
l l f >•;) ENERGY AN IJ MINERALS DEPARTMENT 
OIL CONSERVATION DIVISION 
/ HOBBS DISTRICT OFFICE 

GARREY CARRUTHERS , - n , 0 Q Q a - , POST OFFICF BOX 1 nm 
RnvLFwon - D e c e m b e r Z y , i . y o / HOBBS. NEW MEXICO BBS<II IHBO 

(505) 393-fiM ;l 

OIL CONSERVATION DIVISION 
P. 0. BOX 2088 
SANTA FE, NEW MEXICO 87501 

RE: Proposed: 
MC 
DIIC _ 
NSL 
NSP SWD X 
WFX__ 
PMX 

Gentlemen: 

I have examined the application for the: 

Operator ' Lease & Well No. Unit S-T-R 

and my recommendations are as follows: 

^ 

Supervisor, D is t r ic t I 

/ed 



CAMPBELL S BLACK, P.A. 
L A W Y E R S 

G U A D A L U P E P L A C E 

S U I T E I - H O N O R T H G U A D A L U P E 

P O S T O F F I C E B O X 2 2 0 6 

SANTA FE, NEW MEXICO 87504-2208 

T E L E P H O N E : ( 5 0 5 I 9 8 8 - 4 4 2 

T E L E C O P I E R ' . ( 5 0 5 ) 9 8 3 - 6 0 4 3 

January 8, 1988 

HAND DELIVERED 

Wil l i a m J. LeMay, D i r e c t o r 
O i l Conservation D i v i s i o n 
New Mexico Department of 

Energy, Minerals and Natural Resources 
State Land O f f i c e B u i l d i n g 
Santa Fe, New Mexico 8750 3 

Re: Protest t o A p p l i c a t i o n of Penroc O i l Corporation f o r 
Disposal of Produced Waters, Lea County, New Mexico 

Dear Mr. LeMay: 

By A p p l i c a t i o n dated December 23, 1987 Penroc O i l Corporation 
seeks O i l Conservation D i v i s i o n approval t o dispose of produced 
waters i n t o t h e Devonian formation through i t s State AF Well #2 
located i n Section 8, Township 18 South, Range 35 East ( U n i t 0 ) , 
Lea County, New Mexico. A t l a n t i c R i c h f i e l d operates i t s Lea 4011 
State #1 Well i n Unit N of Section 8, Township 18 South, Range 35 
East, from which i t i s c u r r e n t l y p r o d u c i n g from t h e Devonian 
formation. Inasmuch as Penroc i s proposing t o dispose produced 
waters i n t o t h e Devonian f o r m a t i o n o n l y 1300 f e e t away from 
A t l a n t i c R i c h f i e l d ' s o f f s e t t i n g producing Devonian w e l l , A t l a n t i c 
R i c h f i e l d p r o t e s t s the a p p l i c a t i o n of Penroc O i l Corporation. 

Your a t t e n t i o n t o t h i s l e t t e r i s appreciated. 

WILLIAM F. CARR 
WFC/mlh 

ATTORNEY FOR ATLANTIC RICHFIELD 
cc: Ron Sponberg 

A t l a n t i c R i c h f i e l d 

Danny Campbell 
Arco O i l & Gas Company 
Post O f f i c e Box 1610 
Midland, Texas 79702 

J A C K M . C A M P B E L L 

B R U C E D . B L A C K 

M I C H A E L B . C A M P B E L L 

W I L L I A M F. C A R R 

B R A D F O R D C . B E R G E 

M A R K F. S H E R I D A N 

J . S C O T T H A L L 

P E T E R N . I V E S 

J O H N H . B E M I S 

M A R T E D . L I G H T S T O N E 

* 8 1388 
:''m0it WJSIQM 

( ?Jo3 



New Mexico Oil S Gas Conservation Commission 
Oil Conservation Division 
P.O. Box 2088 
Santa Fe, New Mexico 87504 

January 11, 1988 

ATTN: Mr. Bill Le May 

RE: PENROC OIL CORPORATION 
SWD APPLICATION 
STATE AF-2 

SOUTH VACUUM FIELD, LEA CO., NM 

Gentlemen: 

We are in receipt of the above application for a SWD well at a location 330' 
FSL and 2130' FEL, Section 8, T-18-S, R-35-E and recommend that the disposal 
interval be below 12,000', as there appears to be an oil column in the interval 
proposed by the operator, i.e. 11,837'(?) to 11,850'. 

There is a discrepancy between the Penroc data and the information contained 
on the attached scout ticket. The scout information indicates 7" casing 
was set at a TD of 11,850', and the Devonian perforated 11,840 - 11,848', 
as compared to the Penroc diagram that indicates the well production tested 
via the open hole from 11,837 - 11,850'. 

In any case, a drill stem test of the Devonian from 11,840 - 11,850' recovered 
928' of free oil - no water, suggesting the presence of an oil column on 
the down-thrown side of the major fault controlling the South Vacuum 
accumulation. 

Using Penroc's structural data, it is possible to infer that a higher 
structural position is present in Sections 16 and 17, southeast of the subject 
well. 

For this reason we respectfully reguest that the injection/disposal interval 
be confined to depths below 12,000'. 

Very truly yours, 

R. A. Lowery 
Production Manager 

jHi-i 1 5 1933 
RWK/dp 

Attachments 

cc: Penroc Oil Corporation 

A Subsidiary of M. Ralph Lowe Inc. / P. • . Box 832 / Midland. Texas 79701 / (915)684-7441 



PENROC OIL CORPORATION 
STATE "AF" NO. 2 

Part 3 - A 

PROPOSED 

13 3/8" 48# set @ 408' with 
400 sxs circulated 

9 5/8" 40# set @ 4015" with 
3554 sxs circulated 

perfs. 8937 - 9025 will SQZ with 
150 sxs 

perfs. 9053 - 9080 will SQZ with 
150 sxs 
CIBP @ 97021 

perfs. 9864 - 9900 will SQZ with 
150 sxs 

CIBP @ 101001 with 2 sxs cmt 

perfs. 10134 - 10155 will SQZ 
wiht 150 sxs 

2 7/8" 
plastic 
coated 
tubing 

PBTD @ 114091 

Baker AD -
packer at 
11800' 

7JLN -80 @ 11837' with 2000 sxs 

OH 11838 -
12000 

Proposed TD 
12000' m **** 



_2 n f M o v i r r . 

V U ) ' f r S t<n> K 7 1 3 P ' « - * T i m - n f <Ur 

Con-p 4 - j - f>4 TOUMATIOM DATUM POMMATIOM D A T U M 

ess * a* - TUBING 

13 3 /8 " 408" 400 
9 5 /8 " 4015" 3754 
7" 11850' 2000 

toon «L an «A IMD HC A B 

ifr.-ess * a* - TUBING 

13 3 /8 " 408" 400 
9 5 /8 " 4015" 3754 
7" 11850' 2000 

toon «L an «A IMD HC A B 

ess * a* - TUBING 

13 3 /8 " 408" 400 
9 5 /8 " 4015" 3754 
7" 11850' 2000 

toon «L an «A IMD HC A B 

Tares 3162 

ess * a* - TUBING 

13 3 /8 " 408" 400 
9 5 /8 " 4015" 3754 
7" 11850' 2000 

toon «L an «A IMD HC A B 

ess * a* - TUBING 

13 3 /8 " 408" 400 
9 5 /8 " 4015" 3754 
7" 11850' 2000 

toon «L an «A IMD HC A B 

SA 49R? • 

ess * a* - TUBING 

13 3 /8 " 408" 400 
9 5 /8 " 4015" 3754 
7" 11850' 2000 

toon «L an «A IMD HC A B 
5 ST>~ £4 i f i 

ess * a* - TUBING 

13 3 /8 " 408" 400 
9 5 /8 " 4015" 3754 
7" 11850' 2000 

toon «L an «A IMD HC A B W Rf 8«33 
IB 1 1 8 5 0 ' . P?,D 114n9 ' 

V Abo tort* 9 0 S J - M ' r ivd 264 BOPD. f a t . *as*d on 12 hr 
CMC of 132 M Ckru 24/*4M efck., 9 200*. G0K » 7 0 . 

3-2-64 

3-9-64 
3-16-64 
3-23-64 

- JV»C-*4-

4-6-64 

S*t -fcipstoc* 9 10812'. 
•0 tc 1O041' fc PS u> 10316'. 
TP 10981', prep te <irill off whipstock. 
Set Whipstock ? IC49S' & DO to 10654". 
PB w/cmt to 10150', DO to 10860' & Set 
Whipstock. 
Drlg. 11185' l a . , eh. & sh. 
Drlg. 11652' l n . & »h. 
TD 11850', pulling te»t tool. DST 11S40-S50',t.x>I 
DST 11840-850', tool plugged. plucked' 
DST-11640-E50', o w i 2 hrs 15 min-, 
GTS in 58 Bin*. .? TSTM, 
R^c 928' o i l , ro . / tr . 
no ISIP Taker., FF Z6Z->>27*, 
1 iir 30 min FST? 4495-r. 

P«r; H ? A C - 6 4 ? . ' y<; $yr 

* c 1000 f « U . (U840-84S') 
• A d i i O + U mil k 25 WW, W t r . o i l 
to 5 hr*. 
TB 11850', fit) 11*09". SZ far Storage. 
Subd 49 BW, w/tr. o i l in 4 hrs (11840-848') 
Set FP @ 11750'. 
Perf 11419-506' W/1 SPF 
Ac. 2000 ga l s . , 
Svt.d dry. 
Set BP @ 11409'. 
Perf (8 9053', 9058', 9064", 9068'. 9074', 
4. 9080' W/1 SP1, 
Ac. 2500 gals. (9053-9080') 
S L F 322 B0 in 15 brs thru 24/64" chk. , TP 100*. 





CAMPBELL 8 BLACK, P.A. 
L A W Y E R S 

6>V 

J A C K M . C A M P B E L L 

B R U C E D . B L A C K 

M I C H A E L B . C A M P B E L L 

W I L L I A M F. C A R R 

B R A D F O R D C . B E R G E 

M A R K F. S H E R I D A N 

J . S C O T T H A L L 

P E T E R N . I V E S 

J O H N H . B E M I S 

M A R T E D . L I G H T S T O N E 

G U A D A L U P E P L A C E 

S U I T E I - I I O N O R T H G U A D A L U P E 

P O S T O F F I C E B O X 2 2 0 B 

SANTA FE, NEW MEXICO 8 7 5 0 4 - 2 2 0 8 

T E L E P H O N E : 1 5 0 5 ] 9 8 8 - 4 - 4 2 1 

T E L E C O P I E R : ( 5 0 5 ) 9 8 3 - 6 0 4 3 

February 29, 1988 

HAND-DELIVERED 

FEB 2 9 V.,/.-
Mr. David R. Catanach roNSERVA™1* DSVISUJN 
Examiner QlL̂ u \ 
New Mexico Energy, Minerals % 

and N a t u r a l Resources Department * 
State Land O f f i c e B u i l d i n g 
Santa Fe, New Mexico 87501 

Re: O i l Conservation D i v i s i o n Case/No. 9303 
A p p l i c a t i o n of Penroc O i l Corporation f o r j 3 a l t Water 
Disposal, Lea County, New Mexilpo 

\ 

Dear Mr. Catanach: 

Pursuant t o your February 2, 1988 request, we are enclosing f o r 
your i n f o r m a t i o n a Pulse Test Design and a proposed Order denying 
the a p p l i c a t i o n of Penroc i n the above referenced case. 

As you r e c a l l , a t the time of h e a r i n g , Penroc advised t h a t t h e 
p e r f o r a t e d i n t e r v a l i n i t s S t a t e AF W e l l No. 2 would be from 
12,000 f e e t t o 12,200 f e e t . Their a d v e r t i s e m e n t f o r t h i s case 
however, r e f e r e n c e s a p e r f o r a t e d i n t e r v a l from 11,850 f e e t t o 
12,200 f e e t . The enclosed proposed Order, t h e r e f o r e , r e f l e c t s an 
i n t e r v a l from 11 , 850 f e e t t o 12 , 200 f e e t t o be consi s t e n t w i t h 
the case as docketed. 

Arco remains opposed t o t h i s a p p l i c a t i o n unless Penroc, at i t s 
expense, o b t a i n s s a t i s f a c t o r y data t o e s t a b l i s h t h a t i t s 
i n j e c t i o n w i l l not be i n communication w i t h Arco's Lea 4011 Well 
No. 1. Without t h i s new i n f o r m a t i o n , t h e evidence b e f o r e you 
e s t a b l i s h e s p r e s s u r e communication between these w e l l s . Since 
these w e l l s are i n communication, the di s p o s a l of produced water 
i n t h e Penroc "AF" W e l l No. 2 accelerate the date when the Arco 
Lea 4011 Well waters o u t , t h e r e b y causing t h e waste of h y d r o 
carbons and imp a i r i n g c o r r e l a t i v e r i g h t s . 



Mr. David R. Catanach 
Page Two 
February 29, 1988 

I f you need a n y t h i n g f u r t h e r from Arco t o proceed w i t h your 
d e c i s i o n i n t h i s matter, please advise. 

WILLIAM B. 
WFC:mlh 
Enclosures 



STATE OF NEW MEXICO 
ENERGY, MINERALS AND NATURAL RESOURCES DEPARTMENT 

OIL CONSERVATION DIVISION 

IN THE MATTER OF THE HEARING 
CALLED BY THE OIL CONSERVATION 
DIVISION FOR THE PURPOSE OF 
CONSIDERING: CASE NO: 9303 

ORDER NO. 

APPLICATION OF PENROC OIL CORPORATION 
FOR SALT WATER DISPOSAL, LEA COUNTY, 
NEW MEXICO. 

ARCO OIL & GAS COMPANY'S PROPOSED 
ORDER OF THE DIVISION 

BY THE DIVISION: 

T h i s cause came on f o r hearing on February 3, and March 2, 
198 8, at Santa Fe, New Mexico, before Examiner David R. Catanach. 

NOW, on t h i s day of March, 1988, t h e D i v i s i o n 
D i r e c t o r , having considered t h e t e s t i m o n y , t h e r e c o r d , and t h e 
recommendations o f t h e Examiner, and being f u l l y advised i n the 
premises, 

FINDS THAT: 

(1) Due p u b l i c n o t i c e having been given as required by law, 
the D i v i s i o n has j u r i s d i c t i o n of t h i s cause and the s u b j e c t 
matter t h e r e o f . 

(2) The a p p l i c a n t , Penroc O i l Corporation, seeks an order 
a u t h o r i z i n g t h e d i s p o s a l o f produced s a l t water i n t o t h e 
undesignated Mid Vacuum-Devonian Pool i n the pe r f o r a t e d i n t e r v a l 
from 11,850 t o 12,200 f e e t i n i t s State "AF" We l l No. 2 l o c a t e d 
330 f e e t from t h e South l i n e and 2,130 f e e t from the East l i n e 
( U n i t 0) of S e c t i o n 8, Township 18 South, Range 35 East, 
N.M.P.M., Lea County, New Mexico. 

(3) Arco O i l & Gas Company operates i t s Lea 4011 State No. 
1 Well, located i n Unit N, Section 8, Township 18 South, Range 35 
East, N.M.P.M., Lea County, New Mexico, the immediate west o f f s e t 
t o the proposed i n j e c t i o n w e l l , which i s producing i n commercial 
q u a n t i t i e s from the Mid Vacuum-Devonian Pool. 



Page - 2 -
Case No. 9303 
Order No. R-

(4) Penroc p r e s e n t e d evidence of a f a u l t s e p a r a t i n g i t s 
proposed d i s p o s a l w e l l and Arco's Lea 4011 State No. 1 Well. 

(5) That t h e evidence p r e s e n t e d by Arco e s t a b l i s h e d a 
pressure communication e x i s t e d between t h e proposed i n j e c t i o n 
w e l l and i t s Lea 4011 State No. 1 Well and t h a t the i n j e c t i o n and 
produced waters as proposed by Penroc could cause Arco's w e l l t o 
p r e m a t u r e l y w a t e r o u t , t h e r e b y r e s u l t i n g i n a l o s s o f 
hydrocarbons, causing waste, and impair i n g the c o r r e l a t i v e r i g h t s 
of i n t e r e s t owners i n the Lea 4011 State No. 1 Well. 

(6) That t h e a p p l i c a t i o n of Penroc O i l C o r p o r a t i o n f o r 
d i s p o s a l o f s a l t water i n t o the Mid Vacuum-Devonian Pool i n the 
per f o r a t e d i n t e r v a l from 11,850 f e e t t o 12,200 f e e t i n i t s S t a t e 
AF Well No. 2 should be denied. 

IT IS THEREFORE ORDERED THAT: 

(1) The a p p l i c a t i o n of Penroc O i l Corporation f o r disposal 
of produced s a l t water i n t o the undesignated Mid Vacuum-Devonian 
Pool i n the p e r f o r a t e d i n t e r v a l from 11,850 f e e t t o 12,200 i n i t s 
S t a t e AF We l l No. 2 l o c a t e d 330 f e e t from t h e South l i n e and 
2,130 f e e t from the East l i n e ( U n i t 0) of Section 8, Township 18 
South, Range 35 East, N.M.P.M., Lea County, New Mexico i s hereby 
denied. 

(2) J u r i s d i c t i o n of t h i s cause i s reta i n e d f o r the en t r y of 
such f u r t h e r orders as the D i v i s i o n may deem necessary. 

DONE a t Santa Fe, New Mexico, on t h e day and year h e r e i n 
above designated. 

STATE OF NEW MEXICO 
OIL CONSERVATION DIVISION 

W i l l i a m J. LeMay 
D i r e c t o r 

( S E A L ) 



Internal Correspondence 

Date: February 24,1988 FEB 2 9 1988 

Subject: Pulse Test Design CAMPBELL AND BLACK 

From/Location: T.J. Plover - PRC E1835A 

Telephone: 754-6936 

To/Location: R.D.Campbell - MIO 346 

Per our telephone conversation, here is a design of a pulse test for establishing 
interwell communication. 

The well placements are shown in attachment 1. The ARCO well is a producer, wi th 
production of about 2000 STB/D of water and 50 STB/D of oi l . The average reservoir 
pressure is assumed to be near the original unproduced reservoir pressure of about 
4700 psig, since there is very strong aquifer support. The average reservoir pressure 
is assumed to be above the bubble point pressure for the oil. Most of the porosity is 
fracture porosity, wi th $ = 0.12. Other oil and formation parameters are shown on 
attachment 1. 

The faul t between the ARCO producer and the proposed injector is not known wi th 
certainty to be a sealing fau l t . Establishing the fau l t effects on in terwe l l 
communication is the primary goal o f t he interference test. 

Attachment 2 shows the calculations for design of the pulse test. The ARCO well is 
designated as the pulsing well and the proposed injector is the observation wel l . 
The zones open to f low during the test, for both wells, is crucial. Any conclusions 
reached regarding interwell communication wil l only be applicable for the zones 
mutually open to f low during the test. Conclusions f rom this test wou ld not 
generally be applicable to establishing interwell communication for other zones. 
The design fol lows the method given in SPE Monograph 5, Advances in Well Test 
Analysis, by R. C. Earlougher. See pages 111-118, especially example 9.5 on page 
118, in Monograph 5. The time for each flow/shut-in cycle is 87.44 hours. During 
this cycle the well is shut-in (this is the pulse) for 26.23 hours and then f lowed at 
2050 stock tank barrels/day total f luid rate for 61.21 hours. This cycle is repeated as 
many times as desired, wi th each cycle corresponding to a pulse, or pressure wave, 
to be detected at the observation well . Theoretically only one pulse is required; the 
t ime required for the peak of the pressure pulse to reach the observation well is 
6.82 hours. In practice it is better to cycle the pulsing well multiple times to send 
more pulses to be measured at the observation well . Because the pressure pulse at 
the observation well is small and may be diff icult to accurately measure, multiple 
pulses increase the chances of obtaining good measurements. Analyzing multiple 
pulses also increases the reliability of the analysis by providing the opportunity to 
check for consistency between conclusions reached from analyzing each pulse. 

The design presented here should yield a first even pulse of about 1.3 psig peak at 
the observation wel l . Should a f low rate less than the 2050 stock tank barrels/day 
be used in the test, the magnitude of the pressure peak of the pulse wil l be less than 
1.3 psig. A very sensitive pressure transducer, such as a Hewlett-Packard type, 
should be used to achieve precise and accurate measurements. 



R. D. Campell 
February 24, 1988 
Page 2 

If the wells are in communication and the path of communication between the 
wells contains significant amounts of directionally oriented natural fractures, then 
the actual pressure response at the observation well wi l l not match this design. The 
data wi l l still be analyzable. Directionally oriented natural fractures correspond to 
directional permeability. If the average permeability in the reservoir is 100 md as 
measured through a conventional single well pressure transient test, it is possible 
that the permeability between the two wells in the pulse test could be much greater 
or much smaller than 100 md. For greater permeability, the measured pulse would 
come more quickly than this design shows and would peak to a greater level. For 
lesser permeability, the measured pulse would arrive later and would be smaller 
than shown in this design. The practical implication is that observation wel l 
measurements should be continued even if no pulse is measured at the expected 
arrival t ime as indicated by this test design. The pulse may be detected at a later 
t ime, and measurements at the observation well must be maintained to insure 
seeing it. 

The effect of the aquifer and high water saturation in the formation is to increase 
the propagat ion speed of the pressure pulse. The aquifer repressurizes the 
formation more quickly than solution gas drive alone wou ld . The high water 
saturation causes the to ta l system compressibility to be relatively low, again 
increasing the speed of the pressure pulse and reducing the attenuation of the 
pressure pulse as it travels through the formation. Attachment 3 shows these 
effects in a field application. See especially the last paragraph of page 317 of the 
article. For purposes of establishing interwell communication between the ARCO 
producer and the proposed injector, the aquifer and high water saturation should 
not hinder the usefulness of the test. 

If no pulse response is seen during the test, then clearly no interwell communication 
exists through the open zones. If pulse response is seen, then interwel l f l ow 
communication exists; the magnitudes and times o f t h e pulses can be analyzed to 
determine the permeability and porosity-compressibility product by the method of 
Kamal and Brigham as shown in Monograph 5. The analysis method as originally 
described by Kamal and Brigham is shown in attachment 4. 

Please note that prior to pulsing the ARCO well , pressure transients in the reservoir 
region between the two wells should already have been damped. This means that 
before beginning the test, the ARCO well should have been producing at a constant 
rate of 2050 stock tank barrels total fluid/day for greater than about twice the 
estimated travel time for the pulse, or about 15.6 hours. Also, the observation well 
(the proposed injector) should have been shut-in for about the same amount of 
t ime before the test. If the existing pressure transients are not allowed to damp out 
before the test, then the pressure pulses may be exceedingly diff icult to distinguish 
from pre-existing transients. 

If you have any questions, please call me. 

TJP/vb 
Attach. 

cc: B.D. Gobran 
C. Martin 
M.L McMlandrich 

PRC E1840 
PRC E1702 
PRCE1838 



Attachment 1 

NV 
\ 

\ 

ARCO 
P r o d u c e r 

O 
K— 

\ 

P o s s i b l e 

F a u l t 

\ 

\ 

\ 

1320 f i ' \ 

P r o p o s e 

I n j e c t o 

A 

\ 

\ 

\ 

\ SE 

k = 100md u 0 = 0.45 cp c c = 32 x 10-6 psH 
h = 300 f t u w = 0.47cp c w = 3x 10-6psi-i 
$ = 0.12 B 0 i = 1.6RVB cf= 173 x 10-6 psi-1 

STB 
Yo = 40° API B w = 1.0 RVB 

STB 

Initial Reservoir Pressure, Pj = 4700 psig; because of strong water drive average 
reservoir pressure assumed to be near Pj. 

Flow rates q Q = 50 STB/D 
q w = 2000 STB/D 

The formation possibly has natural fractures, but the orientation of the fracture 
system is not known. 



Attachment 2 

Assume that the ARCO well is the pulsing wel l , and the proposed injector is the 
observation well (in order to minimize lost ARCO production). All figures and 
equations mentioned below are in SPE Monograph 5. 

1) To minimize shut-in t ime, choose a short pulse (as in Monograph 5 page 118), 
such as F" =0.3 . 

2) Specify maximum APQ [t|_/AtcP points from figures 9.15 and 9.16 for the first 
odd and even pulses. 

First even pulse, F'=0.3, curve maximum: APD [t|_/At c]
2 = 0.00175 

at t L /A t c = 0.078 

First odd pulse, F'=0.3, curve maximum: APQ [ V A t d 2 = 0.00075 

at t^Atc = 0.07 

3) From figure 9.20, using the first even pulse, for t|_/Atc =0.078, 
{(tL)D/rD2>Fig. =0.112 

4) Given equation 9.18: 

then, rearranging: 

0.0002637 kt 

L ~ 0.0002637 k 

Because the water cut o f t h e well is very high, and the average reservoir pressure is 
above bubble point, the fol lowing phase saturations are assumed: 

S 0 =30% 
S w =70% 
S g = 0 % 0 

Then the total system compressibility is 

c t = S 0 c 0 + S w c w + Cf =(0.3)(32x10-6) + (0.7)(3x10-6) +(5x10-6) 

c t = 1.67 x 10-5 

Solving fort|_, 

(0.112)(1320)2(0.12)(0.46)(1.67x 1 0 - 5 ) 
t. = = 6.82 hours 

(0.0002637X100) 



5) The time for each production/shut-in cycle is given by 

4 L 6.82 
Cycle time At = = = 87.44 hours 

c (t./At ) 0.078 
L c 

6) The pulse length (i.e., length of shut-in per cycle) is given by 

A t p = F' A t c = (0.3X87.44) = 26.23 hours 

7) The production time per cycle is then 

A t c - A t p = 87.44-26.23 = 61.21 hours 

8) The permeability is estimated from the pulse test by equation 9.17: 
141.2 q B u { A P D [ t L / t c ]

2 } 
k = 

h AP [t. /At ] 2 

L c 

For design purposes we rearrange this equation to solve for the peak o f t h e pressure 
pulse to be expected at the observation wel l : 

141.2qBu{AP n [ t . /At ] 2 } 
A P = D L c 

h k i t . / A t I 2 

L c 

or (using B = 1.0 since most of the f luid f low is water), 

(141.2)(2050)(1.0)(0.46)(0.00175) 
AP = = 1.28 psi 

(300X100X0.078) 

This AP should be readily measurable wi th a solid state pressure transducer. 

i 
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Abstract 

Johnson el al. have described a new well-testing tech
nique that measures formation flow properties between 
wells.' The technique, called pulse-testing, requires a se-
quence of rate changes in the flow al one well and meas
urement oj the resulting pressure changes at an adjacent 
well with a very sensitive differential pressure gauge. 

This paper describes an extensive application of the 
technique in a producing oil field. Pulse-tests on 28 of 45 
possible well pairs in the field provided a picture of the 
areal distribution of reservoir hydraulic diffusivity, trans-
missibility and storage. The primary objective in present
ing these data is to demonstrate the potential of the meth
od for reservoir description. A second objective is lo show 
in three ways the qualitative and quantitative accuracy of 
reservoir parameters determined from pulse-tests: (1) pulse-
test data show a nonuniformity in the field, closely cor
relating with the oil-water distribution as given by produc
tion data; (2) pulse-test values for permeability are com
parable with core values; and (3) perhaps most important, 
the field responds to a conventional interference test in the 
manner in which pulse-test data predict it should. 

Introduction 

The pulse-testing technique by Johnson et al.' is an ideal 
source of data for purposes of reservoir description, for 
it provides a measurement of formation storage S = <f>ch, 
hydraulic diffusivity rj = k/<f>cp. and transmissibility T = 
kh/p. between wells.* 

This paper describes an application of this method in a 
producing oil field. Results were analyzed to give nu
merical values for the parameters TJ, T and S. These values 
were compared with oil-water production data (for the 
effect of fluid saturation), with core data and with data 
from an interference test. 

The reservoir in which the pulse-test survey was run is 
the result of a structural trap formed by a fault along the 
east side of a north-south trending anticline. A down-
structure aquifer provides a natural flank water drive for 
the pool. The producing formation is a dolomitic lime-

Ori^irknl manuscript received in Society of Petroleum Engine*:™ office 
July 10. 1067. Jteviaed manuscript received Feb. 3. 196<S. Paper (SPK 
l*VZ) » « i presented at SPE 42nd Annual Full Meet ing held in Houston. 
IV*. , Oct. 1-4. 1967. © Copyright 1968 American Ins t i tu te nt MininK. 
Metal lurgical , and Petroleum Enicineers. Inc. 

'References given a t end o f paper. 
This paper w i l l IK- pr in ted in T r . m w t u t n * volume ^l.'J. which w i l l 

. r iver 19BK. 

£SSO PRODUCTION RESEARCH CO. 
HOUSTON, TEX. 

HUMBLE OH & REFINING CO. 
NEW ORLEANS, LA. 

stone having mainly vugular permeability; the formation 
oil has a gravity of 29° API with negligible dissolved gas. 
The field contains 19 wells, all on pump, arranged on 
40-acre spacing along the top of the anticline. 

Fig. 1 shows the location of all these wells except two 
at the south end of the field. The dashed line on the right-
hand side of the figure represents the approximate loca
tion of the fault with respect to well positions. 

Pulse-Test Survey and Analysis of Data 

A pulse-test requires a pulsing well and a responding 
well. In the field, changes were made in the rate of flow 
at the pulsing well by stopping and starting the pump 
periodically and measuring the corresponding pressure 

e Thr i»u i rhout the paper the symbols T for transmiasibilily and S f o r 
storage have !»een used even thoutfh these symbols normally d<-sia:nate 
the i ju imti t ies temperature and saturation, respectively. To avoid con
fusion Roman-type farea have been used rather than italics. 

Fig. 1—Pulse-test survey. 
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changes at the responding well. A l the respondcr. the 
pump was unseated, the string was loaded with LPG 
(to give a liquid column to the surface) and a pressure 
gauge was attached directly to the lop of the tubing string. 
A l ! wells surrounding the lest pair were left on pump. 

Out of a possible 45 well pairs. 2S were pulsed in this 
fashion, which thoroughly covered the northern part of the 
field ( H g . I ) . The solid lines in the figure connect the 
pairs of wells lested; the arrows point toward the respond
ing well. In this way, response curves like that shown in 
f ig. 2 were obtained for several directions about each well. 

In the pulse-test represented by Fig. 2. flow at Well AX 
was shut olf at time / -= I) for 90 minutes, then resumed 
for 90 minutes, etc. This stop-start sequence is shown by 
the dashed lines, which refer to the (low-rate scale on the 
right-hand side of the figure. The solid data points show 
the corresponding pressure changes at Well A4, which is 
1,867 f t f rom Well A.S. The pressure response in Well A4 
lagged ihe rate change in Well AS by 30 lo 40 minutes. 
This lag time ( / , , . r , j is almost inversely proportional 
to the hydraulic dill'usivity y of the formation helween 
the wells. 

The solid tangent lines in Fig. 2 are used to analyze the 
data. The analysis method' uses the exponential integral 
solution for radial flow in an infinitely homogeneous for
mation. 5 First, the peaks and valleys on ihe response curve 
are isolated by the tangent construction illustrated by 
solid lines in Fig. 2. Then the analysis method uses each 
time lag and amplitude Ap, to arrive at an estimate 
of the reservoir parameters t j . T, and S. where ?; = T/S . 
For example, the three parts of the curve f rom Fig. 2 give 
the following numerical data.* 

Part of ?i = k/4>c/j. T - kh/n S = <},ch 
Response Curve, md-psi/cp md-ft /cp f t /ps i 

First peak 2 .10X10" 27.000 12.9 X 1 0 " 
First valley 2 .44X10" 34.0(X) 1 3 . 7 X 1 0 " 
Second peak 2 . 4 4 X 1 0 " 33,000 13.5 '•' 1.0" 

'These numlwrs were taken f r o m inti-i pi , ' t ; i t ion c-harls prep:in-<l ;ie-
ron l in t f ti> the suKKestions rnntai iusi in the Appenilix of l i e f . I . 

. PIESSU1E 

n o w BATE 

(The variance in these values gives an estimate of the 
experimental error introduced by such occurrences as in
strument d r i f t and changes in reservoir pressure trends. 
A better method of estimating experimental error, how
ever, is to rerun well-pair tests at various times during 
the survey. F'ivc well-pair tests were rerun and the vari
ance was found to be no greater than that indicated hy 
repeated pulses in the original tests.) 

The type of information that can be derived from the 
analysis of response curves when several wells about a 
given well are pulsed is illustrated in Fig. 3. The pressure 
responses at Well C2 were measured when the three sur
rounding and equally distant Wells C3. C l and A l l were 
individually pulsed. The three response curves were nor
malized to unit production rate for comparison. Since a 
pulse-test pressure response is proportional to the corre
sponding flow rate change at the pulsing well, Ihe re
sponses can be normalized by dividing the pressure re
sponse by the How rate change. 

If the reservoir penetrated by Wells C3, C l and A l l 
were homogeneous, the normalized pressure changes could 
he expected to be ihe same for all directions. As Fig. 3 
shows, this reservoir is clearly not homogeneous. More
over, by looking for the well pair with the most rapid 
response, one can say that the direction f rom Well C3 to 
Well C2 has the highest hydraulic diffusivity v = k / ^C j i . 
To say whether this results from higher mobility or lower 
storage requires further analysis. 

Data obtained by analysis of response curves f rom our 
pulse-test survey appear in Table 1. The potential of the 
pulse-testing method for reservoir description can best be 
visualized, however, if the areal distribution of these data 
are portrayed in contour maps. This is done in Figs. 4 
through 6, assuming that the data can be treated as point 
values located midway between the wells involved. Note 
that while the variation in S (Fig. 5) is not so large as 
that in T (Fig. 4 ) , it is not a constant as is customarily 
assumed in the interpretation of well test data. The con
tour map of I/77 (Fig. 6) best poinpoints the nonuni
formity of properties over the field. 

riME AETEK S l A l t I N G 'UtSE IN MINUTES 

in. 2 — Pressure response at Well A4 to a pulse sequence 
a I Well AS. 
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TIME IN MINUTES SINCE ST AIT Of PUIS! 

3 — Pulse response in three directions around Well C2. 
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More sophisticated interpretations of pulse-test response 
curves might be made using a nonlinear regression tech
nique described by Jahns' to match the response curves 
to those calculated for a mathematical model of a hetero
geneous reservoir. However, this would require extrapola
tion of reservoir trends existing at the start of the test. 

In examining data from the pulse-tests conducted in this 
survey, note particularly the data at the beginning of 

I able 1 for well pairs pulsed in both directions: they 
illustrate a reciprocity principle of both theoretical and 
practical consequence. In a heterogeneous reservoir, it 
might be expected that a change in the direction of pulsing 
would alTect pressure response; this generally is not true. 

To explain the principle of reciprocity, suppose pulsing 
is performed between Wells A and B. First. Well A is 
pulsed at a constant rate q with a pulse length St. and 
the resulting pressure change induced at Well B, Sp„(t) . 
is measured as a function of time. Next, the wells are 
pulsed in the opposite direction; i.e.. Well H is pulsed at 
the same rate and at the same pulse length, and the pres
sure change at Well A, Sp.,('). is measured as a function 
of time. According to the reciprocity principle, these pres
sure changes are the uime functions of time; i.e.. -!/>,(/) = 
Sp„(t) . On the other hand, if one constant rate q, is used 
when pulsing Well A and a different constant rate q„ is 
used when pulsing Well B, then the reciprocity principle 
stales that, for the same pulse length, the pressure re
sponses per unit pulse rate (i.e., normalized pressure re-

Ap,{ t ) SpAt) 
sponses) are the same, — . 

<!>< -

As is proven in the Appendix, this reciprocity principle 

CONIOUI VAlUfS • 10 

I'ig. 4—CoittiHir n\dp nj trwismissihitily T. 

is valid for either infinite or finite reservoirs. The proof 
requires that pressure should satisfy the single-phase dif
fusivity equation that forms the basis of most techniques 
for interpreting well test data.' While reservoir transmissi-
bility and storage may have arbitrary spatial variation, 
they should not be functions of pressure. 

! 

Well 

TABLE 1—SUMMARY OF PULSE-TEST DATA 
(Numbers are Mean Values ± Standard Deviation of Mean) 

Number of 
Pulser Responder Replications TI x 10 \ md-psi/cp T, md-ft/cp Sx 10'. f t /ps 

C2 A l l 3 0.61 ± 0.15 12,000 zt 2,700 20.1 ± 2.8 
A l l C2 3 0.69 ± 0.10 17,200 zt 2,500 25.0 zZ 1.0 
C3 Cl 2 1.70 ± 0.20 34,300 zz 7,000 20.1 zZ 3.3 
Cl C3 1 1.73 35,000 20.3 
A8 C l 2 4.65 ± 0.38 59,600 ± 4,600 12.8 zz 1.0 
C l A8 2 4.16 ± 0.41 53,200 zt 5,200 12.7 zZ 1.0 
C2 C l 6 1.11 ± 0.10 44,000 ± 3,200 39.1 zz 2.1 
Cl C2 2 0.98 ± 0.07 37,800 zt 2.500 38.5 zZ 1.0 
A8 A9 4 3.60 zt 0.05 40,000 zt 2,000 11.0 zZ 1.1 
A9 A8 2 3.62 zt 0.10 46,000 zz 7.000 12.7 zt 1.3 
A8 A5 7 0.75 ± 0.08 22,200 ± 3.100 29.4 zZ 1.0 
A5 A8 2 1.84 zt 0.15 38,000 zz 3,000 20.7 zz 2.0 
A9 A5 4 1.09 ± 0.26 17,000 zt 5,000 15.6 zZ 4.0 
A5 A9 2 3.00 ± 0.15 37,000 zt 2,000 12.5 ± 1.4 
C l A5 3 1.12 ± 0.15 25.800 i 3,500 24.0 zZ 5.0 
A5 C l 2 2.21 zt 0.11 37,800 zt 2,000 17.3 ± 1.0 
A l l A5 3 0.78 i 0.10 18,400 ± 3,400 25.8 zt 2A 
A l l Cl 3 0.70 ± 0 . 1 5 10.700 zt 2.500 15.0 ± 2.9 
A13 A1Q 2 1.11 ± 0.17 17,000 ± 2.400 14.8 zt 1.0 
A5 C2 2 0.60 zt 0.15 10,000 ± 2.500 16.8 zt 3.2 
A4 A10 2 1.17 ± 0.05 22,500 ± 3,000 19.3 zt 2.9 
A l l A10 2 1.12 zt 0.20 23,000 ± 4,000 20.6 ± 2.8 
A16 A10 2 0.50 ± 0.05 11,000 zt 1,900 22.1 zt 2.1 
A5 A10 3 1.51 ± 0.20 46.000 -± 5,300 30.2 zt 4.1 
A5 A4 2 0.88 zt 0.10 19.200 ± 2,300 22.0 zt 1.4 
A9 A4 3 1.25 zt 0.11 19,000 zt 1,700 15.2 ± 1.0 
A2 A10 2 1.25 ± 0.03 30.400 i 2.300 24.3 zt 1.6 
A2 A4 4 1.67 zt 0.07 26,200 zz 1,000 16.9 zt 2.0 
A6 A4 3 0.97 ± 0.25 12,200 =: 3,000 12.4 zt 1.7 
A6 A10 2 0.48 zz 0.06 6,000 zZ 1,000 13.2 zt 1.0 
A8 A4 3 2.40 zt 0.28 31,300 = 2,100 13.4 zt 1.9 
A l l A4 5 1.50 zt 0.30 35,000 = 6.600 23.3 zt 2.4 
A2 A9 2 3.44 zt 0.18 40.000 ~ 2.300 11.6 zt 1.0 
C3 C2 2 1.43 ± 0.18 16,600 ± 2,000 11.8 zt 1.1 
A2 A l 2 3.15 zt 0.20 24,000 zZ 2,500 7.7 ± 1.0 
B I A l 2 1.55 ; t 0.40 23.000 =: 6,700 15.0 * 3.0 
A3 A l 2 0.90 zt 0.20 21.000 zZ 4,600 23.7 zz 2.1 
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This principle is illustrated by the data in Fig. 7. in 
which normalized pressure responses are plotted as func
tions of time for Wells A8 and A9. Well AS was first 
pulsed with Well A9 as the responder; then the direction 
was reversed. The normalized pressure responses for Wells 
A8-A9 and Wells A9-A8 are statistically the same. Well 
pairs C2-AII . C3-C1. A8-CI and C1-C2 were also pulsed 
in both directions without significant differences in results. 

Well A5. however, would not give reciprocal pressure-
responses with its neighbors. The consequence of this 
appears in Table I as different numerical results when 
the Well pairs A8-A5. A9-A5 and CI-A5 were pulsed in 

Hg. 5—Contour map of .storage S = <j>ch. 

I I t i 

Fig. 6—Contour map of //TJ = ipcp-Zk. 

3 ) 6 

opposite directions. (The averages of the values for the 
two directions were used in preparing the contour maps. 
Figs. 4 through 6.) The reasons for this non-reciprocal 
response with Well A5 are not known. However, Well A5 
mav involve some types of reservoir situations for which 
the reciprocity principle would not be expected to hold. 
These situations are discussed in the Appendix. 

As a consequence of the reciprocity principle, a single 
pulse-test conducted between two wells cannot provide a 
unique description of a heterogeneous reservoir. For in
stance, consider a pulse-test in a reservoir that has a tight 
spot around either Well A or Well B. Because of the 
reciprocity relationship, it will be impossible to tell from 
results of the pulse-tests between the wells which one the 
tight spot is around. To obtain this information, adjacent 
well pairs also must be pulse-tested. 

The principle of reciprocity is important in other re
spects. First, it reduces the number of tests required to 
survey a reservoir (if the principle did not hold, twice 
as many tests would be necessary). Second, since the di
rection of pulsing is unimportant, the wells to be used 
as responders can be selected for convenience in testing. 
In addition, the fact that most of the wells reciprocated 
in this survey supports the validity of the single-phase 
diffusivity equation for the interpretation of pulse-test data. 

Evaluation of Pulse-Test Results 

Pulse-test results are compared here with data obtained 
from three other sources: ( I ) oil-water production data, 
(2) core analysis data, and (3) results from a conven
tional interference test. These comparisons collectively 
establish that pulse-test responses can be interpreted with 
the simple exponential integral equation to give meaning
ful values for reservoir transmissibility, storage and hy
draulic diffusivity in a heterogeneous reservoir. Of real 
importance is the capacity of a sequence of pulses to pro
vide several estimates of these parameters. 
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Pig. 7—Pressure reciprocity between Wells A8 and A9. 
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Oil-Walcr Production Data 
Aquifer encroachment is reflected in the water produc

tion at individual wells. Water influx also is apparent in 
the pulse-test data. The value for I/77 = ipc^/k should be 
larger for predominantly oil regions than for predomi
nantly water regions because of the combined effects of 
lower mobility and higher compressibility. Fig. 6 does 
suggest a pattern of water advance into the field. Fig. 8 
superimposes onto this contour map dala on oil produc
tion (shown as dashed lines) as determined from the oil-
water production at each well. The correlalion between 
pulse-test data and phase production is excellent. This 
simply means that the fastest paths of fluid communica
tion as determined by pulse-testing coincide with the prin
ciple paths of water influx. 

( ore Analysis Data 
Cores were taken from Wells A2 and A13. For com

parison, reservoir properties were estimated from pulse-
test data along the watered-out zone (Wells Cl-A8-As>) 
and in the region with a high oil saturation around Well 
A6. Values for total compressibility c and for perme
ability k in these areas were obtained from values of S 
(Fig. 5) and T (Fig. 4), respectively. Summarized below 
are the values obtained using these data and the reservoir 
and fluid properties /; = 18 ft, / i , = 0.6 cp at I25F (water), 
and <j> = 0.11. = 16 cp at 125F (oi l ) . 

S c T k 
Location in Field ft/psi l /psi md-ft /cp md 

Watered-out zone 10X10" 5.1X10" 50,'XXj 1.700 

Well A6 24 X 10 * 12 X 10" 5.000 4.500 

C3 

Fig. H—Piilse-tcsl data correlating with oil-water 
production. 

The numbers for c are of the correct magnitude for 
water- and oil-bearing rock of 11 percent porosity. Cores 
from Wells A2 and AI3 gave an average permeability of 
1.200 md. The above pulse-test values of Jc agree as well 
with this average as could be expected for a vuggy 
formation. 

Interference Test Dala 
The following interference test is an effective way to 

test the pulse-test data in Figs. 4 and 5 in predicting the 
pressure behavior of the field during a short enough time 
that existing saturation distributions arc not altered ap
preciably. Pulse-test dala were used to predict individual 
well responses to an interference test, and then the test 
was conducted. Predictions were made by solving nu
merically the single-phase, two-dimensional, pressure dif
fusivity equation. For these computations, the field was 
divided into grid blocks of approximately 1 acre each. 
The variable coefficients T and S were obtained for each 
grid block by imposing a computational grid onto Figs. 
4 and 5. The aquifer was assumed to have homogeneous 
properties equal to the pulse-test values along the west 
edge of the field. The boundaries consisted of a no-flow 
boundary along the east side of the field (located 1,320 
ft from the line of Wells C3-B3) and of three constant-
pressure boundaries to the north, south and west of the 
field. These last three boundaries were placed at a distance 
equal to the radius of investigation for the interference 
test. 

For the interference test a pump was installed in Well 
A8 to give a sizeable production rate, and a turbine meter 
was installed in the flow line from Well A8 to insure a 
constant rate. A stabilization period was followed by 3.5 
days of continuous production from Well A8. The field 
again was allowed to stabilize and Well A8 again was 
produced for 3.5 days. This replication of the test provided 
estimates of the experimental error in the pressure re
sponses measured in nine wells in the northern part of the 
field (Wells C3. C l . C2. A l l , A5, A9, A4, A10 and A2). 
For each well, the responses from the two tests were aver
aged to give a single set of drawdown data. 

These drawdown data agreed well with our predictions 
for most of the wells. If Well A10 is excluded, then the 
average of the absolute differences between the pressure 
drawdowns predicted and those measured after 70 hours 
of production at Well A8 was 1.1 psi out of about 25 psi. 
This is not significantly different from the average ex
perimental error of 1.5 psi in the interference test data. 
This close agreement is gratifying, considering the strong 
influence that wellbore conditions exert on changes in 
liquid level in an open well. 

Fig. 9 shows the predicted and measured drawdown for 
flank Well A9, located in a high-transmissibility, low-
storage area. The pressure tends to level out early as pulse-
test data predict it should. The pressure response in an 
area with a higher oil saturation is illustrated by the data 
of Fig. 10 for Well A l l where the pressure shows less 
tendency to level out. This is due to the lower trans-
missibility and higher storage in this area. The influence 
of heterogeneities in T and S is apparent in the pressure 
response at Well Cl (Fig. 11) as compared with that at 
Well A4 (Fig. 12). The two wells are located the same 
distance from Well A8 and from the fault. In this case, 
the higher transmissibility at Well Cl allows the aquifer 
to repressure this area more rapidly than around Well A4. 
This same capability of the aquifer to repressure the field 
causes the drawdown at Well C2 (Fig. 13) to level out 
faster than that at Well A l l (Fig. 10), even though Well 
A l 1 is closer to Well A8. 
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Fig. 14 shows the poor agreement between the predicted 
and measured drawdown at Well A10. The replication of 
the interference test at Well A10 was quite poor (—4 
psi). Reasons for this are not clear; however, the long 
delay in response at Well AI0 (18 hours) suggests a 
threshold type of wellbore damage such as a mobility 
block at Well A10. 

The over-all agreement between predicted and measured 
interference test results is certainly sufficient to establish 
the validity of the pulse-test data. 

Conclusions 

1. Analysis of pulse-test response curves with the ex
ponential integral equation gives meaningful results in a 
heterogeneous reservoir. 

2. Pulse-testing provides a detailed reservoir description 
that includes the parameters hydraulic diffusivity 7; and 
storage S, as well as transmissibility T. Pulse-test values 
are much less affected by boundary conditions such as 
aquifers and faults than are interference test values. Fur
thermore, the values are less affected by wellbore condi
tions than are those obtained from single-well tests. Also, 
single-well tests will not give values for 7; and S. 

Nomencluf ure 

c = total compressibility, I/psi 
h = effective formation thickness, ft 
k = permeability, md 

Ap = pressure change or pulse amplitude, psi 

<i = to ta l flow rate, reservo i r B / D ; also used as a 

source te rm in A p p e n d i x 

s = oScA = effective storage, f t / p s i 
T = k l i / j i = effect ive t ransmiss ib i l i t y , m d - f t / c p 

t,. = pulse-test t ime lag . minutes ( F i g . 4 ) 

» an i l v = funct ions def ined i n A p p e n d i x 

8 = D i rac delta f u n c t i o n used in Append i x 

'/ = k/<fycn = hyd rau l i c d i f f us i v i t y , md-ps i / cp 

JL - viscosity, cp 

<> = effect ive poros i ty , f r ac t i on 

A ck now led tr, m e n t s 
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A P P E N D I X 

Reciproc i ty Princ iple for the Di f fus ion 

E q u a t i o n in Heterogeneous Media 

T he reciprocity principle as applied to reservoir descrip
tion may be stated as follows: the pressure response at 
Well A, P I M ( I ' ) . caused by injecting fluid at Well B at a 
rate of q ( t ) is equal to the pressure response at Well B, 
p x , . ( t ) . caused by injecting lluid at Well A at the same 
rale q ( t ) . The following restrictions must be met so that 
the reciprocity principle will apply. 

I . The pressure response must satisfy the diffusion 
equation 

I'P 

V • ( T V / ) ) ---- S -,-
f f 

( 1 ) 

Ihe quantities T . S. p. q and 1 must be in a consistent set 
til units. 

2. Transmissibility T and storage S of the reservoir 
must not be pressure sensitive. Note that this rules out the 

applicability of the reciprocity principle to the case where 
there are pronounced pressure-sensitive fractures in the 
reservoir, or pressure-sensitive skins around either the re
sponding or the injection well or both 

Proof of (he Reciproci ty Principle 

Consider a heterogeneous medium where Fq. 1 applies. 
(For proof of this theorem in a homogeneous medium 
see Ref. 4, Pages 857-869.) Assume that this medium has 
a region of interest with volume 1'. and a surface en
closing this volume. The reciprocity condition to be proved 
is the following. 

P(r,, t,\r„ t,) = p ( r „ - t,\r„ - t : ) (2) 

where p (n , !:\r„ / ,) (Green's function) represents the pres

sure response at r : (r is the position vector in an /i-dimen-

sional space) at time t, due to a unit impulse point source 

at r„ at time 1,. Similarly. p ( r „ - /,.'r :, - / . ) is Ihe pres

sure response at r, at time ( — /,) due to a unit impulse 

point source at r. at time (— / . ) . A unit impulse point 

source means injecting a unit of fluid at a given point at a 

given time. Since 1. > r,, the time sequence for the right-

hand side of Eq. 2 is still properly ordered. 

For convenience, define two new variables u and v 
(Green's functions) by Eqs. 3 and 4. 

11 =1 p(r. t]r.„t,) 

v ŝ ' p(r, - l\r., — / ; ) 

( 3 ) 

( 4 ) 
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The boundary conditions to be satisfied by u and v are 
the following. 

u = 0 for / < /, (5) 

lim II = 0 (6) 

/ — • CD 

v = O f o r / > / : (7) 

lim v = 0 (8) 
/ -» x 

Boundary conditions (Eqs. 5 and 7) simply mean that the 
pressure response is zero before any fluid is injected; Eqs. 
6 and 8 mean that the pressure response again will ap
proach zero long after the fluid has been injected. 

The diffusion equations to be satisfied by u and v in a 
heterogeneous medium are given by Eqs. 9 and 10. re
spectively. 

TV'u + V T ' V H - S '-- ^ - 8 (r - r,) S (/ - /,) 
ci 

(9) 

TV:v + VT'Vv + S-'V- -- - 8 (r - r:) 8 (t - /:) ci 
(10) 

Here T is the transmissibility of the system, S is the stor
age, V is the gradient operator and the right-hand sides of 
Eqs. 9 and 10 are the unit impulse point sources; i.e., 
S(x) is the Dirac delta function (Ref. 4. pages 122-123). 

Multiplying Lq. 9 by v and then subtracting Eq. 10 multi
plied by I I obtains 

?(uv) 
VT(MVV - vVn ) + S —— = vS(r - r,) 

Of 

8 (/ - i,) ~u8 (r - n) 8 (r - /=) , . . . ( I I ) 

after some vector manipulation. 

Next, integrate Eq. I I over volume V and time /. with / 
going from — cc to + x . The first volume integral goes 
to a surface integral by the divergence theorem (Ref. 4, 
pages 37-38). The integral involving the unit impulse point 
source can be evaluated.* Results of these operations are 
given in Eq. 12. 

v. 
'r(uv) 

T (MVV - vV//) • dAdt + 

dl d\" — p(r„ — l,\r. — lz) - p(r-. /.>,. I 

The surface integral in Eq. 12 vanishes if 

u7v — vVu = 0 on i l . . . . 

S 

.) 

(12) 

(13) 

c T h i s is true IM-CHU*!- of the fi!terin>c proiK-rty nf thi- l ) i rn r I M I H 
- V 

func t ion which .stjitcs i hHl | | | / ( j r . i / . r ) fi i x - x») rt ( y- . ' / . . ) rt XQ) 
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The condition in Eq. 13 is satisfied if any one of the fol
lowing three boundary conditions holds. 

1. Constant pressure on the boundary. 

n s y s O o n i (14) 

2. No flow on the boundary. 

Vu = V V H = 0 on V. (15) 

3. Constant pressure on part of the boundary and no 
Mow on the rest of the boundary. 

u == v = 0 on part of 2! (16) 

V I I = V v = 0 on the rest of ^ (17) 

Thus, the surface integral vanishes if Condition 1, 2 or 3 
holds. It will also vanish for an infinite medium since 

lim ti = lim v =s 0 (18) 

\r\ —* cc \r\ -* cc 

The inner integral of the second term in Eq. 12 vanishes 
because of the time boundary conditions described by Eqs. 
5 and 7. 

IP (r. I\r„r,) • p(r , - l\r.. - I..)] 

T herefore, Eq. 12 reduces to 

0 ;i9) 

(20) P (r z , t . \r„ / , ) = p (/•„ - t,\r :, - t-.) . . . 

which proves the theorem for Green's function. 
The proof can be generalized to a constant rate of in

jection and a line source by superposition since it was 
proved for Green's function. 

Suppose this superposition is carried out and the pres

sure response at r, and time / caused by injection at a 

unit rate at r, from time r=0 is denoted by P„(r:, t\rt). 

Likewise, P„(ru i\r.) denotes the pressure response at r, 

and time / due to unit rate of injection at r, from time 
/ = 0. Eq. 20 then becomes 

Pu(r„t \r , ) = P, 5(r,./ir.) . . (21) 

The pressure responses for injection rates that are arbi
trary functions of time are obtained by convolution with 
the unit rate responses. 

P(r>. t\r,) = 

P ( r „ t\r-.) = 

M£)...* (22) 

(23) 

Assume that the injection rates q,(t) and q-(t) are mul
tiples of the same function of time, i.e.. 

<?.«) = «7.*/(D 
?»(') = ?>' / ( ' ) (24) 

where q* and q,* are constants while / ( ; ) is an arbitrary 
function of time. It then follows from Eqs. 21 through 24 
that 

P{r-..l\r,) p(r,.t\r,) 
(25) 

<?,* </=* 

This is the generalized reciprocity principle. * * * 
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ABSTRACT 

,\ theoretical study was carried out to develop 

the general equations relating- time lags and response 

amplitudes to the length oj the pulse cycles arid 

the pulse ratios of these cycles for pulse tests 

with unequal pulse and shut-in times. These 

variables were related to the reservoir parameters 

using appropriate dimens toriless groups. The 

equations were developed by using the unsteady-

state flow model of the line source for an infinite, 

homogeneous reservoir that contains a single-phase, 

slightly compressible fluid. A computer program 

u'as written to calculate the values of the three 

corresponding time lags and the response amplitudes 

at given dimensionless cycle periods and pulse 

ratios using these general equations. 

For different values of the pulse ratio ranging 

from 0.1 to 0.9, the time lags and response 

amplitudes were calculated for dimensionless cycle 

periods ranging from 0.44 to 7.04- This range of 

cycle period and pulse ratio covers all practical 

ranges over which pulse testing can be used 

effectively. Curies relating the dimension!ess time 

lag to the dimensionless cycle period and the 

dimensionless response amplitude were constructed 

for each case. It was also found that both the 

dimensionless cycle period and the dimensionless 

response amplitude can be represented as simple 

exponential functions of the dimensionless time 

lag. Tbe coefficients of these relations are functions 

only of the pulse ratio. 

INTRODUCTION 

Two wel l s are used to run a pulse test. These 

two we l l s are termed the puls ing wel l and the 

responding w e l l . A series of f low disturbances is 

generated at the puls ing we l l and the pressure 

response is recorded at the responding w e l l . 

Usual ly , alternate periods of f low and shut in (or 

O r i g i n a l manusc r ip t r e c e i v e d i n Soc ie ty o f Pe t ro l eum Engineers 
o f f i c e J u l y 25, 1974. R e v i s e d manuscr ip t r e c e i v e d J u l y 15. 1975. 
Paper (SPE 5053) was f i r s t p resen ted at the S P E - A I M E 49th 
Annua l F a l l Mee t ing , h e l d i n H o u s t o n , Oc t . 6-9, 1974. ^ Copy
r ight 1975 A m e r i c a n I n s t i t u t e of M i n i n g , M e t a l l u r g i c a l , and 
Pe t ro leum Eng inee r s , I n c . 

^References g i v e n at end of paper. 

T h i s paper w i l l be i n c l u d e d i n the 1975 Transac t i on s vo lume . 

i n j ec t ion and shut in) are used to generate the f low 
disturbances at the pulsing w e l l . The pressure 
response is recorded using a highly sensi t ive 
d i f f e ren t i a l pressure gauge. 

Pulse test ing has received considerable attention 
because of the advantages i t has over the 
conventional interference tests. The pressure 
response from a pulse tesc can be easily detected 
from unknown trends in reservoir pressure.! Pulse 
test values are more sensi t ive to between-well 
formation properties; thus, a detailed reservoir 
descript ion can be obtained from pulse tes t ing. * 

In a l l the work that has been reported on pulse 
tes t ing, i t was assumed that the f low disturbances 
at the pu ls ing well were generated by alternate 
periods of f low and shut in or in j ec t ion and shut i n . 
The puls ing period and shut-in period were always 
equal. There has been no study of pulse tes t ing 
wi th unequal pulse and shut-in periods. Such a study 
might have indicated whether other pulse ratios 
w i l l produce higher response amplitudes than the 
equal-period tests. The main purpose of this study 
i s to determine the response of pulse test ing to 
unequal pulse and shut-in periods and to f i nd the 
optimum pulse ratio that gives the maximum response 
amplitude. 

PULSE-TEST TERMINOLOGY 

F i g . 1 shows the pulse-test terminology as used 
in this paper. In general, to analyze a pulse test, a 

'n 'rt«i U ' n . , U n * i TIME. MIN 

FIG. 1 — PULSE-TEST TERMINOLOGY. 
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tangent is drawn between two consecutive " v a l l e y s " 
in the response curve and another para l le l tangent 
is drawn at the " p e a k " between these val leys . Or 
conversely, a tangent can be drawn at the peaks 
and another at the val ley between them. In F ig . 1, 
the f low disturbances at the pu ls ing wel l (the 
pulses) and the pressure response at the responding 
wel l are plot ted vs time. The square wave at the 
bottom of the f igure indicates the pulses, while the 
cyc l i c curve above indicates the pressure response 
at the responding w e l l . To define the time lag and 
the response amplitude, let p = p( t ) represent the 
pressure response, i f 

1. The time elapsed from the beginning of the 

test until the end of the nth period is t n . 

2- = a n , 1 ~ i s the equation of the 
common tangent to p at t A and / Q such that t n < 

< t n ~ 1 i d r „ •2 ^ 'C ^ ln + 3 ' (Th i s is the 
equation of a straight l ine wi th a slope m n j and 
an intercept of a j on the pressure axis . ) 

3- '->„,2 - a n , 2 ~ m n 2 l l s ^ e equation of the 
tangent to p at such that + j < t B < l n ^ ^ and 
'"n 1 ~ " } n ~>- ( T h i s i s the equation of the straight 
l ine that has a slope of m n 0 and an intercept of 
a n 2 on the pressure ax is . Since m n j - m „ 2 
straight l ines defined in Def in i t i ons 2 and 3 are 
pa ra l l e l . ) 

Then the response amplitude in the n - 1st period 

is 

A p n + 1 - a n , 2 " a n , l - <» 

(Sp„ _ 1 i s the di f ference in the pressure between 
the two straight l ines at any time, t . ) There are 
three time lags that correspond to the equations 
above, def ined as f o l l o w s . 

t l . = t - t (2) 
n , 0 A n 

t a , = tr - t _L1 (3) 
n , 1 B n+1 

t i l = t . - t (4) 
n , 2 C n+2 

Any one of these time lags could be used to define 

the test response; however, for convenience, the 

middle one (at t B ) is used because the response 

amplitude is measured at / g . 

The use of double subscripts for the time lags 
and of a single subscript for the response amplitude 
should not be confusing because there are three 
poss ible time lags in each period, whereas only one 
response amplitude is def ined. T h i s can be 
i l l u s t r a t ed by F i g . 2. The three time lags in the 
nth period are t i n _ 3 2>

 l ^n -2 1' a n c ^ l ^ n - \ 0- t n e 

nth period, ' f „ _ 3 2 i s the point of tangency of the 
straight l ine that i s also a tangent to the pressure 
response curve at pg . I t i s the th i rd time lag when 
the three time lags l i e in the n - 2nd, n - 1st, and 
nth per iods . The point of tangency of the straight 
l ine that i s para l le l to the tangent at p ^ and p D 

i s t i n _ 2 j - I t i s the second time lag when the three 

time lags l i e in the n — 1st, n th , and n + 1st periods 
F i n a l l y , t ( n _ 1 0 i s the point of tangency, in t n e 

nth period, of the straight l ine that is also a tangent 
to the pressure response curve at p p . I t i s the f i r s t 

time lag when the three time lags l i e in the nth 
n f 1st, and n +• 2nd periods. The only defined 
response amplitude i s \ p „ , which is the response 
amplitude when the n - 1st, n th , and n -1- i s t 

periods are used. The double subscript of the time 
lag is used in this study instead of the single 
subscript that has been used in previous 
s t u d i e s , i i 5 " 8 but i t was necessary to c l a r i fy the 
fact that the three time lags in Eqs. 2 through 4 are 
not equal. 

We should also mention that the pressure, y [ n 

Fig . 2 is not iceably lower than one should expect 
in a pulse test. I t was drawn this way so that the 
three time lags discussed above could be 
dis t inguished more easi ly in the f igure . 

COMPUTER PROGRAM 

A computer program was wri t ten to f i n d the three 
corresponding time lags and the response amplitude 
for any pulse in a given series of pulses. The 
program essent ia l ly uses the Newton-Raphson 
i tera t ive t echn ique 9 to solve the fo l l owing three 
equations in the three unknowns — t i n n , t t n j , 
and The derivation of these equations is 

shown in the Appendix. 

exp [- - t 

f(tVo} = \ 

1 = 1 

D A 

exp [• - t 
] 

k h ( t c - t A ) 
q [ E i ( — ^ — ) - E i ( - ^ ~ ) ] 

TJ C D A 

n+2 

+ Jx <q1+1 - V *i K 
- t 

TIME. MIN. 

FIG. 2 — PULSE-TEST TERMINOLOGY. 
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n 

.(5) 

exp[ 1 ] exp[ t ] 
D A D B 

+ X { q ± + i - q i } 

1=1 

A B 

A I 

exp[. J 
T f , t D ( V t i ) 

" { q i + l " V t - t . 
1=1 B l 

.(6) 

f < t A n , 2 > = *1 

exp [ C ] exp [ 1 ; 
D A D C 

exp[ - t 

n+2 

i = l 

expf 

i + 1 

.(7) 

At the correct solution, each of f ( t l n 0 ) , f(t?nA), 

and / ( f ^ 2 ) * s e ( 3 u a ' t 0 zero. 
To solve for the three time lags, a value is 

assumed for t i „ 0 and, thus, for t A , and the 
Newton-Raphson iteration method is used to find 
the corresponding value of t ( n 2 from Eq. 7. After 
the value of i f , that corresponds to the assumed 
value of tt „ is found, the right side of Eq. 5 is n, 0 ° 
evaluated. If i t equals zero, the assumed value of 
l i„ Q is the correct value. Otherwise, the Newton-
Raphson iteration method is used on Eq. 5 to find a 
better value for t t n Q . After each iteration on t t „ 0 , 
the new value of t i n 0 is used again in Eq. 7 to 
find the corresponding value of t ( n 2 - This process 
of finding a new value of l l n 0 and the corresponding 
value of t? n j continues until the right side of Eq. 
5 becomes zero. 

After the correct values of t i . n 0 and i r !„ i 2

 a r e 

found, Eq. 6 is solved using the Newton-Raphson 
iteration method to find the corresponding value of 
t i n j . The response amplitude is then calculated 
using Eq. A-7. 

RESULTS AND DISCUSSION 

The time lags and response amplitude were 
computed for a wide range of the values of the 
reservoir and pulse parameters. These ranges are 
beyond the normal values of the different parameters 
that should be encountered in practice. 

Let R' denote the pulse ratio, -\'cYCD denote 
the dimensionless cycle period, t i p denote the 
dimensionless time lag, and APp denote the 
dimensionless response amplitude as defined bv the 
following equations. 

^ - The Pulse Period 
The Pulse Period - The Shut-In Period 

(8) 

R' = ^ = 1 (9) 
At + RAt 1 + R 

A t - k A t ( l + R) ( 1 0 ) 

fYCD 2 L 1 U J 56900 4. c u r, 
t DW 

D = At" 
t£ 

Ap 

CYC 

= kh Ap 
D 70.6 Byq 

A t ( l + R) 
(11) 

• (12) 

The definitions of - ^ ' Q Y Q P and l i p are different 
from the conventional definitions of the dimension
less cycle period and the dimensionless time lag 
that have been presented previously in the literature. 
In all the previous work, the pulse period and the 
shut-in period were assumed to be equal, the pulse 
period (At) was used in the definitions of the 
dimensionless cycle period, and the dimensionless 
time lag was used instead of the total cycle period 
[ A / ( l + R)], as in Eqs. 10 and 11. These previous 
definitions are not convenient in this study since 
the pulse period and the shut-in period are not 
equal. The most sensible time period to use appeared 
to be the fu l l cycle period. 

The values of the time lags and response 
amplitude of the first 10 pulses were calculated for 
pulse ratios ranging from 0.1 to 0.9 and for 
dimensionless cycle periods ranging from 0.44 to 
7.04. 

As mentioned before, there are three time lags 
associated with every pulse; for correlation 
purposes, one of them had to be chosen as the 
characteristic time lag. The value of t l n j seemed 
most logical because the response amplitude is 
measured at time tg , which is also the time at 
which / Pn j is measured. 

It was found that the results can be divided into 
two different groups, those of the odd pulses (n odd) 
and those of the even pulses (n even). This 
classification of the pulses as odd and even pulses 
differs from that given by Brigham,6 who considered 
the first pulse as the first odd pulse and the second 
pulse as the first even pulse. In this study, the 
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first pulse is the first even pulse (since ri - 0) and 
the second pulse is the first odd pulse (since n - 1). 
This means that the odd pulses in Brigham's study 
are termed even pulses here, and vice versa. 

EVEN PULSES 

RELATION BETWEEN TIME LAG 
AND CYCLE PERIOD 

At fixed pulse ratio and dimensionless cycle 
period, the dimensionless time lag for all the even 
pulses, except the first one, are close enough to be 
considered one value. The differences among the 
time lags for all the even pulses, excluding the 
first one, is in the order of 1.5 percent. The 
dimensionless time lags for the first even pulse 
are shown in Fig. 3, and Fig. 4 shows the results 
for the remaining even pulses. The values of the 
dimensionless time lags in Fig. 4 are the arithmetic 
means of the dimensionless time lags of all the 
even pulses, excluding the first one. The product 
of the dimensionless cycle period and the 
dimensionless time lag is used as the dependent 
variable in these figures to reduce the range of 
variation so that more accurate plotting wi l l be 

DIMENSIONLESS TIME IAG. t l D 

FIG. 3 — DIMENSIONLESS CYCLE PERIOD CORRELA
TION FOR THE FIRST EVEN PULSE. 

°'Vo2 0.1 1 
DIMENSIONLESS TIME LAC. t l , 

FIG. 4 — DIMENSIONLESS CYCLE PERIOD CORRELA
TION FOR LATER EVEN PULSES. 

possible. 
The dimensionless time lag decreases as the 

dimensionless cycle period increases at a given 
pulse ratio. This means that the time lag increases 
with an increase in the porosity, the distance 
between the test wells, the fluid compressibility 
and viscosity, but it decreases as the permeability 
increases. These results are in agreement with 
those of Johnson et a/. 1 

At any fixed value of the dimensionless cycle 
period, the dimensionless time lag and the time lag 
decrease as the pulse ratio increases. Since the 
time lag associated with any pulse is t ( n j and the 
first period is a pulsing period, the time lags for 
the even pulses are essentially the effects of the 
pulse periods. As the pulse ratio increases, the 
length of the pulse period increases, thus causing 
the decrease in the time lag with the pulse ratio. 

RELATION BETWEEN TIME LAG 
AND RESPONSE AMPLITUDE 

Figs. 5 and 6 show the relation between the 
dimensionless time lag and the dimensionless 
response amplitude for pulse ratios ranging from 

DIMENSIONLESS TIM£ LAG. t l „ 

FIG. 5 — DIMENSIONLESS RESPONSE AMPLITUDE 
CORRELATION FOR THE FIRST EVEN PULSE. 

It' -0.3 

CORRELATION FOR LATER EVEN PULSES. 
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0.1 to 0.9. For R' values of 0.1 and for short cycle 
times ( \ ' c Y C D = 0.44), response amplitudes are 
too small to be easily interpreted on a pressure 
plot. Thus, small values of A t C Y C D and R' should 
not be used; normally, i f R' > 0.2 and A r C Y c D > 

0.8 this problem can be avoided. Generally, the 
differences among the response amplitudes of all 
the even pulses, except the first one, is in the 
order of 1.5 percent. To reduce the range of the 
dependent variable so that more accurate plotting 
can be achieved, the product of the dimensionless 
response amplitude and the square of the dimension
less time lag was used as the dependent variable 
in Figs. 5 and 6. 

For any pulse ratio, the dimensionless response 
amplitude (the pressure response) increases as the 
dimensionless cycle period increases, or as the 
dimensionless time lag decreases. Using the 
definition of the dimensionless response amplitude, 
it can be seen that the response amplitude increases 
with the permeability, but decreases as the porosity, 
the distance between wells, the fluid viscosity, or 
the compressibility increases. Johnson et a/. 1 

reported the same behavior. 
At the same dimensionless time lag, the 

dimensionless response amplitude increases as the 
pulse ratio increases from 0.1 to a value close to 
0.3- As the pulse ratio increases from this value to 
0.9, the dimensionless response amplitude 
decreases. Thus, when analyzing the even pulses, 
the maximum response wi l l be obtained i f the pulse 
ratio is chosen near 0.3-

THE ODD PULSES 

RELATION BETWEEN TIME LAG 
AND CYCLE PERIOD 

Except for the first odd pulse, the time lags are 
almost the same for all the odd pulses. As a result, 
the time lags could be correlated using only two 
figures. Fig. 7 shows the dimensionless cycle 
period as a function of the dimensionless time lag 
for the first odd pulse, and Fig. 8 is for the 
remaining odd pulses. As in the case of the even 
pulses, the dependent variable was modified to the 

FIG. 7 — DIMENSIONLESS CYCLE PERIOD CORRELA
TION FOR THE FIRST ODD PULSE. 

product of the dimensionless time lag and the 
dimensionless cycle period to improve plotting 
accuracy. The differences among all the odd pulses, 
excluding the f irst one, are in the order of 1 percent. 
The values of the dimensionless time lag plotted in 
Fig. 8 are the arithmetic mean of all the odd pulses 
(through 10) except the first one. 

For a given pulse ratio, the dimensionless time 
lag decreases as the dimensionless cvcle period 
increases. This is the same as the result obtained 
with the even pulses; this means that the time lag 
is affected in the same manner by the rock and fluid 
properties. 

For a given dimensionless cycle period, the 
dimensionless time lag and the time lag both increase 
with the pulse ratio. As in the case of the even 
pulses, this can be explained by realizing that the 
time lags for the odd pulses are essentially the 
effects of the shut-in periods. The length of the 
shut-in periods decreases with the pulsing ratio, 
causing the increase in the time lags. 

RELATION BETWEEN TIME LAG 
AND RESPONSE AMPLITUDE 

For the f irst odd pulse, the relation between the 
dimensionless time lag and the dimensionless 
response amplitude is presented in Fig. 9. The 
results for all the other odd pulses are presented 
in Fig. 10. The values of the dimensionless re
sponse amplitudes of the first pulse are different 
from those of all the other pulses and, thus, are 
plotted separately in Fig. 9. Generally, the 
differences among the response amplitudes of all 
the odd pulses except the first one do not exceed 
2 percent. The dependent variable in Figs. 9 and 
10 is the dimensionless response amplitude 
multiplied by the square of the dimensionless time 
lag. Again, this allowed more accurate plotting. The 
values of the dimensionless response amplitudes 
and the dimensionless time lags used in Fig. 10 
are the arithmetic mean of the corresponding values 
of all but the first odd pulse. 

As in the case of the even pulses, for any fixed 
pulse ratio the magnitude of the dimensionless 

1 1 1 1 1 1—I i i i i . 

0.7/ • R' • 0.9 

DIMENSIONLESS TIME LAG. t l 0 

FIG. 8 — DIMENSIONLESS CYCLE PERIOD CORRELA
TION FOR LATER ODD PULSES. 
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DIMENSIONLESS TIME LAG, t l D 

FIG. 9 — DIMENSION LESS RESPONSE AMPLITUDE 
CORRELATION FOR THE FIRST ODD PULSE. 

DIMENSIONLESS TIME LAG, t l 0 

FIG. 10 — DIMENSIONLESS RESPONSE AMPLITUDE 
CORRELATION FOR LATER ODD PULSES. 
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PULSE RATIO, R' 

FIG. 11 — PARAMETER A AS A FUNCTION OF THE 
PULSE RATIO. 
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response amplitude increases as the dimensionless 
time lag decreases and, thus, the rock and fluid 
properties have the same effects. 

At the same dimensionless time lag the magnitude 
of the dimensionless response amplitude increases 
as the pulse ratio increases from 0.1 to a value 
close to 0.7. As the pulse ratio increases from 0.7 
to 0.9, the magnitude of the dimensionless response 
amplitude decreases. Since the dimensionless 
response amplitude is directly proportional to the 
pressure response, i f the odd pulses are to be used 
for analysis, the pulse ratio may be chosen near 
0.7 to obtain the maximum response. 

RELATING TIME LAGS, CYCLE PERIODS, AND 
RESPONSE AMPLITUDES ANALYTICALLY 

Figs. 3 through 10 graphically represent the 
relations among the dimensionless time lag, the 
dimensionless cycle period, and the dimensionless 
response amplitude. It would be desirable if 
relatively simple equations relating these three 
variables could be developed. 

Several trials were made to find empirical equation 
forms and coefficients that give the best f i t for the 
available values of the three variables. The results 
of these trials are presented as equations in the 
following two sections. Since it was noticed that 
the response amplitudes for pulse ratios as 
small as 0.1 or as large as 0.9 are too small 
to be easily interpreted on a pressure plot, the 
equations in the following two sections are 
developed only for pulse ratios ranging from 0.2 
to 0.8. 

RELATION BETWEEN DIMENSIONLESS 
TIME LAG AND DIMENSIONLESS 

CYCLE PERIOD 

The equation found to relate the dimensionless 
cycle period to the dimensionless time lag is as 
follows. 

•(13) AtCYCD = C C V + ° ' 

where D = -0.325 for odd pulses and D = -0.675 for 
even pulses. A and C were found to be functions of 
the pulse ratio only. These functions are presented 
in Figs. 11 and 12, respectively. 

RELATION BETWEEN DIMENSIONLESS TIME 
LAG AND DIMENSIONLESS RESPONSE 

AMPLITUDE 

The equation that relates the dimensionless time 
lag, the dimensionless cycle period, and the 
dimensionless response amplitude is 

A p D / A t C Y C D = H [F exp (E t l j + 0 . 0 1 ] > 

(14) 

where H = - 1 (odd pulses) and H = 1 (even pulses). 
E and F were found to be functions only of the 
pulse ratio. E is presented in Fig. 13 and F is 
presented in Fig. 14. 

SOCIETY OF PETROLEUM ENGINEERS JOURNAL 



APPLICATION 

The graphs and equations presented in this study 

c a n be used to design and analyze pulse tests with 
equal or unequal pulse and shut-in periods. The 
steps to be followed, together with numerical and 
field examples, are presented in Ref. 10. 

EFFECT OF ASSUMING THE EQUALITY OF 
TIME LAGS WHEN PULSE AND SHUT-IN 

PERIODS ARE EQUAL 

In an earlier study, Brigham6 used the assumption 
that the three corresponding time lags are equal 
when the pulse period is equal to the shut-in period; 
that is, when the pulse ratio (/?') is 0.5. His results 
are in good agreement with the results of this 
study, in which no such assumption was made. In 
this section, we discuss such an assumption and 
show the reason for the close agreement between 
the results of this study and those of Brigham's. 

Because the definitions of the variables used in 
this study are different from those used by 
Brigham,6 it was necessary to adjust the values of 
the different variables from the two studies before 
comparing them. The values of li 'p and :\pr)l^o in 
Brigham's study had to be divided by 2 and 4, 
respectively. 

Fig. 15 shows an example of the correlation of 
the dimensionless cycle period in both studies. As 
can be easily seen from this figure, the results are 
very close. The following analysis shows the 
reason for this close agreement. 
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Let the values used by Brigham for 'l '„n> ' ' « l> 
and l ( n 2 be t ( n 0 ', l t n { ', and t ( n 2 ', respectively. 
Brigham assumed that both /1 n Q ' and t t n -, ' equal 
i ( n l : Thus, 

t l n = t l • + fit* n (15) 
n ,0 n ,0 n ,0 

t l . = t l . ' < l 6> 
n , 1 n , 1 

ta . = t i ' + s t i 0

 ( p ) 

n ,2 n ,2 n ,2 
Also, let the values used by Brigham for p^ , p B , 
and p ( - be p \ , p Q , and p^-, respectively. Thus, 

P A = P A + 6 P A ( 1 8 ) 

P B = P B

( 1 9 ) 

P C = Pc + 6 p c ( 2 0 ) 

The equation for the slope of the correct tangent at 

('A' PA)
 a n d ('c> ^C^ i s 

, d £ =

 P C " P A 
W , . A t ( l + R ) + t £ _ - t4 — 

a c t u a l n ,2 n ,0 

(21) 

The equation for the slope of the same tangent used 
by Brigham is 

as sumed 

( P c - P A ) - (6P C - 6p A ) 

A t ( l + R ) + t £ n j 2 - t £ n > 0 - ( 6 t . n ) 2 - 5 t £ n ) 0 ) 

(22) 

Assuming a first-order approximation for 5pj-, ; t 

follows that 

assumed 

[ S t l . - 6 t l l 2 

(iP.) []_ _ DJLJ? n , 0 J 

d t a c t u a l [At(l+R)+tJc _ - t £ l 2 

n,2 n , 0 J 

(23) 

Eq. 23 shows that the calculated slope using 
Brigham's assumptions is very close to the actual 
slope. First, 8/r"s are small compared with t l ' s 
Second, the S t t s are subtractive rather than 
additive in the second term (the error term) of the 
right side. Finally, the error is of the second order 
This means that the slope of the tangent at ( /^ , p ) 
and ( f c , p c ) calculated using the equal-time-lags 
assumption is quite close to the actual slope. 
Therefore, the calculated time lag, f l ' n j , is quite 
close to correct and the calculated pressure, p f i ) 

is quite close to correct, which explains the good 
agreement between the two studies shown in Fig. 
15. 

As for the response amplitude, Fig. 16 shows an 
example of the results given by both studies. The 
figure shows that the results of both studies are 
close; this can be explained using the following 
analysis. 

The response amplitude in the n + 1 period can 
be written as 

A p n + 1 = P B " P A -

(At-til +tl 
n , u n , l a t 

.(24) 

ac tua l 
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FIG. 15 — CYCLE PERIOD COMPARISON. 
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( A t - U n , l + t £ n , 2 ) ( ^ 
actual 

(25) 

adding Eqs. 24 and 25 and dividing the results by 
2 yields 

( A P n + l
} 

actual ^ ^ 

r ILLO ILLIN rd£x 
v 2 M d t ; 

actual 
• • (26) 

Brigham calculated the pressure response as 

P A + PC 

assumed 
(27) 

Using a first-order approximation of Sp^ and bpQ, 
we can write 

( A P n + l
} 

actual 
" ( A P n + l

} 

assumed 

1 2 ; L M t ; _ . M t ; , 
actual assumed 

(28) 

Eq. 28 shows that the error in calculating the re
sponse amplitude is first order on [(dp/dt) a c t j -
( d p / d t ) a s s a m e i \ , which was shown by Eq. 23 to be 
of the second order. Thus, the error in calculating 
the response amplitude is also of the second order, 
which explains the close agreement between the 
two studies shown in Fig. 16. 

CONCLUSIONS 

The mathematical equations that relate the time 
lag, the cycle period, and the response amplitude 
for any pulse ratio were developed in this study. 
No assumptions were made other than those required 
for the validity of the line-source flow model. 
These equations were used to generate the time 
lags and response amplitudes for several cases with 
the dimensionless cycle period ranging from 0.44 
to 7.04 and the pulse ratio ranging from 0.1 to 0.9. 

From the results of this study the following 
conclusions have been made. 

1. For a given dimensionless cycle period, the 
values of the time lags and the response amplitudes 
for all the even pulses, except the first one, are 
close enough to be considered one value. The 
same conclusion holds for the odd pulses. 

2. At any dimensionless cycle period, a 
reasonable response amplitude can be obtained 
using a pulse ratio ranging from 0.3 to 0.7. If the 
pulse ratio is in the high range (near 0.7) it is 
better to use the odd pulses, and if the pulse ratio 
is in the low range (near 0.3), i t is better to use the 
even pulses. 

3- The relations among the dimensionless time 
lag, the dimensionless cycle period, and the 
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dimensionless response amplitude can be represented 

by two exponential equations (Eqs . 13 and 14). The 

coe f f i c i en t s of these relat ions are funct ions of the 

pulse ratio and the type of the pulse (odd or even). 

4. For a pulse test with equal pulse and shut-in 

periods, assuming the equali ty of the three 

corresponding time lags i s a reasonable 

approximation. 

N O M E N C L A T U R E 

a = intercept on the pressure axis , ps i 

A = constant in the dimensionless cyc le 

period equation 

S = formation volume factor, res b b l / S T B 

C = constant in the dimensionless cycle 

period equation 

c ( = isothermal c p e f f i c i e n t o f compress ib i l i ty , 

p s i - 1 

D = constant in the dimensionless cycle 

period equation 

E = constant in the dimensionless response 

amplitude equation 

F = constant in the dimensionless response 

amplitude equation 

G - pressure, psi 

h = formation thickness, f t 

H = constant in the dimensionless response 

amplitude equation 
k = permeabil i ty , md 
m - slope of the tangent at the time lag , 

psi / m i n 

p = pressure, psi 

p ' - pressure, psi 

q = f low rate, S T B / D 

q i - f low rate in the /'th period, S T B / D 

R - rat io between the pulse period and the 

shut-in period 

R ' = pulse ratio = A / / A / C Y c = l / l ^ 

r = radial distance, f t 

r b w = distance between the puls ing and the 

responding we l l s , f t 

r p w = dimensionless radial distance, r / r w 

r w = wel l radius, f t 

t = t ime, minutes 

t p - dimensionless time - ——— 
56,900 6ct a r*w 

t n - time elapsed from the beginning of the 

test un t i l the end of the nth period, 

minutes 

t t = time lag, minutes 

t t p = dimensionless time lag = r E / A / C Y c 

t l „ i = the time lag after n periods, i - 1, 2 or 

3, minutes 

t t ' n • = approximate time lag after n periods, 

i = 1, 2, or 3, minutes 

Ap - response amplitude, p s i 

\pp ~ dimensionless response amplitude 
kb Ap ,'70.6 ,i Bq 

\ p „ = response amplitude in the nth period 
psi 

A l = pulse period, minutes 

: \ / C y C = cycle period = A t ( l + R), minutes 

V C Y C D = dimensionless cvcle period = k \ t r , / 

56,900 6c, a , \ w ' C 

LI - v i scos i ty , cp 

6 = porosi ty, f ract ion 
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A P P E N D I X 

D E R I V A T I O N OF M A T H E M A T I C A L MODEL 

The reservoir considered in this study i s assumed 
to be an i n f i n i t e , homogeneous, and isotropic porous 
medium of uniform thickness f i l l e d with a 
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s] ngle-phase fluid that has a small and constant 
C O I J 1pressibility and a constant viscosity. The 
p 0 f O s i ty and permeability of the porous medium are 
3ssumed to be independent of pressure. The flow of 

fluid through the porous medium is assumed to 
be isothermal radial flow into or out of a well open 
0ver the entire thickness of the porous medium. The 
flow rate is constant. Finally, the pressure gradient 
[ s assumed to be small and the gravity forces are 
assumed to be negligible. 

Trie mathematical model describing the flow 
system consists of the diffusivity equation under 
the above conditions, 2 

1 9 , 3p. 
r 37 ( r 3? = 

<j)UC 
t _3_p_ 

k 9t 
(A-l) 

and the boundary and initial conditions, 

(i) <r£> 2-n-kh 

( i i ) P P ± as r 

( i i i ) p = p . at t = 0 
i 

f o r t > 0 

f o r a l l t 

f o r a l l r 

A solution to this problem using the line-source 
approximation of the first boundary condition has 
been well documented in the l i terature. 3 ' 4 

p ( r , t ) 
. 70.6 B qp 

P i + kh 

E i 
-56900 <J> c u r 

2 i 

k t 
.(A-2) 

In pulse testing, the flow disturbance at the pulsing 
well is generated by changing the flow rate 
periodically. The pressure response at the 
responding well at any time during the general 
nth period can be written by superposing the 
responses caused by the flow rate changes from the 
beginning of the test to the nth period. If we assume 
that all the odd periods are equal and all the even 
periods are equal, the pressure equation wil l be 

70.6 By 
kh 

E i 
-56900 4> c u r 

bw 

k { t - f % [ l + R ] + I [ ( - l ) k + 1 ( l - R ) ] ) } 
k = l 

• (A-3) 

The term 51 [ ( -1 )* " 1 < 1 —W)1 is zero when ; is 
k - 1 

an even integer and is ( l - R ) when ; is an odd 
integer. 

Let us consider three consecutive periods, the 
nth period, the n + 1st period, and the n - 2nd 
period (Fig. 1). Let t A , t B , and l c denote the three 
points at / £ „ 0 , *£„_,, and f i „ 2> respectively. 

By the definition of the time lag, a tangent to the 
pressure response curve at ( t A , p A ) is also a tangent 
at (t Q, p Q) and is parallel to the tangent at ( t B , 
pf j ) - The slope of the straight line connecting the 
two points ( t A , p A ) and ( t c , p c ) is equal to the 
slope of the tangents at ( l A , p A ) and ( ^ , p c ) , since 
these three slopes are actually the slope of the 
same straight line. Equating the slopes of the 
tangent at ( t A , p A ) , the tangent at ( t B , p B ) , the 
tangent at (t(Z, pQ) and the straight line connecting 
(t A , p A ) and (r^, p Q) yields three equations in the 
three unknowns t t m 0 , t l m j , and t l m 2 - These 
three equations are 

f ( t W • «i 
exp [-r-z-] 

D A 

m 

x=l A I 

"DA 

m+2 

["-56900 ̂  c u r. 

I q l E i 

kt 

2 _ 
bw 

m 
" I U,., - q, } Ei[- - t 

i = 1 ^ l t : D ( t A - t . ) 

(A-4) 

m-1 

I 
i = l 

[ q i + l 
f ( t V i } = q i 

- t e x p [ — — ] exp[— 
DA D B 
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- t 

ro 
+ I { q i + l " q i } 

i = l 

m+1 

i = l 

.(A-5) 

f(tJL , ) = q, m, Z 1 

exp [ — 7 - ] exp [ 7 - — ] 
D A D C 

m 
+ I {q 

i = l 1+1 " q i } 

m+2 

- I (q 
i = l i + 1 ~ q i } 

"D 

A 1 

6 X P [ # ? ] 

.(A-6) 

The Newton-Raphson iterative method 9 can be used 
to find the values of the three unknowns that 

satisfy these three equations simultaneously. 
After the values of the three time lags are f o u n j 

the response amplitude then can- be calculated by 
subtracting pg from the pressure on the straight 
line connecting ( t A , p A ) and ( i c , p c ) at time t 
The equation of this response amplitude is 

Ap = 

70.6 B ( t B - t A ) 

( tC" tA ) 

m+2 
+ \ { q i + l 

i = l 

qJEKf^-) - E i ( ^ ) ] 
DC DA 

q±> E I 

j { q 1 + 1 - q±} Ei 
1=1 

v 1 - ? 
- 1 

v 1 - & 
• (A-7) 

More details about the derivation of these equations 
are presented in Ref. 11. 
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KELLAHIN, KELLAHIN AND AUBREY 
Attorneys at Law 

Et Patio - 117 North Guadalupe 
Post Office Box 2265 

Santa Fe, New Mexico 87504-2265 

March 1, 1988 

Telephone 9S2-428S 
Area Code 505 

Mr. Michael E. Stogner 
O i l Conservation Division 
P. 0. Box 2088 
Santa Fe, New Mexico 87504 

Re: Penroc O i l Corporation 
NMOCD Case 9303 
SWD Application 

Dear Mr. Stogner: 

"Hand Delivered" 

RECEIVED 

MAR ' 

OiL 

At the conclusion of the examiner's hearing held on 
February 3, 1988 i n the referenced case, you requested a 
dr a f t order be submitted. Please f i n d enclosed our 
proposed order. 

WTK:ca 

Very t 

¥1. Thomas 

cc: M. Y. Merchant 
William F. Carr, Esq. 



STATE OF NEW MEXICO 
ENERGY, MINERALS, AND NATURAL RESOURCES DEPARTMENT 

OIL CONSERVATION DIVISION 

IN THE MATTER OF THE HEARING 
CALLED BY THE OIL CONSERVATION 
DIVISION FOR THE PURPOSE OF 
CONSIDERING: 

CASE NO. 9303 
ORDER R-

APPLICATION OF PENROC OIL 
CORPORATION FOR SALT WATER 
DISPOSAL, LEA COUNTY, NEW 
MEXICO. 

ORDER OF THE DIVISION 

BY THE DIVISION: 

This cause came on f o r hearing at 8:15 a.m. on 
February 3, 1988, a t Santa Fe, New mexico, before 
Examiner Michael E. Stogner. 

NOW, on t h i s day of , 1988, the 
D i v i s i o n D i r e c t o r , having considered the testimony, the 
record, and the recommendations of the Examiner, and 
having been f u l l y advised i n the premises, 

FINDS THAT: 

(1) Due p u b l i c n o t i c e having been given as required 
by law, the D i v i s i o n has j u r i s d i c t i o n of t h i s cause and 
the subject matter t h e r e o f . 

(2) The a p p l i c a n t , Penroc O i l Corporation, i s the 
owner and operator of the State "AF" Well No. 2 located 
330 f e e t from the South l i n e and 2130 f e e t from the East 
l i n e (Unit 0) of Section 8, Township 18 South, Range 35 
East, NMPM, Lea County, New Mexico. 

(3) The a p p l i c a n t proposes t o u t i l i z e said w e l l t o 
dispose of produced s a l t water i n t o the Undesignated Mid 
Vacuum-Devonian Pool w i t h i n j e c t i o n i n t o the open 
i n t e r v a l from approximately 11,838 f e e t t o 12,200 f e e t . 

- 1 -



Case 9303 

(4) Arco O i l & Gas Company ("Arco") i s the operator 
of the Lea 4011 State No. 1 Well located 330 feet from 
the South l i n e and 1650 feet from the West l i n e of said 
Section 8 and appeared i n opposition to the Penroc 
application. 

(5) Arco agreed that Penroc Exhibit 11 was an 
accurate and r e l i a b l e s t r u c t u r a l i n t e r p r e t a t i o n of the 
area and showed that the proposed Penroc SWD well was 
more than 250 feet down structure and on the opposite 
side of a f a u l t from the Arco Lea 4011 State No. 1 Well. 

(6) Arco speculates that because a D r i l l Stem Test 
conducted on the proposed Salt Water Disposal Well showed 
928 feet of free o i l that the f a u l t between the Penroc 
Well and the Arco Well may not preclude communication 
between the two wells. 

(7) Arco proposed that the Division require Penroc 
to conduct and pay for an expensive pulse test between 
the two wells i n order to remove any doubt about 
communication. 

(8) I f Arco i s correct concerning the p o t e n t i a l for 
communication between the two wells, then Penroc should 
be able to complete the proposed Salt Water Disposal Well 
for commercial o i l production; and i f not, then the 
subject well should be suitable for Salt Water Disposal 
without adverse a f f e c t upon Arco. 

(9) A reasonable inference from the testimony and 
evidence available i s that the subject well i s s u f f i c i e n t 
down structure and on the opposite side of a f a u l t to not 
cause a v i o l a t i o n of the c o r r e l a t i v e r i g h t s of Arco. 
However, i n order to conclusively establish that f a c t , 
the subject well should be tested i n the i n t e r v a l from 
11,838 to 12,000_ to determine i f said well i s economic 
for o i l production before said well i s u t i l i z e d as a s a l t 
water diposal w e l l . 

(10) The Division should require that Penroc f i r s t 
attempt to complete the subject well for o i l production 
in the v e r t i c a l i n t e r v a l from 11,837 to 11,850 with a l l 
such attempts being witnessed by the OCD s t a f f and a 
representative of Arco, should they desire to 
p a r t i c i p a t e . 

(11) In the absence of production from the subject 
w e l l , Penroc would be required to disposal of water below 
the depth of 12,000. 
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(12) Penroc, as operator, should give advanced 
n o t i f i c a t i o n t o the supervisor of the Hobbs d i s t r i c t 
o f f i c e of the D i v i s i o n of the date and time of the 
t e s t i n g of the w e l l f o r production so t h a t said t e s t can 
be witnessed. 

(13) The standard surface l i m i t a t i o n pressure f o r a 
w e l l at t h i s depth i s 2367.6 f e e t . However, i n order t o 
avoid any p o t e n t i a l f o r m i g r a t i o n of the disposal f l u i d 
across the f a u l t as shown on Penroc E x h i b i t 11, a 
l i m i t a t i o n pressure not t o exceed 500 p s i should be 
es t a b l i s h e d . 

(14) The foregoing provides a r e l i a b l e means t o 
prevent waste and p r o t e c t c o r r e l a t i v e r i g h t s and subject 
to the foregoing the a p p l i c a t i o n should be granted. 

(15) The i n j e c t i o n should be accomplished through 2 
7/8-inch p l a s t i c - l i n e d tubing i n s t a l l e d i n a packer set 
at approximately 11,800 f e e t ; the casing-tubing annulus 
should be f i l l e d w i t h an i n e r t f l u i d ; and a pressure 
gauge or approved leak d e t e c t i o n devise should be 
attached t o ther annulus i n order t o determine leakage i n 
the casing, t u b i n g , or packer. 

(16) P r i o r t o commencing i n j e c t i o n operations, the 
casing i n the subject w e l l should be pressure-tested 
throughout the i n t e r v a l from the surface down t o the 
proposed p a c k e r - s e t t i n g depth t o assure the i n t e g r i t y of 
such casing. 

(17) The i n j e c t i o n w e l l or system should be 
equipped w i t h a p r e s s u r e - l i m i t i n g switch or other 
acceptable device which w i l l l i m i t the wellhead pressure 
on the i n j e c t i o n w e l l t o no more than 500 p s i . 

(18) The D i r e c t o r of the D i v i s i o n should be 
authorized t o a d m i n i s t r a t i v e l y approve an increase i n the 
i n j e c t i o n pressure upon a proper showing by the operator 
t h a t such higher pressure w i l l not r e s u l t i n m i g r a t i o n of 
the i n j e c t e d waters from the Wolfcamp form a t i o n . 

(19) The operator should n o t i f y the supervisor of 
the Hobbs d i s t r i c t o f f i c e of the D i v i s i o n of the date and 
time of the i n s t a l l a t i o n of disposal equipment and of the 
mechanical i n t e g r i t y pressure t e s t i n order t h a t the same 
may be witnessed. 
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(20) The operator should take a l l steps necessary 
t o ensure t h a t the i n j e c t e d water enters only the 
proposed i n j e c t i o n i n t e r v a l and i s not permitted t o 
escape t o other formations or onto the surface. 

(21) Approval of the subject a p p l i c a t i o n w i l l 
prevent the d r i l l i n g of unnecessary w e l l s and otherwise 
prevent waste and p r o t e c t c o r r e l a t i v e r i g h t s . 

IT jLS_ THEREFORED ORDERED THAT; 

(1) The a p p l i c a n t , Penroc O i l Corporation, i s 
hereby authorized t o , under supervision of the OCD 
D i s t r i c t O f f i c e , attempt t o complete the subject w e l l f o r 
o i l p roduction i n the i n t e r v a l from 11,838 t o 11,850 and 
i n the absence of said production i s hereby authorized t o 
u t i l i z e i t s State "AF" Well Mo. 2 located 330 f e e t from 
the South l i n e and 2130 f e e t from the East l i n e (Unit 0) 
of Section 8, Township 18 South, Range 35 East, NMPM, Lea 
County, New Mexico, t o dispose of produced s a l t water 
i n t o the Mid Vacuum-Devonian Pool, i n j e c t i o n t o be 
accomplished through 2 7/8-inch tubing s t a l l e d i n a 
packer set approximately 12,000 f e e t , w i t h i n j e c t i o n i n t o 
the open hole i n t e r v a l from approximately 12,000 f e e t t o 
12,200 f e e t . 

PROVIDED HOWEVER, THAT, the tubing s h a l l be 
i n t e r n a l l y p l a s t i c - l i n e d ; the casing-tubing annulus s h a l l 
be f i l l e d w i t h an i n e r t f l u i d ; and a pressure gauge s h a l l 
be attached t o the annulus or the annulus s h a l l be 
equipped w i t h an approved l e a k - d e t e c t i o n device i n order 
t o determine leakage i n the casing, t u b i n g , and/or 
packer. 

PROVIDED FURTHER, THAT. p r i o r t o commencing 
i n j e c t i o n operations, the casing i n the subject w e l l 
s h a l l be pressure-tested t o assure the i n t e g r i t y of such 
casing i n a manner t h a t i s s a t i s f a c t o r y t o the supervisor 
of the D i v i s i o n ' s d i s t r i c t o f f i c e a t Hobbs. 

(2) The i n j e c t i o n w e l l or system s h a l l be equipped 
w i t h a p r e s s u r e - l i m i t i n g switch or other acceptable 
device which w i l l l i m i t the wellhead pressure on the 
i n j e c t i o n w e l l t o no more than 500 p s i . 

(3) The D i r e c t o r of the D i v i s i o n may autho r i z e an 
increase i n i n j e c t i o n pressure upon a proper showing by 
the operator of said w e l l t h a t such higher pressure w i l l 
not r e s u l t i n m i g r a t i o n of the i n j e c t e d f l u i d from the 
Devonian for m a t i o n . 
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(4) The operator shall n o t i f y the supervisor of the 
Hobbs d i s t r i c t o f f i c e of the Division of the date and 
time of the i n s t a l l a t i o n of disposal equipment and of the 
mechanical i n t e g r i t y pressure te s t i n order that the same 
may be witnessed. 

(5) The operator, shall immediately n o t i f y the 
supervisor of the Division's Hobbs d i s t r i c t o f f i c e of the 
f a i l u r e of the tubing, casing, or packer, i n said well or 
the leakage of water from or around said well and shall 
take such steps as may be timely and necessary to correct 
such f a i l u r e or leakage. 

(6) The applicant shall conduct disposal operations 
and submit monthly reports i n accordance with Rules 702, 
703, 704, 705, 706, 708, and 1120 of the Division Rules 
and Regulations. 

(7) J u r i s d i c t i o n of t h i s cause i s retained for the 
entry of such further orders as the Division may deem 
necessary. 

DONE at Santa Fe, Mew Mexico, on the day and year 
hereinabove designated. 

STATE OF NEW MEXICO 
OIL CONSERVATION DIVISION 

WILLIAM J. LEMAY 
Director 
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STATE OF NEW MEXICO 

ENERGY AND MINERALS DEPARTMENT 
OIL CONSERVATION DIVISION 

September 28, 1933 
ARREY CARRUTHERS _._„̂ s ^ ^ l ^ f 

i505i 

Mr. Thomas K e l l a h i n Re: CASE NO. 
K e l l a h i n , K e l l a h i n & Aubrey ORDER NO. R-8'/i??3 
Attorneys a t Law 
Post O f f i c e Box 2265 A p p l i c a n t : 
Santa Fe, New Mexico 

Penroc O i l Corporation 

Dear S i r : 

Enclosed herewith are two copies of the above-referenced 
D i v i s i o n order r e c e n t l y entered i n the subject case. 

Sin c e r e l y , 

FLORENE DAVIDSON 
OC S t a f f S p e c i a l i s t 

Copy of order also sent t o : 

Hobbs OCD x 
Ar t e s i a OCD x 
Aztec OCD 

Other William F. Carr 


