analyses, opinions or int. —relations are based on observations and material supplied by the client to whom, and for whose exclusive and confidential use, 
this report is m i i e . ,ae inter?.-:?- ons or opinions expressed represent the best judgment ot Core Laboratories. Inc. (all errors and omissions excepted): but 
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CV.-.-ar-.v Staniard Oil Company of Texas Formation G a I I u ? 

Wei) J icar i l la 4-26 No. 3 County_ 

3ouIder Mancos State New Mexico 

COMPONENT 
WEIGHT MOL DENSITY <3 6 0 » F . • API MOLECULAR 

COMPONENT PER CENT PER CENT GRAMS PER CUBIC <a eo* i». WEIGHT 
CENTIMETER 

<a eo* i». 

Hydrogen Sulf.de 
0. 33 1. 50 

N i k . ; u 0 v^»* 0. 04 0. 26 
« . < ^ V j C A i . t r * A l ^ 1. 38 17. 21 

0. 63 4. 17 
Propane 0. 22 0. 97 
iso-Butane _ 0. 10 0. 35 
n-Butane 0. 11 0. 37 
iso-Pentane 0. 31 0. 86 
n-Pentane 0. 45 1. 25 
Hexanes 0. 97 2. 25 
Heptanes plus 95. 46 70. 81 

. 100.00 100.00 
0. 8771 29. 7 269 

Core Laboratories, Inc. 
Reservoir Fluid Division 

A. C. Carries, Jr. 
Senior Engineer 

esc 'a.-.iiyses, opinions or interpr stations are based on observations and material supplied by the client to whom, and for whose exclusive and confidential use, 
* renan is made. The interpretations or opinions expressed represent the best judgment of Core Laboratories, Inc. (all errors and omissions excepted) : but 
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PRESSURE-VOLUME RELATIONS OF RESERVOIR FLUID 
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CORE LABORATORIES, INC 
Petroleum Reservoir Engineering 

DALLAS. TEXAS 

July 27, 1965 
RESERVOIR FLUID DIVISION 

Benson->/ ontin-Greer D r i l l i n g Corporat ion 
158 Petroleum Center Bui lding 
Farmingtan , New Mexico 

Attention: M r . A lbe r t R. Greer 

Subject: Reservoir F l u i d Study , . > 
Bolack-Greer Inc. 
Canada Oji tos Unit No. 12-11 Well 
Puerto Chiquito F i e l d 
Rio A r r i b a County, New Mexico 
Our F i l e Number: R F L 3366 

Gentlemen: 

Subsurface f l u i d samples were collected f r o m the subject we l l by a r ep - -
resentative of Core Labora tor ies , Inc. and were del ivered to our labo
ra to ry i n Dallas f o r use i n a r e se rvo i r f l u i d study. The resul ts of this 
study are presented on the fo l lowing pages. 

The saturation pressure of the f l u i d was found to be 1519 psig at the 
r e se rvo i r temperature of 162° F . The associated fo rma t ion volume 
fac tor was found to be 1. 297 bar re l s of saturated f l u i d per b a r r e l of 
res idual o i l . By d i f f e r en t i a l pressure depletion the f l u i d evolved 478 
standard cubic feet of gas per b a r r e l of residual o i l . Under s i m i l a r 
depletion conditions the v iscos i ty increased f r o m a m i n i m u m of 0. 625 
cantipoise at the saturation pressure to a m a x i m u m of 1. 704 centipoises 
at atmospheric pressure. The saturation pressure of the f l u i d was 
measured at several d i f f e ren t temperatures as you requested. 

I t has beetn a pleasure to p e r f o r m this study f o r you. I f you have any 
questions or i f we may assist you f u r t h e r i n any way, please do not 
hesitate to contact us. 

Very t ru ly yours, 

Core Laborator ies , Inc. 
Reservoi r F l u i d Div i s ion 

P. L . Moses 
P L M : J B : b j m Operations Supervisor 
7 cc. - Addressee 



CORE LABORATORIES, INC. 
Petroleum Reservoir Engineering 

DALLAS. TEXAS 

Bens Dn-Montin-Greer 
Company Dril l .ng Corporation 
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Field. Puerto Chiquito 

.Date Sampled. 

.County 

.State; 

July 1. 1965 

Rio Arr iba 

New Mexico 

Formation Name 
Date First Well Completed 
Original Reservoi • Pressure 
Original Produced Gas-Oil Ratio 

Production Rate 
Separator Pressure and Temperature 
Oil Gravity at 60° F. 

Datum 
Original Gas Cap 

FORMATION CHARACTERISTICS 
Nio Braro (Gallup) 
October 

WELL CHARACTERISTICS 
Elevation 
Total Depth 
Producing Interval 
Tubing Size and Depth 
Productivity Index 
Last Reservoir Pressure 

Date 
Reservoir Temperature 
Status of Well 
Pressure Gauge 

Normal Production Rate 
Gas-Oil Ratio 
Separator Pressure and Temperature 
Base Pressure 

Well Making Water 

SAMPLING CONDITIONS 

Sampled at 
Status of Well 

Gas-Oil Rate-
Separator Pressure and Temperature 
Tubing Pressure 
Casing Pressure 

Core Laboratories Engineer 
Type Sampler 

1631 JPSIG @ 
_ 19_62_ 
_5JL5jl__Ft. 

SCF/Bbl 

-PSIG, 
_Bbl/Day 

op 
°API 

JFt Subsea 

7232 K B Ft. 
6687 Ft.. 
6648-6687 Ft. 

Tn. tt. Ft 
P.M/TWPST (n, P.M/T)ay 

1693 PST^rta 6650 Ft 
J u l v 1 , ift 65 
162 °F. (n) 6650 Ft. 
Shut in 27 davs 
A m e r a d a 

Wnl /Tiny 
STF/RM 

PSTO, OF 
1 5. 02«5 PST A 
None * Cut 

F t 
Shut in 27 days 

sm?/RM 
PSTrt, OF 

o PSTfi 
0 PSTn 
N T 
P e r c o 

REMARKS: 
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Won Canada Ojitos Unit 
No. 12-11 

VOLUMETRIC DATA AW Reservoir Fluid SAMPT B 

1. Saturation pressure (bubble-point pressure) 1519 PSTH- @ 16 2 OF. 

2. Thermal expansion of saturated oil Q 5000 PSI = ^ ® 1 6 2 °£ = 1.04528 
v (ffi 76 * 

3. Compressibility of saturated oil @ reservoir temperature: Vol/Vol/PSI: 

From 5000 PRTtn 3500 PST — 8.24 x 10 -6 

From 3500 PSTtn 2500 PST — 9.49 x 10 -6 

From 2500 PSTtn 1519 PST — 10.68 x 10 -6 

4. Specific volume at saturation pressure: ft 3/lb 0. 02218 <g 162 oy. 

5. Saturation pressure at various temperatures: 

Temperature, Saturation Pressure, PSI 
° F . BHS No. 1 BHS No. 2 

76 1203. 1204 
110 1351 
152 1 491 1492 
162 1519 1519 
172 1540 

Theae analjree*. opinion* or interpretationa ir« baaed oa obaerrationa and material supplied by the client to whom, and for whose exctaatoe and confidential nse, 
thia report ia made. The interpretationa or opinions expressed repnaent tbe beat iudsment oi Core laboratories. Inc. fall m I«M a «ut • 

_..->, ' •• : - ;i.,; cirr'ijv^rv .SiS'JUle . JplC'iibl >' . .t-: * r", ' r *«17 3 tl'li. * ' ..' ' <»' m : * ' • • * • 
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OAULAS. T E X A S 

Page. _of_ 11 

T*l» R H . 3366 
WAII Canada Ojitos Unit 

No. 12-11 
Reservoir Fluid R A MPT, v. TABULAR DATA 

P R E S S U R E - V O L U M E 
B C 1 i T i n i J 

V I S C O S I T Y D I F F E R E N T I A L L IBERATION ® 162 , F -
P R E S S U R E 
• S I S A U S E 

n b L A 1 I U N 

« 162 
R E L A T I V E V O L U M E O P 

O I L n N O S A S , V / V l A T . 

O F O I L 

@ 162 'F . . 
C E N T I P O I S E S 

G A S / O I L R A T I O 
L I B E R A T E D 

P E R B A R R E L O P 
R E S I D U A L O I L 

S A S / O I L R A T I O 
IN S O L U T I O N 

P E R B A R R E L O P 
R E S I D U A L O I L 

R E L A T I V E O i L 
V O L U M E , 

V/V« 

5000 0.9680 0. 841 1. 256 
4500 0.9718 1.260 
4000 0.9759 0. 781 1.266 
3500 0.9801 0. 751 1. 271 
3000 0.9847 0. 719 1.277 
2500 0.9895 0. 686 1. 283 
2300 0.9916 1.286 
2100 0.9936 1. 289 
2000 0.9947 0. 652 1.290 
1900 0.9957 1.291 
1800 
1700 

0.9968 
0.9981 

1. 293 
1. 294 

1600 0.9991 
1 

1. 296 
HTS3 1519 1.0000 .3/.R 0, 625 0 " 478 1. 297 

1508 1.0328 
1498 1.0054 
1481 1.0101 
1457 1.0162 
1429 1.0254 
1389 32 446 1.284 
1369 1.0458 
1350 0. 684 
128> 1.0766 
1259 65 413 •• 1.270 
1250 0. 696 
1196 1.1174 
1129 96 382 1. 257 
1100 0. 731 

(o*il 1 084 1.1789 
Q68 1.2610 
963 136 342 1. 239 
950 0. 780 

1.3638 
812 173 305 1. 224 

v = Volume at given pressure 
V»AT. = Volume at saturation pressure and the specified temperature, 
vn = Residual oil vo ume at 14.7 PSI absolute and 60° F. 

These analyses, opinions or interpretations are based on observations and material supplied by the client to whom, and for whose excmsiTe aad confidential use, 
this report ia maue._The interpietations or opinions expressed represent the best judgment of Core Laboratories, Inc. (all errors and omiaaiona excepted): bat 
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WAII Canada Ojitos Unit 
No. 12-11 

Reservoir Fluid SAMPLE TABULAR DATA 

P R E S S U R E - V O L U M E 
R E L A T I O N 

ta 162 
R E L A T I V E V O L U M E O P 

O I L A N O S A S . V / V » A T . 

V I S C O S I T Y D I F F E R E N T I A L L IBERATION ® 162 - F . 

P R E S S U R E 
PSI S A U S E 

P R E S S U R E - V O L U M E 
R E L A T I O N 

ta 162 
R E L A T I V E V O L U M E O P 

O I L A N O S A S . V / V » A T . 

O P O I L 

9 162-p.. 
C E N T I P O I S E S 

G A 6 / 0 1 L R A T I O 
L I B E R A T E D 

P E R B A R R E L O P 
R E S I D U A L O I L 

G A S / O I L R A T I O 
IN S O L U T I O N 

P E R B A R R E L O P 
R E S I D U A L O I L 

R E L A T I V E O I L 
V O L U M E . 

V/Vn 

ry 

800 J y/^ t /^r , 0 8 3 5 

13Q 1.4975; 
C7Z, 658 ! 211 267 1.207 

657 1.6518 /<?<y 
650 0.900 
566 . 1.8577 

5 -̂3 519 246 232 1.192 
500 0.980 
479 2.1482 ; / y ^ 
41J 2.4573 /?7 

373 359 287 191 1.175 
2LZLQ 2.8694 
^ 9 8 3.3145 j . ^ y 
250 3.8813 1.161 

13^ 218 328 150 1. 156 
/ ^ Z 108 367 111 1.133 
/ V 0 1.704 478 0 1.049 

@ 60° F . =1.000 

Gravity of residual oil = 38. 2° API @ 60° F . 

= Volume at given pressure 
= Volume at saturation pressure and the specified temperature. 
= Residual oil volume at 14.7 PSI absolute and 60° F. 

v 
V * A T . 

V P 

These analyses, opinions or i iterprctationa are baaed on obaerraUona and material supplied by the client to whom, and ior whose exclnarre and confidential use. 
this reDort is made. The interpretations or opinions expressed represent the best indement of Core Laboratories. Inr, fall errors and omissions excepted) : hn* 
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Well Canada Ojitos Unit 
No. 12-11 

Differential Pressure Depletion at 162° F. 

Pressure Oil Density Gas Deviation F J 
PSIG Gms/Cc Gravity Z 

1519 0.7223 
1389 0.7258 0. 696 0. 882 
1259 0. 7298 0. 698 0. 887 
1129 0.7336 0. 701 0. 894 
963 0.7389 0. 709 0.902 
812 0.7438 0. 718 0.914 
658 0.7487 0. 731 0.929 
519 0.7534 0. 753 0.943 
359 0.7589 0. 791 0.958 
218 0.7642 0. 886 0.976 
108 0.7716 1.067 

0 0. 7939 1. 702 

These analyses, opinions or int<reretations are based on ob serrations and material supplied by the client to whom, and for whose exchuiTe and confidential uae, 
thia report is made. The interpietatiooe or opiniona expressed represent the best judgment oi Core Laboratories. Inc. (all errors and rnnisiirms ewt?mr*A\ • h>> 
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Well Canada Ojirnc. TTwir 
No. 12-11 

S E P A R A T O R T E S T S O P R e s e r v o i r F l u i d S A MPT .PI 

S E P A R A T O R 
P R E S S U R E . 
PSI G A U G E 

S E P A R A T O R 
T E M P E R A T U R E , 

« P . 

S E P A R A T O R 
G A S / O I L R A T I O 

Set Foot Note (1) 

S T O C K T A N K 
S A S / O I I . R A T I O 

See Foot Note (1) 

S T O C K T A N K 
G R A V I T Y , 

• API 0 S O * P . 

S H R I N K A G E 
F A C T O R , 
V « / V « A T . 

See Foot Note (2) 

F O R M A T I O N 
V O L U M E 
F A C T O R . 
V S A T . / V R 

See Foot Note (3) 

S P E C I F I C 
G R A V I T Y O P 

P L A S H E D O A S 

0 74 483 38. 1 0.7639 1. 309 0.986 

40 74 386 27 39. 6 0. 7943 1. 259 

80 74 354 55 39. 6 0. 7968 1. 255 

160 74 300 110 39.4 0. 7943 1. 259 

(1) Separator and Stock Tank Gas/Oil Ratio in cubic feet of gas @ 60° F. and 14.7 PSI absolute per barrel 
of stock tank oil @ 60° F. 

(2) Shrinkage Factor: V*/V«AT. is barrels of stock tank oil @ 60° F. per barrel of saturated oil ffi 1519 
PSI gauge and—162 0 F. 

(3) Formation Volume Factor: VSAT./VR is barrels of saturated oil @_L5JL9—PSI gauge and_162__° F. per 
barrel of stock tank oil @ 60° F. 

These analyses, opinions or interpretations are based on observations and material supplied by the client to whom, and for whose excinsrre and confidential use, 
thia report ia made. ̂  The interpretations or opinions expressed represent tha^best judgment of Core Laboratories, Inc. /al l errors and oniissi9aa_excepted); but 
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Benson-Montin-Greer 
rnmpany Drill ing Corporation 

WPII Canada Ojitos Unit No. 12-11 

Tiolrl P u e r : o Chiquito 

Page__L_ of LL 

—--^ TOP R F L 3366 . 

Fnrmfttinn Nio Braro (Gallup) 

County Rio Arriba 

State New Mexico 

H Y D R O C A R B O N A N A L Y S I S O F Reservoir Fluid SAMPT.B 

COMPONENT MOI. WEIGHT DENSITY 0 SO* P. • API MOLECULAR COMPONENT PER CENT PKR CENT GRAMS PER CUBIC 0 SO* P. WEIGHT 
CENTIMETER 

0 SO* P. 

Hydrogen Sulfide 
Carbon Dioxide 0. 20 0. 08 
Nitrogen 0.13 0. 03 
Methane 26.36 3. 65 
Ethane 6. 86 1. 78 
Propane 6.19 2. 36 
iso-Butane 1.20 0.60 
n-Butane 4. 29 2.15 
iso-Pentane 1. 80 1. 12 
n-Pentane 2. 14 1. 33 
Hexanes 4.49 3. 34 
Heptanes plus 46.34 83. 56 

100.00 100.00 

Core Laboratories, Inc. 
Reservoir Fluid Division 

P. L . Moses 
Operations Supervisor 

These analyse*, opinion! or interpretation* are baaed on obaerrationa and material rapplied by the client to whom, aad lor whoae exdnarre aad confidential oae, 
thia report ia made. The interpret ationa or opinion* expressed represent thê beat judgment oi Core Laboratories, Inc. (all error* and oauaatoaa accepted); bat 
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. PRESSURE-VOLUME RELATIONS OF RESERVOIR FLUID 
Benson-Montin-Greer 

Company Drill ing Corporation Formation Nio Braro (Gallup) 
Weil Canada Ojitos Unit No. 12-11 County Rio Arriba 
Field Puerto Chiquito S t a t e New Mexico 

0 2000 3000 4000 5000 

PRESSURE: POUNDS PER SQUARE INCH GAUGE 

6000 
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DALLAS, TEXAS 

DIFFERENTIAL VAPORIZATION OF RESERVOIR FLUID 
Ben son-Montin-Greer 

Paae 9 oi U 
File R F L 3366 

800 

Company D i ' i l l i n g Corporat ion 
Well Canada Oji tos Unit No. 12-11 
Field Puerto Chiquito 

. Formation 

. County 
State 

Nio Bra ro (Gallup) 
Rio A r r i b a 
New Mexico 

700 

600 

500 

400 

300 

200 

100 

40 

1.35 

1. 30 

1.25 

1. 20 

1. 15 

1.10 

1. 05 

1000 2000 3000 5000 6000 
1.00 

PRESSURE; I: POUNDS PER SQUARE INCH GAUGE 
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VISCOSITY OF RESERVOIR FLUID 

P a g e _ 1 0 _ o f _ l L 
Flip. R F L 3366 

Benson-Montin-Greer 
Company D r i l l i n g Corporat ion Formation Nio Bra ro (Gallup) 
Well Canada Oji tos Unit No. 12-11 County Rio A r r i b a 
Field Puerto Cniquito State New Mexico 
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248 BOULDER MANCOS 

B O U L D E R M A N C O S B * C. N. Needham 
(Qjlj Mobil Oil Corporation 

T. 28N..R. 1 W., NVIPM 
Rio Arriba County, New Mexico 

GEOLOGY 

Regional Setting: East lank, San Juan Basin 
Surface Formations: Cretaceous, Lewis Shale; Tertiary- Cre

taceous, Animas Formation; and Tertiary, San Jose For
mation 

Exploration Method Leading to Discovery: Probably sub
surface 

Type of Trap: Fracture i shale on a monocline 
Producing Formation: Zretaceous, Mancos Shale 
Gross Thickness and Lithology of Reservoir Rocks: See field 

commentary 
Geometry of Reservoir Rock: See field commentary 
Other Significant Show •: None 
Oldest Stratigraphic Horizon Penetrated: Cretaceous, Man

cos Shale 

DISCOVERY WELL 

Name: P-M Drilling Co. No. 1 Bayless 
Location: NE NE (330' FNL and 330' FEL), sec. 15, T. 28 

N., R. 1 W. 
Elevation (KB): 7,427 ftet 
Oate of Completion: May 15, 1961; plugging approved in 

1965 
Total Depth: 4,429 feet 
Production Casing: 4'/z" at 4,150 feet cemented with 50 sacks 

of cement 
Perforations: Open hole 4,150 feet to 4,429 feet 
Stimulation: Sand-oil fiacture with 42,000 gallons of oil and 

20,000 lbs. of 20/40 sand; treating pressure 2,500 lbs. In
jection rate 33 barrels per minute 

Initial Potential: Pump 35 BOD 
Bottom Hole Pressure: Unknown 

DRILLING AND COMPLETION PRACTICES 

Set 8 5/8" to WV*" cising at approximately 130 feet with 
100 sacks of cement; driil with gel-type mud to about 600 feet 
above pay, set 5 Vt" to 7!." intermediate casing with 150 sacks 
of cement; drill to total depth with gas or air; set 4'A" liner to 
total depth; perforate ind oil-fracture with about 60,000 
gallons of oil. Variations are to set slotted liner or complete 
open-hole. Some natural completions have been made. 

RESERVOIR DATA 

Productive Area: 
Proved: 1,700 acres 
Unproved: North and south limits of field not defined by 

dry holes 
Approved Spacing: 80 acres 

No. of Producing Wells: 7 
No. of Abandoned Wells: 18 
No. of Dry Holes: 4 

Average Net Pay: Fractured reservoir; gross productive inter
val ranges from 51 feet to 643 feet and averages 278 feet 

Porosity: Fracture porosity • 
Permeability: Fracture permeability 
Water Saturation: Unknown 
Initial Field Pressure: Unknown 
Type of Drive: Gravity, solution gas 
Gas Characteristics and Analysis: Unknown 
Oil Characteristics and Analysis: 37° API gravity, 0.1 percent 

sulfur 
Original Gas, Oii, and Water Contact Datums: Variable 
Estimated Primary Recovery: Has produced 1,000 barrels per 

acre to July 1977 
Type of Secondary Recovery: None 
Estimated Ultimate Recovery: 1,700,000 BO, 1,500,000 

MCFG 
Present Daily Average Production: 60 BOD, 15 MCFGD, 14 

BWD 
Market Outlets: Oil, Shell Pipeline Corporation; gas, used for 

lease operation or vented 

FIELD COMMENTARY 

The Boulder field is in northwest New Mexico, about six
teen miles northeast of the town of Gavilan on State Highway 
96 on the Jicarilla Indian Reservation. It is located on the east 
flank of the San Juan Basin. 

The field is on a monocline imposed on regional west dip. 
No closure or nose is mapped in the area of the field. Produc
tion is from fractures in the Mancos Shale. The cause of the 
fractures in the San Juan Basin have been discussed by several 
authors who present different interpretations. The reader is 
referred to London (1972), and Gorham, and others (1977), 
for recent reports on fractured Mancos Shale production. 

An analysis of a fractured reservoir such as Boulder is a 
singularly vexatious task because few parameters can be 
defined adequately. However certain observations can be 
made: 

1. The field has produced 1,700,000 BO, 1,400,000 
MCFG, and 700 BW since discovery. Production has 
ranged from a high of 465,798 BO in 1963 to a low of 
16,197 BO in 1975. In July 1977, the field produced 60 
BOD. The conclusion is that the field is nearly depleted 
using present production methods. 

2. Water recovery has been reported on completion of 
some wells: S.O.T. No. 6, SE'ASW1/*, sec. 26, T. 28 N., 
R. 1 W.; S.O.T. No. 7, NW Vt NE V*, sec. 35, T. 28 N., 
R. 1 W.; Gulf No. 1-298, SE'/iSEH, sec. 10, T. 28 N., 
R. 1 W.; Mobil No. 14-23, SWV4SWV4, sec. 12, T. 28 
N., R. 1 W.; and during the completion attempt S.O.T. 

[Four Corners Geological Society 
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No. 8 Jicarilla 
During July 15 
Origin of this 
several zones a 
tion in various 
of productive i 
faults seems pr-

3. The field has 
south, and ha.-
Mancos. 

Net pay, porosis 
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NOTES ON ANALYSIS OF PRESSURE PULSES 
GENERATED BY FRAC TREATMENTS 

IN THE 
FRACTURED SHALE RESERVOIR 

OF THE 
NIOBRARA MEMBER OF THE MANCOS FORMATION 

IN THE 
WEST PUERTO CHIQUITO POOL 

RIO ARRIBA COUNTY, NEW MEXICO 
MARCH, 1988 

SUMMARY 

Analyses of pressure responses to four frac treatments 
showed an average pore volume of jzih of approximately .34 (equivalent 
to a volume of stock tank o i l in place of about 2000 barrels per acre) 
for thi:ee of the tests in which three zones were open. In the test 
with only two zones open in the treated well, a value of 1100 stock 
tank barrels per acre was determined. These values are consistent 
with tiiose derived from interference tests twenty years ago and from 
approximate material balance estimates. 

An average value for Kh/u was about 80 darcy feet. 
Translated to Koh: three wells were in the range of 10 to 20 darcy 
feet; .ind one was 50 darcy feet. These values, too, are consistent 
witn that estimated 20 years ago for the high capacity fracture 
system and are believed to be more representative of i t than that for 
the tonal reservoir combination of high capacity fracture system and 
tight IiLocks. Some influence from the tight blocks is believed to 
show in the tests that covered up to four days. In a l l instances 
curve Hatching at later times shows lower values of Kh/u; which is 
believed may be the consequence of greater diffusion from the high 
capacity system into the tight blocks as time increases. 

Of significance is the fact that the pore volumes 
associated with these high transmissibilities undoubtedly represent a 
large jjercent of the total pore volume. High values of Koh associated 
with liirge part of the total o i l in place means that gravity drainage 
is a v:.able recovery mechanism for which to strive. 

Three of the tests described herein were conducted 
pursuant to suggestion by members of the Gavilan Engineering 
Ccmmittee. Results of the f i r s t two tests provided to the Engineering 
Committee revealed tnat an empirical relation appeared to exist of the 
frac volume, frac rate and distances between wells; suggesting that 
tne data might be subject to analysis. However, before the 
Engineering Committee undertook an analysis of the subject, the 
Committee's work was suspended. 

The enclosed analysis is hereby provided, in lieu of the 
otherwise joint effort of the Committee members. 



DISCUSSION 

In a reservoir such as the one being produced in the West 
Puerto Chiquito pooi in which a high capacity fracture system extends 
over the reservoir, i t i s to be expected that a fracture treatment of 
the sij;e typically used would create a pressure pulse in nearby (up to 
2 miles:) wells measureable with the sensitive pressure equipment that 
has become generally available in the 1980's. Further i t i s to be 
expected (intuitively) that the characteristics of the reservoir 
governing the behavior of the pressure pulse would be more that of the 
high cc.pacity fracture system rather than that of the tight blocks; 
although as the length of time from the frac treatment increases, 
diffusion from the high capacity system into some of the tight blocks 
should occur. I t is of interest to examine interference testing of 
seme oi the fracture treatments in an ef for t to add additional 
knowledge about the reservoir's physical properties. 

A virtue of frac pulse testing as opposed to normal 
interference testing - particularly for areas of low capacity wells -
the frc.c pulse test can yield results in a relatively short length of 
time, requiring much shorter shut-in periods of wells in the v ic in i ty , 
minimising the revenue loss attendant with long shut-in periods. 

The explici t analytical solution of the reservoir pressure 
response to a frac treatment with a long fracture in a f i n i t e 
reservoir appears, at best, d i f f i c u l t to use; particularly for 
analysis of the subject reservoir in which none of the physical 
properties, permeability, porosity or pay thickness, are individually 
known. However, given the large areal extent of the reservoir, the 
point source (exponential integral) solution should yield results 
accurate enough for practical interpretation of some combinations of 
the reservoir parameters (Kh/u and 0h, John Lee reference 1). 

Qualitatively, i t is to be expected that the f i r s t part of 
a pressure pulse generated by a frac treatment w i l l arrive earlier and 
in greater magnitude - than that for a similar volume injected without 
fractuiing the formation. 

Once the frac treatment has ended, however, the continuing 
diffusion can be expected to follow that described by the d i f fu s iv i t y 
equations; and i f tne fracture blocks are small compared to the 
overall "area of influence" of the test, the flow system w i l l approach 
tnat of radial - and the EI solution of the d i f fu s iv i ty equation w i l l 
yield reasonably accurate results. 

Since the diffusion of the pressure pulse w i l l follow 
f i r s t through the high capacity fracture system and then into the 
fracture blocks, i t i s to be further expected that analyses of the 
earlier part of the test w i l l ref lect more of the character of the 
high capacity fracture system than that of the overall average. 

The two factors l imit ing the accuracy of the EI solution 
are tnct the reservoir is of f i n i t e size and that the induced fracture 
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causes the pressure effects of the injected f l u i d to deviate from that 
which vould obtain for a "point source". 

As to the f i r s t matter, the pressure response w i l l deviate 
from that for the i n f i n i t e solution only when the situation is such 
that boundary conditions become significant; and given the dimensions 
of the reservoir and the distance between the treated well and the 
observation wells for the tests run in West Puerto Chiquito, this 
influence of boundary conditions probably w i l l not be significant 
unt i l 'limes longer than those occurring in the subject tests. 

Also as to the deviation brought about by the effective 
wellbore radius being greater than a point source, estimates of the 
amount of this deviation (Mueller and Witherspoon reference 2) suggest 
that for the conditions of these tests and for assumed effective rw's 
of less: than 250' that the amount of this error may not be significant 
for thts points of curve matching used herein. (Times at which the 
error Jlrom this source is 10% and 2% are shown on the schedules and 
graphs herein for each test) . 

From a practical analysis standpoint and the fact that 
given the nature of the reservoir and the high capacity fracture 
system, i t w i l l be impossible to determine - as can be done in some 
reservoirs - the length of the induced fracture. Given this 
uncertainty - and the small difference in the exact solution with the 
EI fomula for the probable ranges of "effective rw" - use of the more 
cumbersome exact solution to the d i f f u s i v i t y equation for these frac 
pulse tests does not appear warranted. 

Since pressure responses for observation wells located 
more than a mile from the treated well may have values of less than 
1#, i t i s necessary to use sensitive pressure measuring equipment, and 
to eliriinate interference effects of other wells. In the instance of 
some ol: the tests in the Canada Ojitos Unit, a l l wells within a 
townsh:.p were shut in to minimize the effect of interference from 
otner wells. Here reliable data was obtained. In some of the other 
tests the pressure pulses were substantially greater than the 
interffurence effect of producing wells, and consequently that data is 
believ<!d to be reasonably accurate. 

Although either two or three zones were open during the 
tests a situation less desirable than that for a single zone) i t is 
believtsd that the characteristics of - or averages of - the dominant 
zone(s] w i l l be reflected in the analyses. 

The analysis is simply that of the pulse testing 
procedure, except that the information is limited to a single pulse. 
The netein-recarraended procedure is to calculate a series of curves, 
assuming for each curve a value of Kh/u and d i f fu s iv i t y constant. By 
curve riatching against the f i e l d data determine directly the 
appropi iate value of Kh/u and, indirectly (Appendix I) calculate 0h. 
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Since free gas that occurs after reservoir pressures drop 
below the bubble point greatly increases the overall mobility (John 
Lee, reference 3),and since the A and B zones appear in places to have 
free gc.s indigenous, the d i f fu s iv i ty constant is high - both for 
pressures above the bubble point and below the bubble point. 

From the 1965 interference test, i t was determined that -
on average (combination of both the tight blocks and high capacity 
fracture system) - the rat io of K/jz5 was in excess of 10 darcys; and 
that K/jz$, as well as Kh, for the high capacity system alone should be 
substartially higher. The frac pulse testing shows this to indeed be 
the case. 

From the herein-described frac pulse tests, the curve 
matching showed d i f fu s iv i ty constants in a small range of 4 x 10 to 
6 x 10 . I t is believed that a l l of these frac pulse tests were 
conducted when pressure of the dominant zones was below the bubble 
point; and although compressibility w i l l vary some for the different 
tests, for the comparative analyses shown herein, a system 
compressibility of 350 x 10 per pound was used for a l l tests to 
compute 0h. 

Although Kh, Koh and KTh/uT (total mobility) are 
indeperdent of compressibility, i t i s necessary to know system 
compressibility to determine 0h. For a pressure of 1400# 
(internediate pressure for a l l of the tests) the main factor affecting 
compressibility is that of the saturated o i l (approximately 300 x 
10~ ) . Cg is approximately 800 x 10 and Cf is estimated at 15 x 
10 . for zero to 10% gas saturation the above translatesfco system 
compressibility ranging from about 315 x 10 to 365 x 10 ; so the 
value cf 350 x 10" should be within about 10% in a l l of the tests. 
Not kncwing exactly the gas saturation, i t is doubtful that more 
precise figures can be developed. 

To convert the values of Kh/u to Koh requires information 
indeperdent of the frac pulse data. Apparently a l l that i s required 
is the GOR (and the viscosity of the o i l and the gas along with o i l 
and gas formation volume factors, Bo and Bg) (Appendix I I ) . 

For any given PVT values, the relation of total mobility 
to Koh as defined by Kg/Ko, Kro, Krg is such that i t can be determined 
indeperdently of the knowledge of each of these parameters. There 
appears to be a unique relation between KTh/ut and Koh, such that 
Koh car be determined from a knowledge of only total mobility and GOR 
(Appenc ix I I ) . 

Summary of test results of areas of investigation are 
shown cn the pages next following. The areas shown on the graphs are 
the mirimum areas of investigation (the ellipsoid shaped areas inside 
the "irfluence rectangle") depicted on the plat (John Lee, reference 
4). 
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Individual tests are detailed in the succeeding sections. 

(Technical note: because of tne relatively high injection rates and 
the faot that the calculated pressure response is the result of 
differsnces in computed values - the consequence of superposition - i t 
is necessary that the EI function be more accurately determined than 
that for typical pulse testing. The degree of accuracy required can 
oe determined by computing the pressure i f injection were continous, 
as shewn on some of the examples herein. Generally, a value of the EI 
function accurate to 6 or 8 significant figures is suitable. A 
comput«ir with basic precision of 14 or 16 significant figures w i l l 
yield :nat accuracy for EI(-x) for values of x less than 10. I f the 
computations are such that values of x exceed 10, higher precision may 
be reqiired. In this respect, i t is helpful to know - print-out - the 
values of x as shown in the examples herein.) 
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ABSTRACT 

For the case of an infinite radial system operating at 
constant terminal rate, the reservoir engineer often uses 
the "point source" solution of the diffusivity equation to 
study pressure interference effects. At early times and at 
short distances from the inner boundary these solutions 
are invalid. The emu.unt of error is often not precisely 
defined because of nathematical difficulties. Work pre
sented here shows tnat, if dimensionless time is defined 
appropriately, previous solutions of the pressure equation 
cm be displayed-as a family of curves on one chart. These 
solutions include the point source solution (referred to in 
the field of hydrology as the Theis solution) and other 
solutions obtained with digital computer methods. With 
these curves, an exact evaluation of the pressure drop 
within a reservoir or an aquifer can be made by the engi
neer. Examples of p-eld problem solutions are presented. 

. ln most reservoirs the error involved when the Theis solu
tion is employed is if ten negligible; whereas, in the calcu
lation of interference effects in an aquifer, a substantial 
error can occur through such an approach. 

INTRODUCTION 

Flow equations are used in petroleum engineering to 
study the behavior of individual wells and reservoirs. In 
tbe case of wells, the pressure response at the wellbore 
face is the major point of interest; whereas, in tbe case 
of reservoirs, the pressure response at the interface of the 
aquifer boundary is sought To aid in such studies, the 
flow equations have been solved in terms of the behavior 
at these two inner boundaries. 

Only limited work has been published in regard to 
the pressure conditions away from these points, ue., within 
the reservoir or aquifer. Theis' and Mortada* are among 
the few who have reported on this problem. The Theis 
approach employs the exponential integral and is valid 
for pressure conditions that occur some distance away 
from the flow disturbance. It is derived from the concept 
of a point source, as opposed to a flow across some finite 
area. The MortacU results, on the other hand, are valid 
it all points withn the reservoir or aquifer. They are 
presented in terms of dimensionless ratios of the radius 
where the pressure is desired to the radius where the flow 
rate is measured. "heir main use, in the past, has been in 
aquifer studies. Tbe published results are presented in the 
form of graphs thst are limited to a maximum radius ratio 

Original manneeript recalled in Society of Petroleum Engineers office 
8. 1964. Bevised man men pt received March 12, 1965. Paper pre-

w>ud at SPE California Regional Meeting held in Loe Angeles, Nov. 
•'. I H t . 

'Deferences riven at end of paper. 

of 64. These graphical results are cumbersome to interpo
late at non-integral radius ratios, so that one may be 
forced to utilize a rather involved analytical expression 
presented by Mortada. 

BASIC EQUATIONS 

The solutions of Mortada and Theis are both based 
on the diffasrvity equation as applied to the case of an 
infinite radial system subject to a constant tenninal rate. 
The equation is obtained by combining the material bal
ance equation with Daley's flow equation. The assump
tions implicit in the use of this equation are as follows: 
(1) a single fluid is present that occupies the entire pore 
volume; (2) the reservoir is horizontal, homogeneous, uni
form in thickness, and of infinite radial extent; (3) com
pressibility and viscosity of the fluid remain constant at 
all pressures; and (4) fluid density obeys the equation 

p = p. exp-c(/»„-p) . (1) 

Using the ciiffusivity equation in situations where the 
above conditions do not hold will result in errors. These 
errors (not discussed here) but only the errors which arise 
in the solution of the equation itself. 

The diffusivity equation for the homogeneous reservoir 
conditions cited above can be written in cylindrical coor
dinates, as 

a7 7F ~ r w u ' 
To obtain a dimensionless equation, so a single solution 
can be used for applications of different porosity, permea
bility and fluid properties, the following transformations 
are usually made: 

_ Irrkhipt-p,) 
PD (3) 

ru = r/r. , (4) 

h = T r (5) 
tplic rm* 

After these transformations are made, Eq. 3 can be writ
ten in dimensionless form, as 

9*Pn 1 9PD _ £Po ^ 
drB

: + rB 3r„ dtD 

MORTADA SOLUTION 

One solution of Eq. 6 has been given by Mortada,' 
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where he presented dimensionless pressure drop as a func
tion of dimen .ionless time. His graphical results are re
produced in Fig. 1. The dimensionless time is given in 
terms of the radius at the inner boundary, i.e., the well
bore or the aquifer boundary. Results of the dimension
less pressure crop vs dimensionless time are given at the 
following radius ratios: 1, 2, 4, 8, 16, 32 and 64, al
though results at much higher ratios are available from 
Mortada. As will be shown there is no need to carry out 
such determinitions for radius ratios above 20. 

van Everdiiigen and Hurst3 have also presented results 
of the dimensionless pressure drop at the wellbore inter
face (r„ = 1) as a function of dimensionless time denned 
in the same nanner as above. Their results correspond 
to Mortada iesults at the same r„ = 1. More recently, 
Driscoll has slso used the concept of dimensionless pres
sure vs dimensionless time at various radius ratios.* 

THEIS SOLUTION 

The mathematical formulation of the point source solu
tion and its resultant exponential integral are due to Lord 
Kelvin.1-' Theis, however, is the first, to our knowledge, 
to demonstrate how the point source solution could be 
employed in the analysis of non-steady-state flow prob
lems.1 In recognition of his early work, the exponential 
integral solution is normally referred to in tbe field of 
hydrology as the Theis solution, and that term is adopted 
here. 

In this sol ation, the variable X is defined as a dimen
sionless quantity inversely related to time. X is the inde
pendent variable in the Theis solution, .and the integral 
value or dependent variable is related to the dimension
less pressure drop. The definitions of the dependent and 
independent variables are compared with those of Mortada 
and van Ev-srdingen and Hurst in. Table 1. The Theis 
solution of tne exponential integral is shown'in Fig. 2. 

If we alter the definition of dimensionless time given 
in Eq. 5 to be based on any radius in the infinite sys
tem, we then have 

h = 
kt 

<j>,icr 
(7) 

The dimensionless time of Mortada is related to that of 
Eq. 7, by 

Or 1 

\ / •V / 

/ y 

ol -r-T* 1 .wr — — — 
10 lOO 

OIMEMSIONLESS TIME, t, • r Q c 

Fi; . I—MORTADA'S POINT SOURCE SOLUTION. 

1000 

TA81E 1—COMPARISON OF DEPENDENT ANO INDEPENDENT VARIABLES 

Oimentionless Dimensionless Dimensioned 
Independent Varieble Dependent Variable Pressuf* Drop 

Theis 

Mortada, and 
van Everdinaen 
and Hunt 

kt 

Ei ( -X) 

Ap 

4irMi 
E i ( -X ) 

2trirh 

/. (Eq. 7) = 
f»( Mortada) 

(8) 

From Table 1, it can also be seen that, with reference to 
the Theis solution, 

ta (Eq. 7) = 
4X ' 

and 

Ei(-X) 

(9) 

(10) 

Fig. 3 represents the Theis results of Fig. 1 with the 
definitions of dimensionless time and dimensionless pres
sure as given in Eqs. 9 and 10, respectively. By adjusting 
the dimensionless time of the Mortada solutions in ac
cordance with Eq. 8, it is apparent that the array of 
curves on Fig. 1 becomes a family of curves on Fig. 3 
that converge on the Theis solution. Other radius ratios 
not given in Mortada's work were obtained from the digi
tal calculations performed to obtain the results given by 
Mueller.* 

It can be seen on Fig. 3 that, for all radius ratios great
er than 20, the Theis solution adequately gives the pres
sure drop after any practical time. 

This can be further demonstrated by the results pre
sented in Fig. 4, which shows the relationship between 
the per cent error one would get in using the Theis solu
tion for various radius ratios in place of the exact solu
tion. It will be seen that, after a dimensionless time of 
SO, the Theis solution can be used with an error of only 
1 per cent for all radius ratios. This, of course, is also 
evident from the convergence of all curves onto essential
ly a single line on Fig. 3. Any combination of radius 
ratio and dimensionless time that falls to the right of 
the 1 per cent line on Fig. 4 will have an error of less 
than 1 per cent Correspondingly, any combination falling 
to the right of the 0.1 per cent line will have an error 
of less than 0.1 per cent 

0.0001 

Fic. 2—THEIS' SOLUTION or EXPONENTIAL INTEGRAL. 



N U M E R I C A L EXAMPLES sider the following situation. We wish to know the pres-

EXAMPLfl A sure drop in an aquifer at a point that is 50,000 ft away 

To demonstrate the use of Figs. 3 and 4. let us con- f rom the center of a reservoir having an equivalent radius 

o'o> ' ' ; 'b'.i ' ' "i:o ' 1 io.o ' ' 'do.c ! ! ' ' ' ibbo.o 
DIMENSIONLESS TIME, :„ = 

Fit. J—RE .«TIOV«HIP FOB USINC THE THEIS SOLUTIO.N FOR VARIOUS RADIUS RATIOS LNSTZAD OF THE EXACT SOLCTIO.V 



of 5,000 ft. The aquifer and associated water have the 
following propertes: 

k = 356 md, or 2 perms 
1 perm = 1 cti ft—cp/day-ft-psi 

t]> = 0.2 per cent 
c = 4 X 10"* psi" 
p. = 1 q>. 

From these properties, the dimensionless time can be 
found from Eq. 7: 

t o tp^f 0.2 X 1 X 4 X IO"* X 50,000= 

to = 0.0i)l / 

After 100 days, t„ = 0.1, for which ApB = 0.0165 at r a = 
10. Fig. 4 show: that an error of about 50 per cent would 
result if the Tht is solution were used instead of the exact 
solution. 

To translate his into more meaningful terms, assume 
that h = 56.2 it and q = 1,256 B/D. From Eq. 3, we 
find, 

q}iApa 1,256 X 1 X 5.62 X 0.0165 
P ~ ~ 2 * k h = 6.28 X 2 X 56.2 

tip = 0.165 psi. 

This quantity is much less than can be detected with 
field instruments. It can be concluded that, although the 
use of the Theis curve would result in a large percentage 
error, the absolute magnitude would be small. Continuing 
this example further,'after 1,000 days, tB = 1 and ApB = 
0.53 or Ap = 5.3 psi. According to Fig. 4, using the 
Theis solution would introduce an error of about 2 per 
cent. 

EXAMPLE S 
Let us examine another aquifer situation at a smaller 

radius ratio tc determine if the error that would result 
from the Theis solution would be substantial. We wish to 
know the pressure drop at a point in an aquifer 10,000 
ft from the center of a reservoir with an equivalent radius 
of 2,500 ft. Assume the following conditions: 

k = 63.2 md, or 0.4 perms 
tp = 0 1 per cent 
c = 4 X10-' psi"' 

p. = 1 cp 
r„ = 13,000/2400 = 4 

_ 04J =001 
0 ~ C.l X 1 X 4 X 10"* X 10,000s 

From Fig. 4, at all times greater than t = 490 days, the 
Theis curve cm be used and the error will be 1 per cent 
or less. However, for times less than t = 120 days, the 
errors would exceed 5 per cent; and as indicated on Fig. 4 
by the location of the 100 per cent error line, these er
rors would increase rapidly at lower values of time. The 
absolute magnitude would depend on the other aquifer 
parameters. 

EXAMPLE C 
The Theis solution can be used for points in the reser

voirs of largt radius ratios with little or no error. Let us 
examine the situation where the distance between wells 
is 250 ft, and the well radius is 0.5 ft. Assume the fol
lowing conditions: 

k = 158 md, or 1 perm 
tf> = 0.2 per cent 

c = 8 X 10"* psi"1 

,u ~ 0.4 cp 

0.2 X 0.4 X 8 X 10"4 X 2502 ' 

From Fig. 4, it can be seen that at r„ = 500, the Theis 
solution can be used with an error of 0.1 per cent or less 
for all values of r„ > 0.045. This is equivalent to about 
2 minutes. For all practical examples where the radius 
ratio is large, the Theis solution can be used with confi
dence. 

CONCLUSIONS 

1. Solutions for the diffusivity equation for the infinite 
radial case at constant terminal rate are presented in the 
form of graphs of dimensionless pressure drop vs dimen
sionless time for radius ratios from 1 to infinity. 

2. For radius ratios of 20 or above, the Theis, or point 
source, solution can be used with little or no error for 
most practical situations. A chart is presented where one 
can determine the order of the errors that will result 
through use of the Theis solution. 

3. In aquifer studies, it might be necessary to use the 
new solutions of the diffusivity equation presented here 
for low radius ratios. The absolute magnitude of the pres
sure effects with low ratios and small times might, how
ever, be insignificant. 

4. In well interference tests, the Theis solution can be 
used for all practical lengths of time, and at all normal 
well spacings, without introducing errors greater than 0.1 
per cent 

NOMENCLATURE 

c compressibility of fluid, psi"1 

h = reservoir thickness, ft 
k = permeability, md, (1 perm = 158 md) 
P = pressure, psia 

Pt> = dimensionless pressure 
P- reference pressure, psia 
Pi — initial pressure at some given point, psia 
P: pressure at some given point after an elapse of time. 

psia 
1 = constant flow rate at well, B/D 
r = radial distance, ft 

rB = dimensionless radius 
r. = wellbore radius, ft 

t = time, days 
to dimensionless time 
X = independent variable in Theis solution 
r» = fluid viscosity, cp 
P = fluid density at pressure p, lb/cu ft 

p„ fluid density at pressure p„ lb/cu ft 
porosity 
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ROCK AND FLUID PROPERTY CORRELATIONS 133 

Use of this correlation is illustrated in Example 
D.17. The result nay be of no greater accuracy than 
simply assuming y=4xl0~ 6 psi ~ 1 , since only one 
of the many variables affecting cy has been taken into 
account. 

Example D.17-Estimation of 
Formation Compressibility 
Problem. Estimate the formation compressibility cy 
for a reservoir writ 20% porosity. 

Solution. From Fig. D-22, cy=3.6 x 10 6 psi 

Exercises 
Results of pressure transient test analysis sometimes 
are combined with rock and fluid properties to 
calculate the folic wing quantities: 

o t * • • B a » » » t l 14 

Fig. 0-22 - Formation compressibility.15 

,wSw+cgSg + cf. 

Total reservoir flow rate, 

Total mobility. 
* i = * O / M 0 +*w/r*w + kg/Hg-

Total compressibility, 

The following exercises require calculation of q R t , 
\ t , and c, for two cases. 

D.l. Calculate q R t , Xf, and c t for an under-
saturated oil reser-voir with the following properties. 

q 0 = 100STB/D, 
q w = 20 STE/D, 
q g = q 0 R s (reservoir produces dissolved gas 

only l, 
Reservoir pressure = 4,000 psia, 
Reservoir temperature = 220°F, 

R s = 400scf/STB, 

7* - 0.85, 
Water salinity * 25,000 ppm (2.5»% NaCI), 

k 0 = 20 md, 
Arw = 0.93 md, 
k t = 0 (no iree-gas saturation), 

• 0.18, 
= 0.65, 
= 0.35, and 

s = 0. 

D.2. Calculate q R l , X,, and c, for a saturated oil 
reservoir with the following properties: 

q 0 = 100STB/D, 
<7W = 5 STB'D, 
q. m 250Mscf/D, 

Oil gravity = .18'API, 
Gas gravity = 0.8, 
Reservoir pressure = 2,000 psia, 
Reservoir temperature = 200°F, 

k 0 = 100 mi, 
k w = 3.3 md, 
k. = 7.25 nid, 

So 

Water salinity 
S w = 0.25, 

0.05, 

27,500 ppm, 

= 0.70, and 
= 0.18. 
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90 WELL TESTING 

BOTTOMHOLE 
PRESSURE 

RATE AT 
ACTIVE WELL 

\ TIME LAG 

'OBSERVATION WELL 

-ACTIVE WELL 

and 

TIME 
Fig. 6.1 - Pressure response in interference test. 

Fig. 6.2-Region investigated in interference test. 

Fig. 6.3-Exponential integral solution. 

in = 
0.000264 kt 

Fig. 6.3 can be used in the following way to analyze 
interference tests. 

1. Plot pressure drawdown in an observation well, 
Ap=p j -p r , vs. elapsed time t on the same size log-
log paper as the full-scale, type-curve version of Fig. 
6.3 using an undistorted curve (the reader can 
prepare such a curve easily). 

2. Slide the plotted test data over the type curve 
until a match is found. (Horizontal and vertical 
sliding both are required.) 

3. Record pressure and time match points, 
( P D ) M P . ^ M P a n d [ ( r 0 / r £ ) M P , / M p ] . 

4. Calculate permeability k in the test region from 
the pressure match point: 

/t = 141.2 
qBfi (P£))MP 

h ( A p ) M P 

5. Calculate <pc, from the time match point: 

0.000264 k t MP 
Up/'" D)MP 

Example 6.1 — Interference Test 
in Water Sand 
Problem. An interference test was run in a shallow-
water sand. The active well, Well 13, produced 466 
STB/D water. Pressure response in shut-in Well 14, 
which was 99 ft from Well 13, was measured as a 
function of time elapsed since the drawdown in Well 
13 began. Estimated rock and fluid properties in
clude u w = 1.0 cp, B w = 1.0 RB/STB, h = 9 ft, r w = 3 
in., and <p = 0.3. Total compressibility is unknown. 
Pressure readings in Well 14 were as given in Table 
6.1. Estimate formation permeability and total 
compressibility. 

Solution. We assume that the aquifer is 
homogeneous, isotropic, and infinite-acting; we use 
the £/-function type curves to estimate k and c,. Data 
to be plotted are presented in Table 6.2. The data fit 
the £/-function type curve well. A pair of match 
points are (At =128 minutes, r o / r ^ = l 0 ) and 
(Ap = 5A psi,pD = 1.0). (SeeFig. 6.4.)Thus, 

£=141.2 
qBn (pD) M P 

h (Ap)MP 

(141.2)(466)( 1.0)0.0) (1.0) 
(9.0) 

= 1,433 md. 

(5.1)' 

and 
0.000264 k_ (rM P/6Q) 

VL (^ / / -O)MP 
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APPENDIX I I 

DETKMINATION OF Koh FRCM /-

AND Kg/Ko 

In the frac pulse testing described herein, as well as the 
other Interference tests where a significant amount of free gas is 
presen:, the resulting transmissibility determined w i l l be^y_j fa ; 

and additional information is needed to determine Koh. r v ' 

I t appears that the additional information needed is 
the producing GOR and PVT properties of 3g, 3o, uo, and ug. 

/; , As shewn on page 2 following, it appears that the ratio of 
A£\IX-

can be determined frcm only Kg/Ko and the f l u i d 
viscosities. Since Kg/Ko can be determined fron the producing 30R 
(along with the presumably known quantities, 3g, 80, uo and ug), then, 
essentially these are the only additional data required for any 
reservoir. Acordingly Koh can be determined independent of any 
knowledge of Kg/Ko or Kro relations (John Lee, reference 1). 

This unique relation for the approximate PVT properties of 
West Puerto Chiquito at 1400# reservoir pressure is shewn on the 
graph, page 4, frcm data calculated on page 3. 
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