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Abstract

Since Cullender and Smith surface pressures have been
used to calculate bottomhole pressures on shallivw,gas
wells. If the original Cullender and Smith equasoare
modified to account for produced liquids, the clatien may
be extended to gas/condensate wells that are gihglse in
the well bore. Single-phase liquid wells (wateeators and
oil wells above the bubble point) can also yieldwaate well
test results from the surface. Testing from th#ase reduces
the cost and eliminates the risk of running toai® iwell
bores. Surface testing also allows the testinghigh-
pressure/high-temperature wells that cannot bedesith a
downhole gauge because of harsh conditions. Thugsduce
the cost and risk (or when no other option is add), many
operators have chosen to run their pressure transists from
the surface on single-phase wells.

Recently, it has become possible to test most alyur
unloading gas/condensate and oil wells from thé&sar This
is due to advances in multi-phase wellbore modeétang
with improved pressure transducer quality. Of ¢helse most
important advances are the improvements in traresduc
manufacture and calibration that make it possibteafsurface
pressure gauge to be effectively isolated from amtband
wellbore thermal transients. Although the techgglexists to
get representative reservoir data from the surfaesting
procedures in multi-phase wells have to take immoant the
fluid’s behavior in the well bore. With this in nd, the
purpose of this paper is to propose guidelinesefsting multi-
phase wells from the surface. First, the genesshéwork of
the surface-to-bottomhole pressure calculation wile
presented. Next, multi-phase wells will be catéggt based

on the type of fluid and the behavior of the fllddth in the
reservoir and in the well bore. This categorizatigh be the
basis for both surface testing candidate selectard
recommended test procedures. Afterwards, welllphrase
and temperature modeling will be discussed. Next,
instrumentation requirements will be presentednally, field
data comparing calculated bottomhole pressures Borface
gauges to measured bottomhole pressures from ddevnho
gauges (and the subsequent analysis) will be pegdior
both a gas/condensate and an oil well.

These examples will be used to demonstrate thatder to
test a multi-phase well from the surface, a thelynal
compensated quartz pressure gauge must be used
conjunction with a properly designed and executedt t
procedure. An explanation will also be providedawhy the
best test that can be performed on a well to determskin,
permeability and the size of a reservoir is_a cmsthoke
drawdown

Wellhead to Bottomhole Pressure Calculations

In order to calculate the bottomhole pressure frim
wellhead pressure, the following equation is us@dote that
kinetic energy is considered negligible and isinoluded.)

BHP = WHP +APsiction + APgravity

For a well that is shut-in, or for a low rate seglhase liquid
well, this reduces to:

BHP = WHP +APyaity

While these equations are relatively simple forglrphase
fluids, they become quite complex when other phames
introduced. In fact these complexities make it @8tn
impossible to get analyzable build-up data fromghdace on
oil wells that are below the bubble point in thesemvoir.
Producing wells may slug, have liquid hold-up, haae
standing liquid column, or behave in other fashitimst are
difficult, if not impossible, to model.
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Nonetheless, there are conditions of multi-phase fin the

well bore that can be modeled to get useful infaimmaabout ose0 -
the completion and the reservoir. These conditmerger on +  Dawdown
HH H . # Fit3: Log, Y=B*log(X)+A
the validity of three assumptions: e fiﬁ . cbinohe e aobi P
gﬁf ﬂég Yﬁ&,:.:;*{b @D Fit5: Log, Y=Blog(X)+A
T @D Fit6: Log, Y=Brlog(X)+A
< r *’jé v @ Fi 0g, Y=B*log(X)+
1) Constant total mass flow rate (dm/dt = 0) = w0 b T Lo EETest A
o
2) Constant component flow rate (ddi = 0) @
3) Effective fluid continuity from the well head toeth 3 9520
reservoir N A i o
I: Coef of determjnation, R-gquared + 0.0613743
: 9500 Fit4: Y =-17.1248 * log( )+_961 62
) o . g oot e, uared 034589
If these assumptions hold, then it is implied théseno =S VI W N A
accumulation of either a particular phase or a i@adr 3 oo oo, R faered 05653
component. Therefore, any fluid component thaementhe OO M o 1
well bore at the completion will necessarily leabe well oot Refauared 1 0TezseL
bore at the tree. Fluid continuity means that ¢hé&r a Rimoer of stk plis g < 288
. . . 9440 Coefufdelerunauon R-gguaved 0.212491
continuous connection of monophasic molecules fribm : A A ; T .
H = H H 100
surface to the completion, providing effective pige Test Time History (Hours)
communication from the surface gauge to the reservAs
long as fluid communication/continuity can be ebthed Figure 1: Churn Flow Data
between the surface and the completion, the relgiressure
change over time should be accurate. The mults@w

regimes under which these assumptions hold are: Seismic Blind Image

1) Mist Flow — liquid dispersed/gas continuous
2) Annular Mist Flow — liquid annulus/gas continuous
3) Bubble Flow — gas dispersed/liquid continuous

In addition to holding the three assumptions listdzbve,
these flow regimes have another thing in commoch eaodel
has a single continuous phase. Therefore, whileentivan
one phase is present, the fluid can communicatespre from
the reservoir in the same fashion as a single-pthaise

There are some special cases of dispersed mukepfiaw
where, even though the above assumptions do nal hol
exactly, useful surface data/BHP conversions may be
obtained. These flow regimes are called ChurnrothtH-low.
In these regimes, the phases are constantly intergnand
can establish temporary fluid communication in el bore.
This roiling of fluids may make the data noisy, fewer valid

data may still be gathered. Figure 1 shows coadert \8
bottomhole pressure on a gas well that was in thencflow
regime. The reservoir limits map derived from thista is =

presented in Figure 2. Note that although the deats noisy,
the “Blind Image® independently matched the two faults and
two water contacts in the geophysical image. Tha&ullt is =
possible because permeability and distance to dimit e
calculations depend on the relative change in tressure
response. Least mean squares fits were takenginrthe
data, generating several straight-line segments.hesd@ Figure 2: Churn Flow Well
straight-line segments (colored segments in Figrevere Geologic vs. Well Test Reservoir Map
then used to produce the “Blind Image”.
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Categorizing Gas/Condensate & Oil Wells

The phase composition of a fluid at separator ockstank
conditions is not the same as its phase compositiothe

reservoir or in the well bore. Just because a mealkes 300
STB/MMscf of oil at the separator does not mean there is
300 bbl/MMscf of liquid in the well bore. In fadhe fluid in

the well bore may even be single-phase. Hencdptlmving

well categories are based on the phase behavitrids in the
reservoir and the well bore:

Category 1: Single-phase in the reservoir antiénvtell bore

Category 2: Single-phase in the reservoir, butirpliase in
the well bore

Category 3: Multi-phase in the reservoir and inwiedl bore

It is useful to associate a well category with dmatinuous
phase in the reservoir, i.e. Category 2 oil. E tontinuous
phase is liquid, it's an oil well; if the continusyhase is gas,
it's a gas well. It should be noted that the cmmius phase
can change over the course of the life of a reservoln
addition, a gas well that produces significant wafel0
bbl/MMscf) should be classified as a Category 3. gAsgas
well with a yield less than 10 bbl/MMcf should bensidered
a Category 1.

Candidate Selection and Testing Options

For Category 1 oil and Category 1 and 2 gas walty, well
that unloads naturally may be tested from the setfa
However, if the gas rate is not above the critigaloading
velocity of the well bore, the surface data is Ijkéo be
invalid. A Dukler chaf®, shown in Figure 12 in Appendix A,
or the critical unloading calculations in a nodalalysis
package may be used to ensure that a gas welb&vidl good
surface testing candidate. For these categoriss, tést
procedure is not strict; any type of test may be (wild-up,
drawdown, multi-rate, etc).

Category 2 oil wells must flow at conditions thabl
segregated multi-phase flow. Thus, it is necestacalculate
the superficial velocities of the phases and datewhere
the fluid lies on a Taitel-DukIé&? flow pattern map (shown in
Figure 3 for a gas/condensate mixture).

If the fluid falls in either the annular (V) or bhile flow (I and
I) regions, it is a good candidate. If the fldadls in the
churn flow region (IV) it is a probable candidasdtifough the
data will likely be quite noisy). If the fluid fislin the slug
flow region (111), it will be difficult to test ifrom the surface.
It should be noted that there are multiple flowtgat maps,
depending on the temperature, pressure and congpesdf
fluids. Figure 3 presents the flow pattern mapnmderately
pressured natural gas and condensate. Differ@ntgattern
maps must be used for different compositions gias/water.
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Figure 3 — Taitel-Dukler Flow Pattern Map for
Gas/Condensate Systems

Testing procedures for Category 2 oil wells arghtly more
limited than single-phase cases because they qarierce
significant phase redistribution during shut-ifiis, in turn,
may obscure the true response of the reservoikveier, this
does not absolutely preclude getting valid builddaja.
Nonetheless, in Category 2 oil wells, a constaiteh
drawdown following the build-up greatly increasks t
chances of getting reliable results.

Category 3 gas wells face the same screeningiardsra
Category 2 gas well. However, the testing optiamgsmore
limited. When a Category 3 gas well is shut-iquid fallback
and re-injection will occur. This will mask theservoir
response until the liquid re-injects below the tdphe
completion, re-establishing pressure communicatiih the
reservoir and leaving single-phase gas in the berk. Re-
injection can be diagnosed by plotting the gaugssure on a
semi-log plot. As shown in Figure 4, the breakfduethe
pressure the number “3” marks the point where Maliidd-up
data beginé’

Unfortunately, if boundaries are encountered betloeeend of
the re-injection effect, they will be masked. TWi#l cause
the build-up analysis to be in error. To avoid thotential
problem, a constant-choke drawdown test should be
performed. It should be noted that prior to perfiolg the
drawdown, a Category 3 gas well must be shut-irefmugh
time to reach the end of re-injection. In thishias, the
reservoir pressure will be obtained from the buifg-while
skin, permeability and the distance to limits/watentacts
will be determined from the drawdown data.
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Re-Injection Example
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Figure 4 — Re-injection Process

Category 3 oil wells must meet the same screeniteyia as
Category 2 oil wells. Unfortunately, surface builds on
Category 3 oil wells are not possible, as a gasdliinterface
will exist between the measurement point and thepdetion.
However, if the bottomhole pressure is known, ar lsa
measured by running a dip-in with a downhole gatlgewell
can still be tested on a constant-choke drawdow/igrey as
the rate and GLR are relatively constant. In taghion, the
permeability and the distance to limits may be waled from
the data supplied from the surface gauge, while s&n be
determined by inputting the estimated or measuattbimhole
pressure.

An alternative to screening wells based on flowtgrat
mapping is to use rules of thumb based on fielceggpce. If
a gas well flows with a Reynolds number above 500,& is
a probable candidate for surface testing. |If theyri®lds
number is above 1,500,000, the well is an exceltandidate
for surface testing. For oil wells, if the Reymneldumber
exceeds 50,000, it is a probable candidate; if xiteeds
100,000, it is an excellent candidate. (Keep imdnithat
depending on the well category, build-ups may stdt be
possible). Examples of both the Taitel-Dukler Fl&attern
Map and Reynolds number screening methods arerpessia
the appendices. The addition of water complicabésgs.
However, as long as the Reynolds numbers excese trsted
above, the water will be lifted out of the well.

Dealing with Deviated Wells

It should be noted that the screening criteria gamegesd above
are intended for use on vertical wells. While désd wells
can still be tested from the surface, they willuieg a higher
flow rate than vertical wells to continuously urdoaithout
slugging. Most nodal packages have a method tuledé the
critical gas rate for deviated wells, but do notda means to
determine the requisite oil rate to avoid sluggiMith this in
mind, a method to approximate the rate to sweefs ¢d first

calculate the Reynolds number corresponding toctitecal
unloading velocity of gas for a particular tubuldbivide the
Reynolds number by 10 and calculate the rate ofegjlired
for that reduced Re. If the well's production rateeeds that
value, the well can be tested from the surface.

Wellbore Modeling

An effective surface-to-bottomhole pressure catita
routine must be able to perform calculations/8¥;,, and
APyraviry for each of the continuous or pseudo-continuomw fl
regimes: Single-Phase, Mist, Annular Mist, Bubi@aurn and
Froth. In addition, the bottomhole pressure calttoh routine
must account for changes in fluid properties asntbibore
temperature and pressure change with time. Initastmore
important to get these parametric changes rightesithey
affect the_relative pressure charayel therefore have a
significant impact on the test results.

During the course of a pressure transient testonlé-phase
well, the phase compositions and volume percentages
vary with pressure and temperature. In additibanges in
rate will affect the temperatures in the well basea function
of the heat loading on the well. This is most cedible during
well start-up and shut-in, where the wellhead tenajpees can
change as much as 250° F from flowing to shut-in

conditions® These temperature changes also affect the phase

behavior of the fluids. Thus, an accurate wellboasel
needs to account for the change in wellbore tenersover
time.

In Figure 5, the importance of accurate thermal efiod is
demonstrated. For this example, the wellhead testye
dropped from 165°F to 70°F during the course oftthiéd-up.
As the temperature in the well bore dropped, thesidye of the
wellbore fluids increased and the wellhead pressactually
dropped. If this is not accounted for in the bottmle
pressure calculation, well test results will be megless.

[Importance of Thermal Modelling]

4550

4500 L

4450

4400

Calculated BHP (Psia)

4350

Pressure Response to Themal Decay Effects
With VWellbore Themal Modelling
Without Wellbore Thermal Modelling
S i B e e s
12 16 20 24 28 32
Elapsed Time (Hours)

o 4 g

Figure 5 — Wellbore Thermal Modeling
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To determine the phase behavior of a fluid, a regretive
well/reservoir fluid sample must be obtained. Sqgobsatly,
PVT analysis must be performed to evaluate ther st
pressure at the reservoir temperature (important fo
categorization), as well as the phase compositosvolume
percentages of the liquid and vapor phases ascidarof
temperature and pressure. However, if the fluithposition
has changed since the time of the sampling, sofustatents
need to be made to the PVT parameters in ordeotiehthe
current behavior of the well. The first adjustmisnito
increase or decrease the methane or the heavy cemipplus
composition percentages (C7+, C20+, etc) to mapctvith
the current GOR. The other is to alter the effectholecular
weight of the heavy components to account for charig
density of the separator oil.

It is important to note that a wellbore model mayd a
significant error in the values calculated £y, yet still
provide useful well test results, as long as thaires
consistent. This can be seen in Figure 6, wh&@0gpsi
scalar offset has no bearing on the skin or peritigab
Scalar errors affect the absolute reservoir pressur
calculations and can affect skin (if tA®%;cion IS incorrect),
but do not affect permeability or distance to Isnit
calculations. This is because perm and radiuswestigation
are relative quantities, based on the change gbridsesure
response. Thus, if the wellbore model has minirekitive
error and can correct for changes in a fluid’s R)/@perties
as a function of temperature and pressure, valltitest

results may be obtained.
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s 54 54
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Figure 6 — Effect of Scalar Offset on Analysis

Instrumentation Requirements
When running a pressure transient test, it iscatitihat the
pressure gauge be accurate, high-resolution, reipleaand

thermally compensated. This is especially truefells in
moderate- and high-permeability reservoirs, whiee t
magnitude of the pressure change during the mid{ate-
time portions of the test is small. As shown iguUfe 7, the
use of a low-resolution gauge can make well tastjmetation
impossible. In this case, the low-resolution gaogn'’t even
tell that the pressure is dropping.

High vs. Low Resolution Gauge|
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Figure 7 — Importance of Resolution in Test Data

The use of low-quality pressure transducers canaifect
downhole gauge data, where poor thermal compemsitio
association with rate changes or Joule-Thompsohngpo
effects can cause an error in the pressure measuoterim
Figure 8, a silicon/sapphire downha@auge’s pressure
responds “bump for bump” to changes in temperataesjing
the operator to ask: Did this happen in the weljust the
gauge?
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Nevertheless, low quality mechanical strain, bonsteain,
and silicon/sapphire gauges can still play a nolevéll
management. Even low-resolution, low accuracy gaugay
be used to determine if a well is flowing, or tadk the
production trends of the flowing tubing pressureroa matter
of months. However, in pressure transient testimg,
objective is to accurately measure the pressure N\IGIR over
a relatively short period of time (hours or day$herefore, an
instrument whose pressure response is affecteaty b
pressure and temperature fluctuations will notdyiedlid
results unless the pressure change is significgnégiter than
the thermal response error and the gauge resolution

Thermal compensation is even more critical whensueag
the pressure at the surface, where the gauge jiscsedh to
daytime/nighttime temperature changes. Furthempticating
things are wellbore temperature transients thatrapany
well start-up, well shut-in and rate changes. Istrated in
Figure 9, an uncompensated pressure gauge respondsly
to its own temperature fluctuations, but also tiEAR change
in pressure caused by the change in the fluid teasia
function of temperature.

\Importance of a Temperature Compensated Surface Gauge|
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Figure 9

Consequently, any time a pressure gauge with peomal
compensation is used, the question remains: Digsspre
change occur in the well or is the gauge simplpoesing to
temperature fluctuations? Therefore, in ordereidgrm
surface pressure transient testing on moderatagto
permeability reservoirs, a thermally compensatettglgauge
must be used.

In addition to pressure measurement, it is alséulise
measure the flow rate during the course of a drawdest. If

possible, the well should be produced througheke t
separator for the duration of the test, where line fate
should be continuously monitored and recorded thi¢h
appropriate instrumentation (d/p cell, venturi megdc.).
This will provide verification that the rates an®8s are
relatively constant and provide a means to cheoitér
unexpected pressure changes are accompanied by rate
changes.

A Caveat on Constant-Choke Drawdown Testing

If the objective of a well test is to determine guetion or
reservoir properties (skin & perm) and/or the dis&ato
reservoir boundaries, a constant-choke drawdsihauld be
performed. This is especially the case for a nplise
reservoir, where choke changes are likely to sicgmiftly
change not only the phase behavior in the well botealso
the relative permeability in the completion andha
reservoir.

In order to run a constant-choke well test, thd meist start
from a shut-in condition. Wells can be tested wity are
first hooked up to sales or after downtime assediatith
facilities or pipeline maintenance.

Field Example 1 — Category 3 Gas

This well is a moderate depth, moderate temperatume
pressure North Sea gas/condensate. The reseoabiris an
upper Jurassic (Ula) sandstone with a water sauaraf 15%
and a porosity of 25%. The dew point of the resierfluids

at reservoir temperature is approximately 4,500 pAt the

time of the well test, the well was producing 4&,0dscf/D

and 2,060 bbl/D of condensate with a FTP of 2,76l pnd a
reservoir pressure of 3,850 psia.

The subject well was equipped with a dual quatterrhally
compensated surface gauge and a permanent dualz quar
downhole gauge, set at 8,600 feet TVD. The wels wa
Category 3 gas well at the time of the test, soididallback

and re-injection was expected during the build-up.
Fortunately, re-injection ended about one hour theoshut-in,
making it possible to use the build-up data to wale
completion and reservoir properties from both tlesvichole
gauge and surface data.

For the surface-to-bottomhole pressure conversion,
adjustments had to be made to the PVT data frog 1999

to account for the change in fluid composition & time of

the build-up. When the PVT fluid sample was acegiirthe
well was making 60 bbl/MMscf of condensate, butyodB
bbl/MMscf at the time of the build-up test in Novieen, 2000.
The C7+ mole percentage was adjusted to accounthfer
difference; the resulting fluid composition was diséo
perform a “blind” comparison with the downhole gaug
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After viewing the downhole gauge data, the C7+ mole
percentage was adjusted again to match the stagrdition

of the well. This “tuned” data was then comparedthe
downhole gauge data. It should be noted that eneell or
reservoir fluid has been tuned in this fashionshbuld be
possible to test other wells in the same reserusing the
fine-tuned PVT compositions. A plot of both thenéd and
“blind” data can be seen in Figure 10. Both thénty and
“tuned” BHP, as well as the downhole gauge dataewer
analyzed for skin, permeability and reservoir puness These
results are listed in Table 1.

[Calculated BHP vs. Weasured BHP)
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Figure 10 — Bomb/SPIDR Comparison

Analysis Comparison for Field Example 1

Bomb Blind Tuned
BHP @ 48 3,488 psia 3,509 psia 3,488 psia
MMcf/D
Shut-in BHP 3,597 psia 3,621 psia 3,598 psja
Permeability 58 md 47 md 56 md
Skin 11.7 9.2 11.9
APgn 70 psi 65 psi 70 psi
PI Efficiency 45% 51 % 45%
p* 3610 psia 3640 psia 3615 psisg

Table 1

This example demonstrates the effect of errorscéestsa with
inaccuracies in fluid composition. However, it@[soints out
that these errors do not affect the conclusions/drfrom the
well test. In all of these cases, the well hadeargability
between 45 and 60 millidarcies and a skin rangingf9-12,
corresponding to 65-70 psi pressure drop across
completion. Of course, it would be nice to hav@00% error,
but as engineers, it is often necessary to makeritte
decision without perfect data. In this case, rdlgms of
whether the surface gauge or the downhole gaugeused,
the calculated values of skin and perm are equivale

the

Field Example 2 — Category 2 QOil

This well is a deep, high pressure, high tempeeatGulf of
Mexico oil well. The reservoir rock is a Miocenanslstone
with a water saturation of 31% and a porosity 0%13The
saturation pressure at reservoir temperature isoappately
7450 psi. The flowing tubing pressure at the timhehe test
was 5,700 psi, while the reservoir pressure wadQlR psi.
The well was producing 5,900 Mcf/D of gas and 2,460D
of oil.

For this Category 2 oil well, data was gatheredabgual-
quartz thermally compensated surface gauge and aatzqu
downhole memory gauge. The well was shut-in faeeh
days, although surface data collection did not fbemitil two
days into the build-up. After the build-up, thellhweas placed
on a fixed choke and flowed for eight days. Fiegglinto the
drawdown, the downhole gauge failed. Thus, onlsfase
data was acquired during the final three days efditawdown.

There was no PVT data available for this well—ogjgs
gravity, condensate APl and an estimated saturgtiessure
at reservoir temperature. In order to model tHeabior of the
wellbore fluids, a recombination calculation wasfpened on
the separator gas and oil. This was done by ciogl the
molecular weight of the gas, estimating the molacweight
of the oil, and performing a mass balance to cateuthe
percentages of oil and gas required to match ties feom the
well. It was expected that this technique woulttoduce
some scalar error. However, since well testinguses on
relative pressure change, this was not considevetbet a
problem. The surface pressures were then conveded
downhole conditions “blind” and compared to the dbale

gauge, as shown in Figure 11.
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Figure 11 — Drawdown on Category 2 Oil Well
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As expected, there was a scalar offset betweemnldlte sets.
However, even though pressures were below the atator
point in the well bore, both the surface and doviargauge

pressures tracked each other

with a consistentetoffs

throughout most of the test (until the downhole ggatailed).
The only time the surface data did not track thevriwole
gauge data was when both the flow rate and gagllitio
were fluctuating after the well was placed on picitun.
Nonetheless, these errors did not significantlyectffthe
overall results of the test: low perm, high skin.

Both sets of data were then analyzed for skin, pamchinitial
pressure. The results are summarized in Table 2.

Analysis Comparison for Field Example 2

Calculated BHPs Measured BHPs

FBHP (psia) 9,520 9,378
SIBHP (psia) 12,365 12,258
Perm (md) 6.0 5.3

Skin 17.3 14.6

APgin (pSi) 2,000 1,900

PI Efficiency (%) 32 34

Table 2

Data from surface gauges resulted in similar cated
reservoir parameters such as skin and perm, asarenhfo

the downhole gauge data. The three days of additio
surface-measured drawdown pressures were used to
supplement and extend the reservoir limits tesivedrfrom

the downhole data. Surface gauges were chosena for
subsequent well test over downhole gauges becafise o
extreme BHT limitations and the satisfactory resd@ifom the
surface gauge data compared to downhole data imnitiel

test.

Conclusions

In order to test a multi-phase well from the suefathe wells
must be categorized, screened and tested propéeviylti-
phase wells should be screened based on a TaitédDilow
pattern map, although gas wells can also be salegsiag a
Dukler fluid-unloading chart. Once a well has been
categorized and screened, a test procedure thamings
operational and phase behavior complications shdugd
employed. A single-choke drawdown fits this dgstioh and,
for wells that are below the saturation point ie tieservoir,
may be the only way to acquire valid well test daknally,
since surface instrumentation is subject to fluttues in both
wellhead and ambient temperature, the only wagsvd well
(either at the surface or downhole) and be certhat a
pressure response really happened in the well is¢oca dual-
guartz, thermally compensated pressure gauge.
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Appendix A — Example of Candidate Selection for a as
well

Well Parameters:

Gas Rate — 7,000 Mscf/D

Oil Rate — 840 STB/D

Water Rate — 14 bbl/D

Reservoir Pressure (est.) = 8,900 psia
Flowing Tubing Pressure = 5,800 psia
Est. Flowing BHP = 7,000 psia

Dew Point = 7,800 psia

Tubing ID: 2.992”

BHT =330 F

Flowing WHT =180 F

Fluid Parameters

Y= 0.64

Oil API = 46°

Water s.g. = 1.02

By, @ 7,000 psia & 330 F = 0.67 RB/Mscf = 3.77 Rcf/Msc

Mg @ 7,000 psia & 330 F = 0.026 cp

It should be noted the formation volume factor arstosity
are calculated for a dry gas gravity of 0.64. Ehealculations
do not include the produced condensate.

Step 1: Categorization — The reservoir pressureesds the
dew point, but the FTP is below it. This is a Gary 2 gas.

Step 2: Screening — The well makes 120 bbl/MMcf of

condensate, so a Dukler Chart may be used to dieteiifrthe
well is unloading. However, for the sake of themise, the
flow pattern map and the Reynolds number methodisaisio
be shown.

Dukler Chart

o0 ] T — — T v:i»g
r—x T e A
o - 7 RN
= B 481 amaRmE i
W : A CT
Y " h74 manan

il = T

[ ottt 1]
oB e R
E | ; O
i v | [T 40
AL I =
SR i e R et
wof g L LA A | 0

} }asrw.nm.‘mmr.wr e flow ‘ l !\ ’ [ ‘

| g¢(mEn IR AR

fin mitigns)

Figure 12

2a: Dukler Chart — Starting with the WHP (5,800apsgoing
horizontally to the ID (2.992"), vertically to thequilibrium
line, then horizontally to the gas rate, the walkds to flow
above 5,500 Mscf/D in order to be a good surfacedickate.
Since it flows at 7,000 Mscf/D the well can be ¢glstrom the
surface.

2b: Flow Pattern Mapping — The oil and gas supiaitfic
velocities must first be calculated. These velesiwill then
be plotted on the flow regime map. Assume a woase
scenario that all of the separator liquid is ailigin the well
bore.

Us = oil rate/area = A
_ 840bbl /d * 5.615 ft* / bbl * (1d /86,400sec)

/4% (2.992in)2* (L/144ft?/in?)
=112ft/s=034m/s

Ugs= gas rate @ flowing bottomhole conditions/areg* 8 gA

_ 7,000Mscf/D* 377res ft*/ Mscf*1d /86,400sec
/4% (2.992n)? * (1/144ft? [in?)
= 626ft/s=19Im/s

As shown in Figure 13, plotting these points on Trtel-
Dukler Flow Regime Map indicates that the well is the
annular region, making the well an excellent caatfidfor
surface testing.

T T T
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P }
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| ) —4oo-
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Figure 13 —Flow Pattern Map for Appendix A Well
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Step 2c¢: Reynolds humber method — The Reynolds auwib
the gas is calculated then compared to see if deeds
500,000 and/or 1,500,000.

_20.09* q(Mscf /d)* y,
D(in)* 1, (cp)

=1.16x10°

In this case, the Reynolds number falls betweenG@@0and
1,500,000, meaning this well is probably a gooddadate for
surface testing.

All of these methods indicate that the well cantdsted from
the surface. In addition, since the well is a Gatg 2 gas,
there are no restrictions on the types of test$ tiam be
performed on the well.

Appendix B - Example of Candidate Selection for arOil
Well

Well Parameters:

Gas Rate — 5,000 Mscf/D

Oil Rate — 12,000 bbl/D

Water Rate—1,000 bbl/D

Reservoir Pressure (est.) = 6,800 psia
Flowing Tubing Pressure = 2,800 psia
Est. Flowing BHP = 6,000 psia
Bubble Point = 5,900 psia

Tubing ID: 2.992”

BHT =230 F

Flowing WHT =170 F

Fluid Parameters

Yy = 0.68

Oil AP| = 38°

Water s.g. = 1.08

By @ 6,000 psia & 230 F = 0.63 RB/Mscf = 3.53 Rcf/Msc
Hg @ 6,000 psia & 230 F = 0.025 cp

K @ 6,000 psia & 230 F=1.2 cp

P, @ 6,000 psia & 230 F = 54,J4t°

Step 1: Categorization — The reservoir pressureeds the
bubble point, but the flowing tubing pressures betow it.
This is a Category 2 oil well.

Step 2a: Flow Pattern Mapping — The oil and gaedigial
velocities must first be calculated. These velesitare then
plotted on the flow regime map.

us = oil rate/area = A

_ 1200bl/ d* 5615/t / bbl* (1d /86400sec)
771 4% (2992n) * (1/ 144t /in?)
=169ft/s=514m/s

Ugs gas rate @ flowing bottomhole conditions/areg*8g/A

_1Q00Vicf/ D* 37 resft® / Mscf*1d /86400sec
7T/ 4% (2992n)° * (1/ 1442 /in?)

= 447ft/s=136m/s

This point falls in the transition between the findispersed
bubble flow regime (Region II) and the annular regi
(Region V) on the Taitel-Dukler plot, making the lwan
excellent candidate for surface testing.

T
—
—— D305 cm
_ (1.36,5.14 i
e
£ }
v ()
= =
=
4e/D=50
fErm 20 9
] I
4] 100

Uggim/sec)
Figure 14 — Flow Pattern Map for Appendix B Well

Step 2b: Reynolds Number method — The Reynolds euimib
the oil is first calculated, then compared to dei¢ €xceeds
50,000 and/or 100,000.

148q(bbl/d) * p, (b._/ ft*)
D(in) * 1, (cp)

that make the result dimensionless.

Re= , where 1.48 has units

For this example, Re = 2.67 x ’lOmaking the well an
excellent candidate for surface testing, sincedeeds 1x10

Both of these methods indicate that the well catebged from
the surface. However, since it is a category tiwavell, there
may be problems with phase redistribution duringudd-up.
Therefore, the recommended procedure for this weella
constant-choke drawdown.
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Nomenclature

A area (ff)

By gas formation volume factor (reservoir cf/Mscf)

BHP  bottomhole pressure (psia)

BHT  bottomhole temperature (°F)

D internal pipe diameter (in)

GOR  gas-liquid ratio (scf/bbl)

k permeability (md)

m mass (IR)

m mass of a particular component,{ib

Pl eff. completion efficiency (%)

p* theoretical pressure at the edge of the rese(psia)

Og gas rate (Mscf/D)

Oo oil rate (bbl/d)

Re Reynolds number (dimensionless ratio of inetoal
viscous forces)

Ugs superficial gas velocity (m/s)

Us superficial liquid velocity (m/s)

WHP  wellhead pressure (psia)

APgin  pressure drop due to skin (psi)

Hg gas viscosity (cp)

Mo oil viscosity (cp)

Pg gas density (Ibm/y

Po oil density (Ibm/ff)
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