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ABBTRACT

The purpose of this work was to determine the offoct of
variocus remservolir and well parametera {n ordor to doslyn a
multiplo-well pressure transicont rost to be conducted in low
parmeabllity gyam reservolrs. The paramoters inveatiyatod were
formation permeabllity, poromsity, yam maturation, net pay thlok-
neas and well mpacing, Long tost times were found to be roquired
for interference or pulse testing in low parmeabillty yss remcer-
vaoira) however, tho well apacing ham been aptlmizod, Thouo
ralculationa wore made uaing two techniquestr {nterforencn teat-
ing and pulme tomting,
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MULTIPLE=-WELL TEBTING IN LOW
PRERMEABTLITY OAH BANDR

by

Harold nixell/ and llerbort 0o, Carrullg/

INTRODUCTTON

A multiple-well tust {nvolves a minimum of two wells as
shown {n figure 1. One wall {8 active, that is, producing or
injecting) and the nther well (or wells) is umed am a prossurae
obaarvation point, The flow rate at the active well |8 varled,
and the resulting pressure change In the reservolr e mearured at
the obsorvation well, The observation well {u qenerally shut=in
mavaral days belfore tho teat and remalns ahul=in durling tho tost,
From the pressure roaponae at tho observation well, we can cetl-
mate formation transmisgiblility, kh/p, and format fon stovage,

“'U hs
t

There aro two types of nultiple-woll tegts., one s vallod
an interfoerence teat,  An Interference teat s conductod by
changling the rate at the active well and measuring the romult Lny
change In bottom hole pressgure at the obaorvatlon woll o Prlor to
the teat, tho active wall may have been producing or bnjecting,
In this case, 1t 1s whut-in for the test, 11 the active woll was
shut=in prior to the test, It {s put on production or Injection
at a constant rate For the teast,

An Intorforence tesat fnvolves aonly one rate change at tho
active woll, As o result, thoero s no unlgue charactoertistlie to
the presgsure responae at the observation well, This can bo con-
fusing If there fw a qeneral prossure trend [n the resorvolr due
to the production ar Injoeetion at othor wells completed |[n the
same resoervoir,  This disadvantage can be overcome by conducting
a pulese teat,

Pulee-testing Ie a speciallzed Torm of mullipln-wu&} teating
firat demceribed by Johngon, treenkorn and Woods (1,2,1) 2, The
technigque uses a serios of llow=rate pulses at the active well,
These pulses genorally conaleat of alteirnate periods of productlon
(or injection) and mhut=-in, The flow rate Is the pame during
each flow period., The resulting pressure response {s measured at
the obsarvatlon well,

1/ Harold Bixel, INTERCOMP, Denver, Colorado

7/ Herbert B, Carroll, chief, Production Branch, BETC

Y/ Undarlined numbers in parentheses refar to reforencea limted
= at the end of this report,
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The putpose of thils work was to detarmine the effect of
various reservolir and well parametars in order to desiqn a
multiple-well pressure transient test to be conducted In low
parmeability gan reservoirs., 'The paramelars investigated were
formation parmeability, porosity, gas saturation, net pay thiok-
ness and well spacing,

THEORETICAL CONBIDRRATIONS

Figure 2 is a sovhematic representation of the presmure
response at the observation well during pulse testing of a two-
wall syatem, 'The active well was asmumed to be shut=-{n prior to
the beginning of the test., 1t was then put on production at a
vonstant rate for AL houra, Then Lt was shut-in for At hours,
then produced at thePrame conatant rate for At hours, tB11owed
by a shut-in, etc, This pulming of the prndun?ion rate at the
active well is shown on the lower portion of figure 2,

T™wo values measured from the pressure responme at the obger=
vation well are used Iin analyaing pulse-test data, These are the
time lay, t., and the pressure responmse amplitude, Ap, 'The time
lag is the blapued time between the beyinning of a rate pulee and
the beginning of the pressure regponse at the nbservation well
due to that pulse., Time laym for the first, second and aixth
rate pulses are shown on figure 2, They are labeled t ,,, t,, and
t,,. The pressure response amplitude for the same pulbén apé
lkﬁaled Apl, Apz, and Ap6.

The pressure response (s obtained by drawliny the tangent
line between two successive valleys or peaks of the premmsura
response curve and drawiny a parallel llne tangent to the peak or
valley asmociated with that particular response, The presasiure
rasponse amplitude iw the vertical dlstanve between the two
linea, Thias ia illustrated on figure 2, ‘'p, I8 the promssure
rasponse due to the f{ -at production period Ar first pulee, ‘p
im the pressure reaponse for the second pulae or firat shut-in
period, A 'p for each succesnive pulsce {8 obtained in the mame
manner,

P

Blgham (4) yives a technlique for analyzing the test data,
The technique shown here assumems equal pulse lenyth, He hawm also
developad a tochnique for analyzing data froum a test usiny unequal
pulse lengths (5). Iiis correlation for the equal pulse lenhyth
cama im given on flgures J and 4, |lle correlated the ratlo of
time lag to pulse length, tt/ft with the functionsi
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Figure 2 Illustrotion of Pulse Tast Response at the Obsarvation Well

>0 q=0 Q0 qt0 >0 qe0 o Qo
o ALy —-].- Blp —ote= Al ~epa— Aly —ote— Alp ~ofa— Aly ~opo~ Aly
Time¢ —




1 yp——— v > - -u
- ¥ > § 3 & P 3333
34 — > ¥ 3
-+ > a > 2 x-
-
B X + > ¢ r @ 1
X > 4 e >4 -
y © Sl b § p S D il -4 4 1
+4T * I3 I3 CITL -
Y v v Y < v v Nl‘ -
hd z T : ¢ o %8 As )
1 + + + 4+ ~r—~ -~ M
T b d + m -~ o=y inl 1 -tln«iLL H
T b AN Y lass §33 ¢
3 3 1 1 T IiIvtr 1t Y
++ +e v ) g ) § 2 | T - Tt M al TV«
f | ¢ Y i prd IBNE & PR KD - <
T M I . o hESBEDEE 8 3 B 13
1 - ‘113 pale § s8R 8 N 4+
* LTS o s FaRALR PR B tilh=
E «M 14 & |4 - .93 -r* 1 Y -» +
T4l u\.—\l 1] wljsls =1 M EFR B RS -
PESAR P eBREcRERSEEG A kD] B TEELRNEE EFI IR DO S UGS
~ § - ~ 3= T 44§
Y el il ia] J.ﬂau.m Facas o¥bhs 2 LRSREDRESCURTEENE
3 Fe2E s = sy =13 E S SEEL S
{3y mm S =} ESSUE St = 11t L1 4381
re =3 £ | od 3 - | S (W ey yathEriizE it
I e n e sy N i g e
EEg f B U= A =2 E T S e Ty
.wvl..lﬁlnql. k 1 33 - .lm. P — 3= v {-—" dlni.xnhw vnmu
p 4 F umu > s b & = e - ~—= X 1 X F—~F ’ —
] I gt 3= =—J=_F §-° 11333 132
. = T = pe X o= - 2 =X
T Y= {33 T - ps
St e H AR 3 —ad T
| Sanac i EH I P T T
WJH -~ Hw}m *4 .3 3 —ix v 31 3 I r
- A S S ¥ i p | -— NJ
i x g “ NJIW.‘J L )
bt 2 > 4 4 4 -
A MR f SR R
11 1 b 8 LS B BDSE 5 AARESS ) BBED & ¢
L. B ( Y AP R B BLS O
Il 3 Y R 5886 oasd
w b il «H‘
< 4 3 ol.«.?
) d. LA LD B A ° P
Py - - e . -3 1 m -
4 > - ok} b
s 555 HEHET
ul“ﬂ + Ty 1331 1
4 m +—H3F ¥ 3 NWMuy
b 4 b ™ 4
H FH e
) B 3 ¥ 3
ol . “
é b 4 *
dm ~r- 4 Y 4 ) §
3 ) ) 4 |
11 7 TI%, + ) | 1 8 |
v b M ~ 1 J um
-
“ - - & m
s 4 3 . ,
L @ < ) [ ]

<
s VU ™

L S

Time Lag/Pule Langih, | /M1y
Relation Between Time Lag and Puise Cycle Length.

Applies Only ter Pulses of Equal Length. Aftar Brigham N).

Figura 3 Pulte-Teating



an prw— o
444 4§44 4 1 hog dﬁa r’kmrq‘ni h
s liBaika ‘: TRRL It o vy
H i {u }‘ T
o iz ee St IR IR s e S R
a ] "
Jla BRI R 11 [ Lo il L N
4 -uunrh 5 < 4rj |‘ . AN 1‘ , N - wipedped
[ S 34 4 g / [ NN r
3. S04 H-o44 $hbi 41§ 4 49 o " - 1-4 o pe
° i - 1L— .
b4 PS4 1 Y]
L rired oep Masss g oAl NN - +
' ""“."‘ ' d'l- L \ - pof § b
- sp¥ I i{H- Nr} pap
} =% Toid aNT Fres AXiT | ] :
ooon { 2Rl e IR
wape b | { 4 ot 484 y T I 'y -qh1 oo &I 9
b1 4 1Hr l 1- nl1 e -D-J-"
4 dn EE d per ?11 H ‘!m ‘.ilh..J |3 r Jp ﬁ :
: R g et }Gr;,.;‘i. RERES23ccct)
-4 M [l e
i a 4 ﬂ . 149 111 -!h 1 'Ll‘ Wl = b Pt
! red | o t{b‘ -
4 ol o 54 94 ! ] L 11 . urﬂr LS ™
1 M -j 1 \ :H}T‘g’q‘v 01 b : 1;»&» *Pi}k
s it , v
3 " p ~1 po eob » P |' «-‘j § 4ol ...h " JJ
11 M
.“"[ p hs

FIGURE 4,

- Milsr-Testing: Relation Among Pulme Response
Amplitude, Time Lag and Pulse Cycle Langth.

Applies Only for Pulses of Equal Length. After
Brigham (4).




Por a gas well, these funotiona are defined as:

(t,) 0.,0026137 k_t
L'p - 9L (1)
-ﬁ -—“—7.—
I‘lq. 3
and
2
L, 2 kqh Am(p) (K-r)
P Jrig. 4 72q7
wvhere
kq = gas permeability, md
t, = time lag, hours
Atp = pulse length, hours
$ = porosity, fraction
h = producing interval, ft
q = production rate, MBCF/D
r = distance botween active and
observation wells, ft
T = reservoir temperature, %

(“)i = gas viscosity at reservoir pressure
and temperature, cp

(c,); = total compressibility at resegyoir
pressure and temperature, pai

Am(p) = pressure response amplitude in termg
of the real gas potential (6), paia

/ep
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e s =
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Por a gas reservolir, {0,), im defined by

{oy) = sqtcg)i ¢+ 8,0, +0,m By E(oq)i -

°w:]+ oy * O {3)
whare

sq = gaa saturation, fraotion

By = water saturation, fraction

(cq)1 - ?Al compressibility measured at

nitial reservoir,pressure and
temperature, psi

Cy = water compressibility, pli'1

Cy = rock pore~volume compressibility, pli-l

PRESBSURE RESPONSE AND TIME LAG IN
LOW PERMEABILITY GAS RESERVOIRS

Equations 1, 2 and 3 toqether with figures 1 and 4 can be

usad to ostimate pulse-test performance, B8olving equation 1 for
t, and equation 2 for Am(p) gives:

2 2
oL ttey et R o/’ pig,
L 0.0002637 k

(4)

and

2
1422qT | Apn(t, /At )
Am(p) = Coontta/ty) T ryg, 4
kqh(tL/Atp)

(%)

t, and Am(p) are eatimated from these equations for various
viilues of ¢t /At using estimates of the necessary reservoir and
fluid propoPtioi. Then knowing the relationship between pressure

and m(p), Ap can be calculated.




Examplae Calculation

Aasume that
k = 0,1 md
b = 0.1
8 = 0.9

r = 100 ft

h 50 ft

Gas gravity = 0,6%

Reservoir Temperature = 140° F

Inftital Remservoir I'ressure, by o= 1514,7 pela

Figure 6 la a plot of yas viscosity versus pressure for a

yas gravity of 0,65 and temperature of 180® F. 'The viscoslty at
1514,7 psia {s:

b= 0.0224 op

Gam compresaibility {a estimated using figqure 5 and

(& = l - l _I_Z
3] P z ip

or (c ), = 2,40 x l()_" I)Hi-] d 45 14,7 pela, Wator and rock pore-
volumd 5nmpruaaihili'lua are eatimated from [laurea D16 and D10
onf reference 7,

S bk to7h psi‘l
. r =6 -1
and e o= hox 10 el
From equation 1,
4 -6 -6

(cy ) = 0.5(2.28 x 1077) + 050 x 107"y v v x 10
=121 x 1074 et
1f we assune rl/xtp = 0.5%%, we et for the firet pulse;

(tL)D/rD2 = 0,096) from [igure § and

ApD(tL/:’\tp)2 = 0.0l from figure 4,
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dubatituting in equation 4 gives)

«4 a
. (0,1)(0.0224)1(1,21 % 10 100) (0,0963)
bt LRt v * 3.9 hours

. - [
and since tL/Atp 0.55,
Atp = 9,9/0,5% = 18 hours

From cquation §,

1422 (640) (0,011)

q = 7.822 x 107 q
(0.1) (50) {0, 55)

Am(p) =

We ostimate this woll is capable of producing 550 MBCP/D at
a flowing bottom hole pressure of 600 paia,

tmi{p) = 7,832 =« 10]<550) « 4,302 x 106 pnlaz/op

From the data given on flguros 5 and 6, we can calculata
that

tp o= 2,816 x 1079 amip)
or Ap = 12,1 psl

These calculations show that {f the well was alternately
produced at 550 MHCF/D for 18 houra and shutein for 18 houra, the
amplitude of tho first prossure pulse seen in an obaservation well
located 100 fL from the producer would be 12,1 pali, The lag time
for the pulse is 9.9 hours. The same procedure is followed if
later pulses are to be conajdered,

The entire test was simulated using a computer model based
on tho superposition principle, The preassures measured at the
observation well are plotted on fiqure 7, The computer simulae
tion gives a lag time, t,, of 9.5 hours and a Ap of 12,8 pai,
T™is i8 qood agreement wfth the values obtained using figures J
and 4 together with equations 4 and 5.

The first 18 hours of the test of fiiuro 7 is an interfer-
ence test and can be analysed using techniques described in

refarance 7. Pressure interference at the observation well is
measurable approximately 4 hours after the active well is put on
production. The total drawdown at the observation well is 13,7
psi at the end of the first 18-hour flow period,

}
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EEFECT OF RESERVOTR PROPERTIES UPON PULAE TEST REYPONGE

Paquat fone 4 and 5 togother with flgurea 3 and 4 wern usod to
caleubate the oftect viarious rogorvolr paramoters have upon pulaeoe
towt responge,  The roesulta are givon in tables 1 through 4,

Thene renults are based on an Injtlal reservolr pressure of 3,500
REREIN

Table 1 {8 the base rcasv agalnst which the rosults shown Ln
the other tables are compared,  The resorvolr variable used in
proparing table 1 are for the most optimistic case, The tablos
qive Tag time, pulse time and response amplitude for several
valuen of vt /'t and well wpacings of 100, 200 and 400 ft,
Fiogures 7, i an¥ 9 ahow simulator results for well spacing of 100
and 400 1t and difforent pulse lengtha,

(ulq_lﬁ-rnuqnhll I\y

Table 2 whows the offect of changlng permeablilty from 0,1
med o 0,010 mde The other reservolr paramoters wore held conatant,

wo assumed the woll's production rate was proportional to kh in
propating table 2,

Permeabl ity (o gan appears in the denominator of both
cipat lons 4 aned by Thlg means lag time is inversely proportional
too ko Neducting ko Trom 008 md to 0,01 md causes tL and At_ to
b 14 timen the vatues shown in table 1. ' p

Smip) te also iaversecly proportional to k , but wo assumed y
was pnportional to kh,  The causes the ratio 4/k h to remain

vonstant, el the values of Ap In table 2 are thequamu as thowse
in table 1,

Figure 10 shows the simulator results for t, /At of 0.%5 and
1 uf 100 v, The results are aimilar to flqgure 7, ¥he time
geale has beon expane Y by a factor of 10,

Porosity appears only in the numerator of equation 4, This
means Lthat time lag is directly proportional to 4. The results
of changing porostity from 0.1 to 0,05 are given in table 3, 'The

values for tl and Atp in table | are reduced by a factor of 2 in
table 3, !

The results of a simulated pulse test with ¢ equal to 0,03
are shown on flgure 11,

Cam Saturation

The effect of yas saturation is reflected in the total
compressibility, (c,),, in equation 4, An increame in (o,)
causes t, and At_ to lfcrease, and a decrease in (ct)i cauiu‘ a
correnpohdinq deBrease in these two terms,

14




TABLE |

ASE CAS

lg * 0,1l md
’1' .Oa]
Sq = 0,50
h = 50 ft,
T = 1809,
q =~ 550 MSCr/)
Py ® 1500 psig
Gay qravity = 0,65

relng ft re200 ft red0n ft ,

f¥| A[pg l\p' ‘t;' IA\'- [] fnp. E [] /\tp' f\p|

2 T | S Yt S S Y Y TN S AN 111
0.20 3.1 45,5 50.7 16,4 1820 50.7 146,6 7128,0 50.7
0.40 10,0 25,0 21,1 40,0 100.0 21,1 160,0 400.0 21,1
0.55 9.9 18,0 12,1 19.6 72,0 12,1 50,4 2.0 12.1
0.69 3.8 16.3 10.) 9.2 65.2 10, 166,8 260.8 10,
0.80 2.4 11.8 4.8 17.6 47.2 4,8 160.4 188,0 4.8
‘000 B.a ﬂ.a 2'3 35.2 ]5!2 203 ]40.& ]40.8 203
1,18 1.4 5.5 N.4 29,6 22.0 0.4 8.4 87.7 0.4

18




TABLL 2
EFFECT OF TERMEABILLTY

kg + .01 nd

L

He * N.HN

h = 40

Uy, v
0= Oh MsCE/l

Py - 1807 pain

fias fravity « 01,05

coLrion e re200_ft re400 ft
"o A P, P[\L. ATY 7\P{

B Algs  Apy
NI, b ' pad hr.. pd hi. YL

0,20 D1 ASS.E 60,7 1644 1822,0 80,7 1457.8 7788.0 BO.7

00 100 280 21,1 400,0 10000 21,1 16000 4000,0 21,1

n.56 99.0 180,0  12.01  196.0 720.0 12.1 !t@4.0 2380.0 12, | |
0.60 04 16,0 101 1936 656,0 10,1 18744 2624,0 10,1
.80 .2 1170 A8 60 A0 4.8 18840 2388,0 4.8
1.n0 . ane 2.3 3640 3540 2,) 1416.0 14100 2] g
1,35 7.9 847 04 295.6 219.0 0.4 1182.4 8789 0,4 f

18




TABLE )
EFFECT OF POROSITY
kg » 0.1 md
t o« 0,08
S @ 9.5
h = 50 ft,
T+ 130°r,

q * 550 MSCF/D
Py * 3500 paia

nay qravity = 0,65

reloo ft =200 1
IR ;hl gﬁﬂl Eii gg? he?”
D.20 4.6 230 50,7 1A.4 92,0
0.4 5.0 12,5 210 20,0 50,0
0.5 £9 8.9 12,01 19,6 5.6
0,60 9 8.2 I 196 2.7
0.0 07 59 48 118 215
1.00 G4 4 2.3 116 176
1.35 1.7 2.1 7.4 4.8 11,0

17

r=40Q ft

RTILT

h he . pal

7.6 188.0 50,7
an.n0 o 2000 21,1
78.4 142,55 12,1
M4 1.7 100
75,2 94,0 4.
m4e 14 29
4,0 2.6 0.4

PO, - . oz L e AL,
R TG T PR R T TR TR TN




TABLE 4
EFFECT OF GAS SATURAT]ON

ko * 0.1

Coend 4
Sq * .25 (
h = 50 ft
T = 180%,

q = 550 MSCF/D

py " 1500 psliq ﬂ
nas qravity « 92,65 ‘1
reind ft re200 ft 4=400 ft Aﬁg
0.20 4.9 24,0 50.7 19.2 98.0 50.7 76,8 84,0 50.7
0.40 5.3 13.2 21,1 21,2 %30 211 84.8 212.0 21,1 i
0.55 5.3 9.6 12,1 21,2 .8 12.1 B4.8 104,2 12,1 !
0.60 5.2 3.7 10.1 20,8 M7 10,1 83.2 18,7 10.1 :
0.80 5,0 6.3 4.8 20,0 250 4.8 80,0 100.0 4.8 .
1.00 4.7 4.7 2.3 18.8 18.8 2.3 75.2  718.2 2.3 o
1.35 1.9 2.9 0.4 15.6 11,6 0.4 82.4 46,2 0.4 .,é

18
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The value used for (¢ ), I calculated uatng equation 3.
This shows that decreasing '8 causavs a reductlion in (¢, )V, . This
causes 4 reduction {n tl and”’*t , ‘This {8 shown in taﬁlé 4 for a
. . 4 l.)
yas saturation of 0,25,

The aimulated response for one of the cases In tablu 4 is
gshown on [iqure 12,

Well Spaciny

Eyuation 4 shows t, to be directly propurtional tu the
syuare of the distance ﬁetwoen the active well and the obrerva-
tion well. Increasing the well gpacving from 100 ft to 400 ft
causes t,. and ‘'t to increase by a factor of 16, ‘This ls shown
in the thblea andl on flqure #.

Pulme Length

The slze of the pressure response s strongly infFluenced b
the pulse lenqgth, ‘t . This can be deen from the tables, Bumal
pulse lenyth mranas a'small ‘py For this reasun, the type of
presaure recording device used in the vbservation well sets the
pulge lengyth, A highly mensitive pregsure gauge willt allow short
pulese lenaths,

CONCLUS TONS

Iv  long test times are 1oequired for {nterference ur pulse
teating in low permeability gyaa reservolras,

4. Test time is inversely proportional to reservolr permos
ablifty, Tror th» same pressure response, it takesa 10 Limes an
long to teat an 0,01 md reservolir as tt does to test one of 041
mdc '

Y. Tewt time 1w directly propartional to the aguare of the
well spacling, tt takes L6 times longer to tegt on 100-1t wall
spacing than {t does on [Q0=-fL apacing,

4, Test time s directly prepartional to porosity, Re-
ducing porosity from 0,1 ta 0,0% cutes the teating time in half,

5, Teat time |a {ndependent of formation thickness, Net
pay thichness affects the maynitude nf the pressure response at
the obamervation well,

6, Low yas saturation reduces teagting time.,
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