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Abstract ; The flowing mechanism of a low permeability gas reservoir is different from a conventional gas reservoir, espe—

cially for that with higher irreducible water saturation the threshold pressure gradient exists. At present, in all the

deliverability equation, the additional pressure drop caused by the threshold pressure gradient is viewed as constant, but

this method has big error in the practical application. Based on the non-Darcy steady flow equation, the limited integral

of the additional pressure drop is solved in this paper and it is realized that the additional pressure drop is not a constant

but has something to do with production data, and a new deliverability equation is derived, with the relevant processing

method for modified isochronal test data. The new deliverability equation turns out to be practical through onsite applica—

tion.
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1 Introduction

The low permeability gas reservoir with high water
saturation has the threshold pressure gradient. Because
of the threshold pressure gradient, the bottom hole
pressure (BHP) of the gas well usually drops fast and
gets build-up slowly when shut-in, which causes the
deliverability =~ curve  abnormal. The  present
deliverability equation considering the threshold pres—
sure gradient is obtained by adding a constant into the
conventional equation, and it has great errors in appli—
cation. This paper derives a new equation considering
the threshold pressure gradient from the right start point
of derivation for a flow equation, and proposes a rele—
vant approach of well test analysis, which makes sense
for the deliverability evaluation of a low permeability

gas reservoir.

2 Error analysis of present deliverability
equation

The present deliverability equation considering the
threshold pressure gradient is obtained by adding a
constant to the conventional equationm
pe = pu = Agq, + Bg, + C

Where, p. is boundary pressure, MPa; p,; is bot—
tom hole flowing pressure, MPa.

C=2pa(r.-r,)

C is a constant independent of production. 4 is
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threshold pressure gradient, MPa/m; r. is delivery
radius, m; r, is well radius, m.

Take modified isochronal well test as an example
to analyze the errors in present equations.

Assuming the test production rate ¢, (i =1,2,3,
4) satisfies with the following relationship,

¢ <q2 <qs <qs
The 4 BHP then have relationship as following,
Pwit > Puz > Puiz > Puis

Then it is easy to get

pi>p>.>ps>psand C, >C, >Cy >C,

If considering C as a constant E, and it satisfies
with C, <C<C,,

[ pi?in —CJ Qe > [ pij?in -C, J /G

[ pi —pim —EJ / Qs < [ pi —pim —04] m

Where ,q.. is production in standard state , m’/d.

Reflect them on the deliverability curve (Fig.1).

Apparently, considering C as a constant could de—
crease the slope of deliverability curve, and even make
it negative, which increases the error of the well test

analysis.

3 Establishment of new deliverability
equation

The motion equation considering threshold pres—

TS
sure gradient is
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Fig.1 Analysis on abnormal A112/¢1sc s
deliverability curve

v =0 [gradp$}.]

k
v = E[ gradp - l] [gradp > }.]

Assuming a constant pressure outer boundary with
a well in the center, by introducing the threshold pres—
sure gradient 4 in, the equation with the non-Darcy tur—
bulent flow term is obtained:
% A= Iv + pr (1)
Where, k is permeability, 10° umz; B is turbu-—
lence coefficient, m" ; W is gas viscosity in standard
state, mPae s.
Converting the velocity to that under standard sur—

face condition yields .

_ 4 4w pe ZT
T2wmeh T 2TWrh ZLUT. p
_ pMr,
P = ZRT (2)
Where, h is formation thickness, m; Z,. is the

natural gas deviation factor in standard state, zero di-

mension; T is formation temperature; T, is standard
state temperature ; Z is the natural gas deviation factor,
zero dimension; M is the gas molecular weight;r, is the
gas relative density.

The turbulent flow equation could be converted

tO:
(LP W G Pse Bpr M qsc Pse ﬂ} ’
dr k2®rhZ.T. p " ZRTL2® s Z.T.. p
- { } pIT 1 +MrgBZ7T GuePre ri
Z.T. 2T khrp pR L 2WRLT.) r

(3)
Integrating both sides of Eq. (3), yields

1 { PecGee | WZT dr
wapdp f,wpdr * Z.T. 2T kh). r
Mr,BZ e
r.B 7[ QoD } f dTr (4)
R 2T hZ. . T. e T

At present, w, Z are usually considered as con—
stant within the limitations, and could be put as the av—
erage value. Integrating both sides of Eq (4), yields
PecQu | WZT T
}2 LS khl n( )
T1 o1
pe
re

Ty

2

P —pw; = lj pdr +

Mr,B ZT( Gupo
R |2mhz.T.

Where, 4 f pdr denotes the additional pressure

drop caused by threshold pressure gradient.

. D wZT
Given A= X : khl

_MeBZT p. H 11
R l2mhZ.T.

Eq. (5) is converted to:
p2 - pil - /1J' der

It is easily seen that the additional pressure drop

ry e
= Aq.. + Bq. (7)

is not a constant but is in relation with average forma—
tion pressure distribution, and with the testing produc—
tion.

Because the relation equation of p versus r is hard
to be obtained ,
obtained through conventional integration method. We

the additional pressure drop can’t be

can only obtain the approximate solution of additional
pressure drop through approximate solution of definite
integral.

Fig. 2 shows that the additional pressure drop can
be considered as summation of A(1) and A(II),
A=At +AlT).

Through trapezoidal approximation integral meth—

od, yields:
A pdr = ACD = /1{1*;1’“}[,(, ) (8)
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Fig.2 The pressure profile of radial fluid flow

Because of r, <<r.,r, can be eliminated

AJ' ppdr = l{l);pi r. = C’[p‘. +pw,-] (9)

Ar
2
Substituting Eq. (9) into Eq. (6) can obtain the

Where, C' =
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deliverability equation considering threshold pressure
gradient.

Pe = Put —C'[pp + pwfj = Ag.. + qu (10)
Eq. (10) can be further converted to:

c'l’
g

4 A well test data processing method

!

2
—Lm - 7} = Ag. + Bq.. (11)

The flowing equation group can be obtained by

substituting the modified isochronal test data into

Eq. (11) .

[ R
Pe ) Pwii )

c’ c'l’
{Pw,] - 2} —{ P t+ ?J Aq. + qur‘Z (12)

|
Pws ) P )

5

= Ag. + qurl

Al]wt + quwl

Eq. (11) is converted in order to calculate A, B,

H CT { 5
Pemy) TPty
{ QT { c
p9_2 - P“f+2

g.. have linear relationship, so Eq. (12) can be solved

C.
2
}/qw =A +Bq.. (13)

2

Apparently , /q.. and

through trial-and-error procedure. Assuming various

2
} /q..versus

’ 2 ’
C', the curve of{ De —%} —{pwl +%

¢.. can be obtained. When the relationship is linear,
the corresponding C’ is the solution, and the slope is
B, while A can be gained through the extended flow
test.

5 Practical application

The static pressure of a well in low permeability
gas reservoir is 28. 4 MPa, and Table 1 has the se—
quence of modified isochronal well test on this well.

Table 1 Sequence of modified isochronal test

Working system P/ MPa P/ MPa q,/( 104 m3. d)
1 28.4 27.5 10
2 28.04 26.35 15
3 27.56 25.27 20
4 26.95 23.7 25
Extended flow test 26.22 11.65 15

With the data in Table 1, it is drawn that the de—
liverability curve of the previously deliverability equa—
tion which considers the additional pressure drop as a

constant and the newly established deliverability equa—

tion (Fig.3).
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Fig.3 Comparison between the two deliverability curves

It is obvious that the deliverability curve of previ—
ous deliverability equation have the problem of negative
slope, while the result of new deliverability equation is
appropriate, and the deliverability equation is;

[ p. =0.151)7 = p,, +0.151)" =33.2564.. +0.166 14,

The open-low potential is gaor = 21. 865 X
10" m".
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6 Conclusions

1) The present deliverability equation considers
the additional pressure drop caused by threshold pres—
sure a constant, and this kind of deliverability equation
could decrease the slope of deliverability curve, even
to be negative.

2) Threshold pressure is introduced into the non-—



Darcy flow differential equation. A new deliverability
equation is obtained through approximately solving the
definite integral of additional pressure drop, in which
the additional pressure drop is a function of the test
flow rate.

3) Through the application, the deliverability
curve of present equation get negative slope problem,
while the result of new equation is rational. Therefore,
the new deliverability equation is more adaptable to the
deliverability evaluation of low permeability gas reser—

VOITS.
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