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ABSTRACT monitored continuously during a test. The system

An analysis was done on the transmission of a
pressure signal through a small diameter (= 0.14 cm)
fluid transmission line. The effects of the viscosity
and compressibility of the £1uid. of the tubing size,
and of the temperature changes uith tine were investi-
gated. Both an oil and & nitrogen filled tube were
considered. For s small disturbance, say 1% of the
bulk modulus, the propagation of the pressure signal
vwas characterized by a diffusion equation with a source
ternm.
become significant and the signal propagation must. be :
described by a wave equation with damping. .
son was done between .the theoretical medel and experi~:
mental results with excellent agreement. - An oil- fil=-
led tubing could be described by the small disturbance
equation. The pressure respouse of & mitrogen filled
tubing was modelled with the large disturbance equa-
tion.

hole pressure using & uininizstioo technique.,
INTRODUCTION . .. & .« .~ o . . oo -
o HEII testing 1n 'y geothernal tield requires 1n-
strumentation that can withstand high temperatures. and.
high salinity. The existing instrumentation which
could be used {such as the Kuster pressure tool), has
an .accuracy and resolution less than desired, does not
have the capability to record pressures for extended
periods of time at high temperatures (usually around

12 hours), and does not ‘allow pressure monitoring at

the éurface during the test. One method of measuring

the downhole pressure’ that has eliminated some of the ;L
above problems is to use a fluid filled transmission

line as suggested by Fournierl. 'The wethod utilizes )
] fluid filled capillnry tube that is attached to a .

pmeter chamber downhole (see Fig. 1). The downhole’
chanber nininizes changes in the hrine[fluid interface
position during & drawdown or buildup test.
sure transducer is not subject to the harsh environ-.
ment of the well, snd the dounhole pressure can be i

References and illustrations at end of paper.

-For large disturbances, compressibility effects -
.} will srrive as a different wave form at the other end

A compari-"

It is also shown that for the former case, the - :
wellhead data can be inverted to give the actual down-

The pres- J

requires a fluid (either gas or liquid) that will not
undergo a phase transition at the pressures and temp-
eratures of interest, and tubing small enough in dia-
meter so it can be easily lowered downhole. However,
any fluid transmission line will distort and delay
the downhole pressure signal. ' The amount of distor-

| tion depends on' the ‘compressibility and the viscosity

of the fluid and the signal shape itself. High fre-

quency signals are attenuated more and have 8 greater
phase lag than lower frequencies. A signal wave form
generated at one end of a fluid filled capillary tube

Also, any temperature changes in time along the tube,
create additional pressure pulses which further dis-
tort. the downhole signal. To interpret the data
correctly these effects must be understocd. In some
cases, it is possible to invert the measured signal
and obtain the actual downhole pressure changes as a
function of time. ...

The attenuation of a transmitted signal by a
fluid transmission line has been considered previous-
1ly. Iberall looked at the distortion of oscillating
pressure signals in instrument 1ines while other
suthors3 .dealt with the response of a general
pressure transient’ signal. Unfortunstely. they ‘have
dealt. only with small _ disturbances and have not in-
cluded outside temperature changes. - A small distur-
bance is approximated as a pressure change less than

1% of the bulk modulus, AP < 1% p(3P/3p)y, assuring

that chsnges in p are small. When & 1liquid .is used

as the fluid, pressure chsnges as large as 15MPa -
vill qualify.as a small disturbance. because the bulk
todulus is so large. On the other hand, when gas is
used, the pressure change must usually be less than 12

| of the pressure to be considered a small disturbance.
.. .} when the pressure in the tubing is about 15MPa, &
pressure transducer at wellhead and to a larger dis-, o

pressure change greater than 0.15MPa must be analyzed
a&s a large disturbance. Because the gas requires &
more detailed solution, one might think it would be
easier to just use a liquid such as oil in the tube.
However, any temperature changes in time along the
tubing produce pressure pulses. More distortion
arises with the liquid filled line than the gas filled
tubing because the liquid is less compressible. Both
of the fluid-types:have drawbacks and for a complete
snalysis of the ‘system, both of these problems must

be considered,

DISTRIBUTION OF THIS DOCUMENT ‘lS UNLIMITED



2 . DOWNHOLE PRESSURE CHANGES MEASURED WITH A FLUID FILLED CAPILLARY TUBE

To make better use of the measured dats, it is
of interest to also solve the inverse problem, i.e.,
given the measured pressure signal, how does one ob-
tain the actual downhole signal. This paper reviews
the equations that describe the propagation of a small
and of a large disturbance including transient temp-
erature effects. The equations have been solved
numerically, and the solutions have been compared
with experimental values. The effect of the fluid
type, the tubing diameter, and the tubing length
have also been considered. A least squares minimi-
zing technique reported in the heat transfer litera-
ture has been used to invert the data for the small
disturbance case. In general, excellent agreement is
obtained between the numerical and experimental re-
sults. Except for cases with highly distorted and
delayed signals where damped oscillations occur, good
results were obtained for the inverse problem. A
unique solution for inverting data in the large dis-
turbance case has not been determined to date.

DEFINING EQUATIONS

One dimensional transient flow is assumed. The
equations used to describe the flow are:

continuity, ‘gs +-g-x- (pu) = 0 1)

and momentum,

B oy o 2y . 3P 1o

The capillary tube 1s so small in relation to the well
itself, it is assumed that the temperature of the
tubing instrument will be at the same temperature as
the brine surrounding it. In most cases every time

‘] there is a flow rate change in the wellbore, the tem-
perature at any point in the well will increase or de-
crease imposing a temperature change along the imstru-
ment. It is assumed that there is some knowledge of
this temperature change with time, either through mea-
surement or by the modelling of the well flow. An
equation of state, relating the density to pressure
and temperature, completes the set of equatiomns.

. In the momentum equation, the viscous term has
been expressed as a friction factor times 1/2 pu"/D.
For laminar flow, f = 64/Re, where Re is the Reynolds
number and is equal to puD/p. For turbulent flow in
a smooth tube, the friction factor has been expressed
as 0.18 Re‘o'2 which 1s valid over the range of 1760
< Re < 107, Below Re = 1760, the flow is laminar.

The tubing length is L with the downhole chamber
being at x = 0 while the pressure gauge is at x = L.

Initially, the fluid is quiescent, u(x,t = 0) = 0,
and only a static profile exists in the tube,

x
Po(x) - - / pogdx + Pr' The boundary conditions are:
¢

u(L,t > 0) = 0
vP(O,t > 0) or P(L,t > 0) 18 known,
and T(x,t > 0) 1is known. v
It 18 also assumed that the brine/fluid interface in

the larger chamber downhole does not change signifi-
cantly because of the large difference in diameter be-

tveen the capillary tube and the chamber. When fluid
exits or enters the capillary tube, there will be only
a small change in the interface insuring that the pres-
sure is being calculated at the same point.

The equations can be simplified and solved.
First the solution for the small disturbance will be
considered and then .the method for a large disturbance
will be presented.

SMALL DISTURBANCE

For a small disturbance, the fluid velocity as
well as changes in the fluid density are small. Equa-
tion 1 reduces to

1 u
-—an . A
o ot T ax 3)

Because the fluid velo&ity is small, lamingr flow is
asgumed so that 1/2f,u”/D reduces to (8u/R“)u. To
solve both Equations 2 and 3, the derivative of Eq. 2
is taken with respect to x and 3u/3x is replaced

using Eq. 3. The equation of state, dp =pB dT + pcth
18 used to relate the density changes to those of
pgessune and temperature. If second order terms as

9 p/ot” are ignored, the resultant equation obtained
is :

azp Rz a_zP 8 or Rzg 3

D — ——

_2'- 2" (b)
x 8uc x C 3t &, 3x

t

The first term on the r.h.s. is just the diffu-
sion of a pressure pulse down the tube. The second
term is the pressure pulse generated by a tempera-
ture change in time, and the last term is due to
changes in thi balance of gravity which is usually
smalle For R°/8yc, = constant, one has a linear
diffusion equation with a source term. This equation
will be used to analyze a liquid filled transmission
line.

LARGE DISTURBANCE

For a gas filled transmission line, u and Ap are
no longer necessarily small and cannot be neglected.
The solution procedure is to combine the continuity
equation and the momentum equation as in the small dis+
turbance case. The term 32p/3t2 cannot be neglected,
resulting in a wave like equation with damping:

2 2 2
¥ 3 . £
- =3 (puz) + —3 +g + 3 [___pu (5)
ot x x x 9x| 2D

The density changes are again written as a function
of pressure and temperature using the equation of
state. Laminar flow cannot be assumed. The appro-
priate expression must be used for f depending on
whether the flow is turbulent or laminar. More de-
tails of the derivation of these equations is given
in Reference 7.

The equations were solved numerically. The solu=
tion procedure is given in Reference 8. Experimental
tests were set up to determine if the equations (4
and 5) could be used to model the fluid transmission
line. In one case, 10cs o0il was used as the fluid
and in the second case, nitrogen was used. The experid
ment was to measure the arriving pressure signal for
a step change in pressure at the other end. The capil-
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“lthe nitrogen filled tube.

f One can see -that -there is .excellent agreement.
‘|one-case with an oil filled tube, the initial pressure

.jwas 7.5MPa and a step change of 3.4MPa was i{mposed. :
}1a the second case, the initial pressure of the mitro- !
‘lgen was 4.(IPa and a pressure change of 3.24Ps was . !
‘]4oposed.
jused to model the nitrogen case, the calculated re-
-Isponse would have been too quick..
.Jexperiment snd the calculations are given in Refer-
‘|ence 7.

| steMAL RESPONSE : R

lary tubing vas 2400 w in 1ength and had an ipner -
dismeter of 0.0014 m. “The pressure was recorded at
both ends, one with a Hewlett Packard gage and the
second with a Sperry Sun gage. Eq. 4 was used to

son-between the experiment .and -the theoretical model.

If ‘the small disturbance equation had been

.More details of the

i ;Pdo“mlu’i-‘ [

|was used. -
‘112l pressure,:the second term simulates a drop in -

{pressure due to wellbore storage, ‘and the third term -
‘laproximates-the straight line-semilog:plot that .re- "=

Giveu that either equacion 4 or. 5 could be used
to nodel & fluid transmission line, one can use these
equations to determine the response of the instrument
in different circunstances... First, in a self-flowing

‘111quid f£1illed well, the wellhead pressure measurement
.{4tself would probably give a better estimate of the
‘1downhole signal than the £luid transmission line....

well 1itself 1s acting as a transmission: line and the

{£rictional losses in the well.would be far less than

in the .capillary tube. The liquid filled well can be
modelled just as .easily. as the fluid filled capillary.
tube. - However, in pany geothermal wells, the brine at
the wellhead is usually. flashed.: Wellhead pressure.
measurements in this case are difficult to analyze,

| requiring modelling of the two ‘phase flow conditions in
‘| the well.
‘jfriction factors and slip phencmena.
.]are not well known. :
‘|£411led capillary tube canlbe modelled more eccurately

Such & model depends on a.knowledge of
These effecta
For this situation, the.fluid -

than the ‘well flow itself. - However, to invert the - :-
measured pressure.signal and.to obtain the actual .-
downhole pressure, it is best to use a fluid:trans-..
mission line that distorts the signal the least amount.

{1To understand the effect of fluid, temperature, ptee-
‘|sure and tube size on the measured signal,-it is..
:|necessary- to look at the effect of the eystem on e
, typicel signal-,, Tt [RIT ; J”«‘g

To eimulete a typicel drewdown cutve. the equa-~y,

;tion«_ P sy U e sgall

10l 1;3; x}.o?‘;‘_f-j"vl_.'zjij!oﬁ a- eff{ ’) :
t410 '
I )

e

The firnt term in the equation il the init-

sults at later times and §s indicative of the reser~- -
voir itself.

Figure 3 illuattetes both the above equation Gl

‘Jwhich simulates the pressure at the well bottom and
I the response that would be measured at -the surface

using ‘the capillary tubing with different fluids. .For
these calculations, it was assumed that the tempera=--
ture of the instrument did not change in time and that

‘| the digmeter of the tubing was.0.0014 m. ..

‘|model “the ofl filled tube, and Eqs 5 was used to model
Figure 2 shows the compari-

In the '

The |

“A very small wellbore stordge ‘constant -’
|was approximated because rapid changes: in-pressure -are
: distorted significantly by the pressure eensing eyseem.

(The former .

-ptessure would coincide. !

{ 18 needed at wellhead for installing the tubing.

assumption is not really eppropriete in'a geothetmal
well but 1s of interest to first investigate the iso-
thermal response and then consider the effect of tem-
perature -and of tubing size.). Curve (b) gives the
response ‘for 10 cs silicone oil at 1809C." There is

& ‘'small ‘delay before any signal is measured at well-
head. ' The measured curve coincides with the ‘sinula- '
ted drawdown curve after approximately ‘7 minutes. Z'A
Curve (c) plots the response using nitrogen in the
tube and curve (d) shows the response for -the 10 cs
oil ‘at '219C. ‘This last case 1s very slow, taking - 7
‘at least 30 minutes before the wellhead and downhdle
‘The large change in response
between curve (b) and curve (d) is because of the o
large increase in viscosity of the ‘0il when the tenp-
erature decreases. For ‘the o1l ‘filled tubing, 3
the response is controlled by the diffusivity, R /8uct.
As the viscoaity increases, the damping effect is -
increased because the diffusion coefficlent gets
smaller. From the figure, it is evident that ‘the oil
filled tubing should not be used at low temperatures
unless the tubing radius is increased substantially.
However, as the tubing radius increases, the tubing
cannot be handled very easily and an elaborate system '
For
the oil filled tube and for the constant -temperature
in time case, an estimate of the time required for

the measured signal at wellhead to reglect a8 given
downhgle pressure. drop is when t> 5L lkk where

k bd R lSuct. : :

Hhen nitrogen is used as the pressure eensing
medium. the propagation of a pressure signal is also - '
very. dependent on:the .compressibility of the fluid.
Although: the viscosity becomes very small, the com~
pressibility increases. Also, the wave nature of the -
flow is important and is dependent on the compress=-
ibility. The compressibility, though, is inversely .
proportional to the pressure.- As the pressure de- :
creases, the response of the instrument also decteases.
For'a given length.of tubing, it is best to measure
the pressure drop in the well, where the pressure is -
highest,: because the time for the disturbance to
through the fixed length of tubing will be less.

In Figure 3, .the pressure level in the tubing was
relatively high, so.that: the response was almost as
£es: as the case using oil et high tempetatutes.

With thie measuring insttument, the very early
time data of:either .the pressure drawdown or buildup
curve -is ‘due to: the measuring instrumeantation and not
the well itself. Figure 4 plots the signals obtained -
in the isothermal ‘case with:a high temperature oil . -
filled tube. Curves 1 and 2 show-the simulated draw-.
down curves, one with an early time drop of -

-180 (1 - =t/ 8 and -the second with a change of

~180 (1 - e~t/5 The pressure signals that would

be measured at the other end are given by 1’ and 2° ;
respectively. One might try to take the response  .:°

.curve 1’ and analyze it as a wellbore storage curve, -

Actually, the slope of -the curve is not one to one on '
the log-log scale as one might expect. ..However, it
can be shown9 that in a geothermal well, one should
not expect a one-to-one plot of early time data anyway,
because the .reservoir can respond quickly ‘and the time:
for a.disturbance to propagate .down the well -is impor-:
tant.. But although there 1s .almost an order of magni-
tude difference in the rate of the initial pressure . .
drop between curves 1 and 2, the difference between . .
curves 1’and 2° 1s much smaller. The next section
shows how the wellhead measurement can be inverted

to obtain the downhole signal even in this situation.
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--From' the initial cooparison it seemed as 1if the
high temperature oil gave the best response. = However,
the response was calculated with no change of tempera-
ture with time along the tubing. As stated, this
assumption 18 .not realistic in a geothermal field.
Because the oil is almost incompressible, any increa-
ses in temperature at a point are manifested as large
increases in pressure. The pressure signal generated
is (B/cy)aT/3t. This situation means that even
though the downhole pressure is dropping at one end, -
the measured surface signal may actually increase in
early times. This case has been observed in field
data.l0 To alleviate this problen, the well is floved
until the change in temperature with time is less than
say, 19C over 1 hour. Then, the flow rate is changed.

Even in these circumstances, small temperature changes -

still take place in the well because of changes in

the heat loss out of the well and because of changes
in the flash point level. To investigate this temp-
erature effect, a change in temperature in the well
vas approximated as

- 13x

e—:/lso
2400

. 3x
'r(x.:) = 2400 + 181

‘1At time t = 0, the temperature profile along the well~-
| bore 1s (181 = 0.0054x)°C. The temperature at well-
After the flow rate change, the
temperature at wellhead is 168°C. The average temp~ -
erature change over the length of the well is only
1.5°C. This small change will produce & large change
in the measured surface pressures using a capillary
tube system. Figure 5 is a2 plot of the pressure re- -
sponse when the wellbore temperature changes in time.
Curve (a) is again the simulated drawdown, curve (b)
is the responmse for the 10 cs oll at 180°C, and curve
(c) is the response for the oil when the temperature
changes according to the above equation. The pressure
response incresses and then slowly decreases. For.
this relatively small AT change in time, the measured
signal now takes almost 10~15 minutes to approach the
sinulated drawdown curve instead of just 5-7 minutes.
Moreover, there is initially a pressure increase when
the actual downhole pressure is decreasing. When

| nitrogen is used with this small temperature change,

‘I the response is almost identical to curve (c) assuming
‘| an average pressure of15MPa in the:tube. For the iso-
‘| thermal case, the oil responds faster than the nitro-
|lgen. However, when there is a small temperature
change with time, a much larger pulse is imposed on

| the o1l filled tube than with the nitrogen filled

| tube for the same 3T/3t. The time for the signal to
spproximate the downh: le pressure will be about the
same for the oil or nitrogen filled transmission
‘111ine in this case. For a larger 3T/3t, the oil

| response will become more distorted than the nitrogen.

. " 'Because the small tubing diameter has such a
large effect..on the signal, the pressure response was
analyzed for different sizes. Figure 6 plots the pres-

|sure response for the nitrogen filled tube with an
average temperature change of 1.5 C and for three dif-
ferent reasonably sized capillary tubes: 0.27 cnm,

0.14 cm, and 0.066 cm in inner diameter. One sees
Jthat the smallest sized tubing produced a very large
distortion even in the nitrogen case. The larger
sized tubing produced much better results; i.e., the
response time was only about 4 minutes instead of
about 10 mdnuges even with the: average temperature
change of 1.5°C.

Looking at the tubing response it would seem -.. ..
that when choosing & fluid pressure transmission
systen the following recomendations can be made to,
pinimize the amount of signal distortion:

(1) capillary tubing of 0.066 c¢m is too small
to be used at all;

(2) if the temperature is high (say 180°C) and
the change of temperature with time is negligible,
10 c¢s silicone oil gives less distoration than
nitrogen; .

(3) 1f the temperature is low or changes in‘tine,
and 1if the average pressure in the tube is high, .
(say 15MPa) nitrogen is the best fluid; and

{4) at low temperatures and low pressures. the
systen shouldn’t be used. -

INVERSION OF WELLHEAD DATA

- tions are available for the linear case.

Before choosing the most approptiate fluid trans~
mission system, it ir impoitant to determine if the
wellhead data can be corrected, i.e., given the mea~
sured pressure response, can one invert this profile’
to obtain the pressure signal that ‘caused it. This: ’
case is usually referred to as the "inversion problem.”
A unique solution is not necessarily always possible.
At present, it has been possible to get reasonable
solutions to this inversion problem for the "small"
disturbance equation. ' The oil filled tubing data: ‘can
be inverted in most cases. -However, the inversion
for the nitrogen filled tube and resultant "large"
disturbances has not yet been determined. ' The reason
for this difficulty will be evident below. o

The small disturbance equation is really just a
diffusion equation with & source term. This same
type of -equation is important in heat conduction pro-
blems. The solution to the inverse heat conduction
problem has been considered previously. Exact solu=-

" - However,
the exact solution requires a continuous pressure mea-
surement in time. The inverse solution is a conver-
gent series dependent on derivatives of pressure with
time. The more distorted the signal is, the more ’
higher order derivatives are needed. Accurate mea=-
surement of these derivatives may not be available
from point measurements. Another method of inverting
the data is the nonlinear estimation technique used

by Beckl2. The method is to minimize the difference
between the calculated response of the system for a
given value of P or 3P/3x at the bottom of the well
and the measured response over- some time interval.

The wminimization is done with respect to the boundary
condition that is guessed, i.e., P or 3P/3x. .
Because there is a delay in-time before.changes down-
hole can be measured at wellhead, the minimization is
done over & number of "future times." The number of
future tines depends on just how.long: the :delay. is. - If
a signal takes 10 sec to produce -a measurable value at
wellhead, then the minimizatl:n to obtain the boundary
condition downhole at time t must be over the inter-
val tf to ¢%t] + 10 sec. If the signal takes longer td
arrive at wellhead, the minimization must be over more
future times. A detailed description of the method. 1is
available ‘in either Reference 12 or 13, but because theg
wethod is of particular interest. a very brief desctip-
tion £ollows. o .

Define q as 3P/ax. Now give% P at. wellhead. one
must determine q downhole:  Say g~ (% denotes the time
level) is known. . Then how 1is q2+1 determined? The-
idea 18 to guess qz+1tand denote ‘the guess as qm*l‘vith
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; [m indicating the {teration’ lixel. Haually it 1is as-

l for: q L+l is just q + aq N where B »."'f’. i

i,The ¢g are the sensitivity coefficients, iie.,:1f q

: measurements. -The comparison of the- 1nver:ed lolutions

{ | signal took about 8 sec to arrive at ‘wellhead, the
~jminimization was over 8 sec of future time. ‘One can

- |was 40,000 nl/sec, but the simulated drawdown curve
" |was Eq. 6 with the term e

‘{used to calculate the "measured" values. These values |
“|vere then inverted to obtain the origimal disturbance.v

; values and compare the calculated tesults vith the
" {measured valuese

i vith e=t/50 instead of e~t/5,

“vlonget. The oscillations are larger but they are

 [vhere the actual pressure signal that caused the mea-

sumed that as . a £1 t guess q la qQ*e: Ihe next: xuessv

e - SRR SUSNCES
- ; | A 4'-1' iR B U B SRR
Z [ ¢ Pnr.\'.]‘oin.‘: B

is changed, how much do the calculated values change.
The sum 1is done from 1 = 1 to r where r gives the
oumber of future times. ' The ‘small disturbance ‘equa~-
tion can be solved numerically given the value of q.

“The method was used-to invert the simulated draw- .
down data.’ It wvas slso used ‘for some experimental

and the exact solutions sre given in Figures 7-9.

“1n Figure (7a), the’ 1nvetsion method vus -perfor= .
ned for a diffusion coefficient of 40,000 m /sec.
corresponding to 10 cs o1l at 180°C in & tube of
radius 0.14 eme First, the measured data was obtained '
by 7sing the sinulated drawdown curve Equation 6 with

S replaced by e~t/30, 'Then, the “"measured" data
vas ‘iaverted using the minimization technique to
obtain the expected drawdown curve. Because the

see that there is excellent agreement. However, &s

the inversion method is used on more end more: distor=
ted curves, oscillations appear. This _problem. is evi-
dent in Figure (7b). 'Again, the 'diffusion’coefficient

which Creates a steeper
initial drop in the pressnre. “The simulated cutve was :

However, oscillations start to appear because the mes-
sured values have a Iimited accuracys - The more accu-
tate the values are, the smaller the oscillatfons will '
appear.  Nevertheless, the oscillations are symmetric
about the actual solution and realizing this result,
the actual solution could probably be obtained within
reasonable accuracy. First one inverts the measured
data and gets the best results as possible. Then,
knowing that the actual solution is not oscillatory,
one obtains the actual solution by assuming the
oscillations are symmetric about it. Using this
assumed solution, one can recalculate the expected

Figure 8 1llustrates an even more damped and
distorted case. In this figure, the diffusion coeffi-
cient used was 6000 ml/sec (20°C oil), and the simu-
lated curve to generate the data was Equation 6 but
The minimization now
had to be over 40 sec because the delay was so much

symmetric about the actual drawdown signal and do damp
outs Again when inverting, one can estimate the solu-
tion as just the average of the cscillgtions. Then
this “guess" can be checked.

The only experimental data that was available

‘the pressure ‘signal was ‘measured at the other end.

“reaults are. possihle. b '“.['A

CONCLUSIONS

,pressure change until. t > t* where t* = 512 [4k and

‘a couple of minutes.

sured values was known, was for the case vhere ‘a step
function wvas. imposed at one end of the tube and then °

The measurements were obtained at 20°C with 10 ¢s oil’
in 4 tobing 2400 meters in length. - This situation is-
probably one of “the:"worst cases". - Figure 9 shows - '
vhat 1s‘calculateéd when trying to invert the date.—
Experimental values were taken only every minute.’ -

When inverting the data, very large oscillations’ are .
obtained, but one can see they are almost symmetric
about the actual disturbante signal. “ The actual -
signal-vas a step jump 'from 10.94Pa’'to 14MPa. ° The :
calculated signal is- just'damped oscillations about
the 14MPa line. Even in this vorst case,“ reasonable

50

The 1nvetsion of the nitrogen data is not quite :
as straight forward. ' The method used for the {nversion
of oil filled tubing has been to guess a solution and -
winimize the difference between the calculated and '
measured value. However, the large disturbance equa=
tion is highly non-linear. BecklZ stated his method
could be used for the non=-linear diffusion equatiom,
but all his examples were for linear problems.  When
the coefficlents are a function of time and position,
it 1s not obvious that this minimization’ ‘technique 1is
applicable. For two differerent guesses of the pres-
sure change downhole, one may calculate the same
pressure change at wellhead. A unique solution may
not exist. : -

For a gas filled tubing, the propagation of the
pressure signal is inversely proportional to the pres-
sures, As the pressure in the tubing decreases, the
signal propagation decreases. Say one guesses a pres-—
sure drop that is.larger than the actual change. Al-
though the change in pressure is too large, the propa-
tion of this signal is slower than for the actual sig-
nal because the pressure in the tubing is lower. The
calculated pressure change at wellhead for this guess
may be the same as caused by the actual downhole pres-
sure change. If one guesses a pressure drop too ]
small, the signal is transmitted faster than in the
actual case, and again the calculated response is
the same. The attempts at inverting the nitrogen
data have resulted in divergent solutiens.

A fluid transmission line can be used to measure
dowmhole pressure changes in a well with-time, but - -
the system does:distort the signrale. As the viscosity
and. the compressibility of the fluid increases, the . .
distortion and delay of the transmitted signal in- . -
creases with high frequencies being damped more than
low frequencies. For the case when the pressure
signal can be classified as a small disturbance, such
as when-oil is used as the transmitting fluid, the
measured signal will not-show the extent of a sharp

k = R4 lBuct. When the time changes of interest are
02 the same order of magnitude or smaller than this
t", such as in a two rate test, the amount of signal
distortion wmust -be considered. The time for the sig-
nal.-to propagate through the capillary tube will in-
crease for.any. transient . temperature effects along
the tubing, say even an average change of 1/2°C over
'Algo- the time delay will in-
crease 1f -the -pressure change of the fluid becomes too
large with respect to its bulk modulus. . i
The o1l filled tube system looks attractive be-
cause the measured data can be corrected easily to
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cbtain the actual downhole signal. However,-if the
temperature changes with time are not known, the in-
version cannot be done. For large temperature changes
with time wvhere the rate of change is unknom, the. '
nitrogen system may be better because it is less af-
fected by temperature. On the other hand, the syste-
matic -inversion of data obtained with the nitrogen
filled tube has not been determined. It is possible
to just guess the drawdown curve and calculate the
expected response. However, this method would be very
tedicus as there 1s no systematic way of guessing.
Also, in the nitrogen case, the response is very
dependent on the absolute pressure in the tube.

The device 13 a telatively simple way of continu~-
ously measuring downhole pressures. Nevertheless,
} there are problems and one should be aware of them be-
fore using or anelyz:l.ng eny data obtained with such a
eyatem.

NOMENCLATURE ,
Ce isothermal compressibility of fluid p=l(ap/aP)g
D - inner diameter of capillary tubing

£  friction factor ‘

g gravity

k  R2/8c,

L length of tubing

P pressure

initial pressure

P pressure change

R inner radius of capillary tubing
Reynolds number = pud/p

t time

T Temperature

u velocity of fluid

x  distance

B volumetric expaansivity, p~1(3p/3T)p
P density

absolute viscosity
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Figure 1. Schematic of downhole pressure measuring instrument
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Figure 4. Comparison of expected pressure signals
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Figure 5. 'Comparison of signals when transient
: temperature effects are important to
when they are not.
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Figure 6. Effect of different diameter tubing
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Figure 7b. Comparison of inverted signal (calculated using
measured signal) and actual downhole pressure
curve, k = 40,000 mz/sec.
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