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Risk Management For Production Below The Bubble Point

M.A.THOMPSON, S.G.GOODYEAR T.FISHLOCK and P.JONES
AEA Technology,Winfrith,Dorchester,Dor set,United Kingdom

Abstract

This paper develops methods which provide practical guiddines for the volume of reservoir around a
production well that can “safely” be dropped below the bubble point without losing reservoir energy due to
excessve gas production. The methods enable agas production envelope to be caculated for vertical or
horizonta wells in dipping reservairs. Within the gas production envelope for a vertica well, vertica transt
times for evolving gas to reach the top of the formation (or a subgtantid shae) are larger than the horizonta
trangt times for the gas to reach the production well. Thus al mobile gas evolving within the gas production
envelope will be produced together with its associated ail, rather than channd a high mobility into the well,
or migrate updip in the reservoir. The gas production envelope for a horizontal well is developed by
examining the gas streamlines around the well. To minimise the risk of losng reservoir energy, bottom hole
pressures are managed <o that field pressures outside the gas production envelope are above the bubble

point.
Introduction

Most UKCS ail fields have been developed by maintaining the pressure above the bubble point, wherever
pressure support by water injection is economicaly viable. This Strategy dlows high production rates
without risking damage to the reservoir through gas evolution. However, waterflooding at production well
pressures below the bubble point can lead to an acceeration of oil recovery by increesng field
drawdowns, and may increase oil recovery if resdud oil saturations are reduced as a consequence of free
gas becomes trapped behind the waterfront. However, dlowing free gas in the reservoir presents a number
of risks, reservoir energy may be lost as a consequence of gas channelling, gas production limits may be
exceeded, oil shrinkage may occur, the gas may migrate upwards and be detrimentd to infill well locations,
and permesbility reductions may occur. Therefore, the flowing bottom hole pressure in below bubble point
operations needs to be carefully managed to prevent or limit this damage.

The Gas Production Envelope Concept

The producing GOR may be reduced dightly when the pressure initialy drops below the bubble point in the
region around the wellbore. Thisis a consequence of alower solution GOR and immobile free gas. Further
reductions in pressure may lead to mobile gas being present close to the wellbore. This gas may be
produced, in which case the GOR will remain close to the initid producing GOR. However, if gas becomes
mobile in regions away from the immediate vicinity of wels, the high mohility of the gas may lead to gas
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channelling, an increesing GOR and a subsequent loss of reservoir energy. GOR monitoring is clearly vitd,
however, GOR monitoring is not dways accurate and gives no information on the quantity of mobile gasin
the reservair that has evolved but has not been produced. Pressure monitoring is, therefore, also necessary.

Regular well testing can provide an estimate of the average reservoir pressure. However, it is necessary to
decide on a“safe’” operating pressure. To be sure that reservoir damage is prevented, we need to ensure
that any mobile gas which gppears in the reservoir is not able to accumulate undetected in the formation
(for example, below shales or at the top of the formation). A smple screening procedure is proposed to
identify the minimum pressure at which the reservoir can be operated without violaing this condition.

The am is to operate the field a an average pressure which will ensure that the pressure is higher than the
bubble point outsde a gas production envelope. Consdering the volume of reservoir around a production
well, the gas production envelope is defined as the boundary within which any mobile gas will be produced
and will not segregate or accumulate in the formation (Figure 1). For a vertica well, this gas production
envelope can be estimated by comparing the trangit time for liberated gas to reach the well with the trangt
time for the liberated gas to segregate to the top of the reservoir. We note the gas production envelope
theory assumes a homogeneous reservoir. Reservoir heterogeneity will complicate the calculation of the gas
production envelope and may lead to locdised gas channelling, partcularly in circumstances where there are
partiad barriersto vertica flow and where the gas production envelope islarge.
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Fig 1. Gas Production Envelope

Vertical Wdlls

The Transit Time Method

The screening method compares the time that gas evolving at the mid height of the formation takes to travel
laterdly towards a producing well, with the time gas takes to segregate to the top of the formation (or
laterdly extensve shale). The average radius of the gas production envelope is calculated to be the distance
from the well a which these two times are equa (assuming afully penetrating well) .

In redlity, gas evolves over the whole thickness of the formation. It is inevitable, therefore, that some gas
evolving within the gas production envelope will migrate to the top of the reservoir before it can be
produced by the well. If this effect is believed to be sgnificant, for example in a very thick formation, it
would be necessary to cdculate the trangt times from an dternative height in the formation.
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Other assumptions used in the method are;
- Flow isradid and symmetric.

Theresarvoir dip is negligible.

The effect of drawdown on hydrocarbon properties can be ignored.

Varidions in bubble point with depth are smal and can be ignored.

Verticd movement of gasis driven by the dengty difference between oil and gas.

Radid movement towards the well is driven by the pressure gradient required for oil production.

Careisrequired, in gpplying the results of this work to field Stuations, to ensure that these assumptions are
not invalidated. For example, in a dipping reservoir, gas may migrate aong dip under gravity and
hydrogtatic effects may lead to gas release a Structurdly higher locations away from the well.

Using the above assumptions the radius of the gas production envelope can be derived from Darcy’ s law to

be;
r< [329%BM i fidd units (1)
kagogkro

The radius derived above is used with the radid inflow equation to determine the fidd average pressure
which will meet the condition that the reservoir pressure is greater than the bubble point outsde this
boundary.

Horizontal Wdls

Thin Formations

An idedised horizontd well would be perforated in one horizonta plane and its drainage area would be
dliptica in that horizonta plane. The cdculation of the gas production envelope for this idedised horizonta
well is more complex than that for a vertical well. However, based on work by Joshi [1] or Renard [2], it
can be shown that it is possble to determine an effective radius (r«) for the gas production envelope using
the equetion for averticd wel if r is defined as,

r=r, =

2
where a and b are the mgor and minor axes of the dliptical gas production envelope in the plane in which
the well is located. This gpproach can be consdered to be vdid for horizontd wells which are located

close enough to the top of the formation so that any gas evolving verticaly above the wel will be produced
rather than segregate upwards.

In practice it may prove difficult to control the well a the required average pressure due to the difficultiesin
monitoring horizontal wells accurately and reservoir amulation may be required to hdp interpret any
pressure messurements.

Thick formations

In thick formations when the wdll is not Stuated near the top of the formation it is necessary to define the
upper boundary of the gas production envelope. A method has been developed which caculates the gas
production envelope streamlines in the vertica plane perpendicular to the well. Comparison of the gas
production envelope with the pressures in the reservoir enables any gas evolving outside the gas production
envelope to be predicted. The method assumes,
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The reservoir is homogeneous with flow barriers above and below, and these barriers are significantly
closer than any laterd barriers.

Resarvoir dip is negligible.

The horizontd wdl liesin asngle harizonta plane located mid-height in the zone.

Thewdl islong compared with distances from it, and the gas flow is rdlevant only for planes
perpendicular to the wdl far from ether end.

The flow barriers are impermesable to oil, but permesble to gas. This assumption is only required if gas
evolves outs de the envelope within which dl gasis produced.

The effect of drawdown on hydrocarbon properties may be ignored.

Vaiationsin bubble point with depth are smdl and may be ignored.

Critical gas saturation is zero in the region of the reservoir avay from the immediate vicinity of the well.
Vaiations of oil relative permesbility may be ignored. That is, the gas does not affect the ail flow.

Figure 2 shows atypical gas production envelope, caculated using the complex flow potentia to determine
gas dreamlines, and pressure isobars. It can be seen from this plot that the minimum pressure in the
reservoir outsde the gas production envelope is at the top directly above the well. It is therefore sufficient
to ensure that the pressure a this point remains above the bubble point. Using this criterion it can be
demondrated that the size of the region below the bubble point will be sgnificantly less than the size of the
gas production envelope.

Height Relative to Well (ft)

T T T T T T
-400 -300 -200 -100 0 100 200 300 400

Distance from Plane of Well (ft)

Fig 2. Gas Production Envelope and Pressure | sobars for Horizonta Well

By evduaing the pressure both at the well and a the top of the reservoir directly above the well, the
pressure drop between the top of the reservoir and the well may be calculated to be

pp=p - p_=IC @20, I 3)

“ 288p &€h o 288

using reservoir units and where z, isthe position of the uppermost part of the well and C is defined to be;.
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157x10°°/k, k. k hDr L
C= v h o (in field units) (4)
BOQO
m
Consequently any evolved gas will reach the well, provided the well BHP does not fal bdow BHP,,

where,

n

h .e
roh, DrhC) 2@ )

BHP,, = B, +—— ¢
min bub 288 288p h g

The upper boundary of the gas production envelope is calculated to be;

_ _D 18elo

Dipping Reservoirs

Extensions to the methods reported above have aso been applied to account for the effect of reservoir dip
on the gas production envelope and pressure digtributions. The inclusion of dip decreases the sze of the
gas production envelope on the updip well, due to the additiond influence of gravity, and decreases the
pressures due to hydrostatic head differences. The presence of dip may permit mobile gas outside the gas
production envel ope to migrate updip and form gas caps.

Generic Resaults - Vertical Wdll

The gas production envel ope and minimum operating bottom hole pressure (BHP) for avertica wdl have
been calculated for a range of flow rates and vertica permesbilities using typical fluid properties. Table 1
shows the calculated radius of the gas production envelope and the minimum bottom hole pressure for
each case.

The gas production envelope is smalest and the pressure can be dropped the least when gasis easily able
to migrate to the top of the reservair, for example, when the vertica permeability is high or therate is low.
In these cases a smdl envelope is necessary to prevent gas channdling dong the top of the formation (or
below an extensve shde). When rates are high or vertical permesabilities are low, the gas production
envelope islarge and there isalower risk of undetected reservoir damage.

Table 1. Radius of Gas Production Envelope

Rate Vertical Radius of Gas Minimum BHP
(STB/D) Permeability | Production Envelope Poub -BHPrmin

(mD) (ft) (ps)

25,000 20 500 658

25,000 2 1600 781

25,000 0.2 5000 -

2,500 20 160 54

2,500 2 500 66

The logarithmic distribution of pressuresin the reservoir can mean that a smdl change in operating pressure
has a large effect on the volume of the reservoir below the bubble point. Caution is therefore required,
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particularly when the gas production envelope is smal, and accurate pressure monitoring is required.
Also, errors in bubblepoint measurement and the verticd permesbility estimate could lead to a much
greater risk of reservoir damage than predicted. These risks need to be balanced againg the critica gas
saturation assumption. A non-zero critical gas saturation would mean that less of the gas evolving outsde
the gas production envel ope would be mobile and the risk of reservoir damage would be smdler.

Fidld Results- Horizontal Wdll

Inevitably the assumptions built into the assessment methods will not fully gpply to a complex field scenario.
A dudy of afied case was performed to assess the validity of the thick reservoir, horizonta well modd.
Production data below the bubble point were examined for a long horizonta well located in the middle of
the ail column in afaulted formation with a large basal aquifer. Analysis was performed using two different
formation thicknesses contributing to field pressure depletion (the oil column only and the oil column plus
aquifer) and two different reservoir intervals. Water flow was assumed to be distributed with the oil in dl
but one case when a segregated flow mechanism was assumed. Table 2 shows the match obtained to the
measured reservoir pressure, the pressure a the top of the reservoir compared with the bubble point
pressure and the radius of the gas production envelope (GPE) compared with the radius of the region
below the bubble point (PBE). A large variaion in results was observed depending on the assumptions
made. We note that a negative number in columns 3 or 4 dgnifies that the reservoir is below the bubble
point outside the gas production envelope.

The best match to the measured well test pressure is obtained by assuming that the smallest volume of the
reservoir contributes to pressure depletion (thin formation/smdl reservoir interva), and that the water flows
are digtributed with the oil. The prediction for this scenario implies that the reservoir pressure is above the
bubble point everywhere outside the gas production envelope. The gas production envelope is large and
there is little risk of excessve mobile gas migration updip or into the wel. This result is in line with fidd
evidence which showed no sign of risng GORs in the horizonta well or in other wells that may sgnify gas
channdling within the reservair.

Table 2: Results of Fidd Studies

Description % Error inWell | Pp - Poup (Psia) | Radiusof GPE - | FreeGas

Boundary Radius of PBE outsde
Pressure (ft) GPE?

Thin For_mati on/Smdl 2 64 1000 No

Reservoir Interval

Thick Fgrmal on/Smdll 23 14 1000 No

Reservoir Interval.

Thin Formaﬂon/Large 32 -120 529 Yes

Reservoir Interval

Thick F(_)rmatlon/Large 43 -162 -366 Yes

Reservoir Interva

Thin For_matlorVSde 38 -157 -270 Yes

Reservoir Interva

/Segregated Water Flow
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We note that the result is sendtive to the assumptions made regarding the volume of the reservoir
contributing to pressure depletion. If the volume contributing to flow is large, a lower reservoir pressure is
predicted for a given bottom hole pressure as viscous forces are smaller, gravity forces are proportionally
larger and the reservair is below the bubble point at the top of the formation. Up to 400 ft of the reservoir
may aso be at risk from gas channdling/cusping due to pressures below the bubble point that are outsde
the gas production envelope. This demondrates the importance of matching the modds to known

7

pressure data before making predictions.

Conclusions

1) A st of screening methods has been developed which, in conjunction with frequent well GOR

monitoring, can reduce the risks of operating below the bubblepoint.

2) Methods have been developed for both vertical and horizontd wells, and for horizontd and

dipping formations.

3) An edimate of the “safe’ operating condition for afield is obtained based on idedised reservoir

conditions.

4) Careful choice of the mode parameters can provide a vaid modd which closdy reproduces the
flow conditions in a field Stuation and which can, therefore, be confidently used for predictive

pUrposes.
Symbols

a magor axis of an dliptica gas production envelope in horizontd wel plane
b minor axis of an dliptica gas production envelope in horizontd well plane
B, formation volume factor of oil, RB/STB

GPE  gasproduction envelope

h formation thickness, ft

Ky verticd permesgbility, mD

Kro oil rdaive permesahility

L wdl length, ft

P pressure, psa

PBE  enveope within which the reservoir pressure < bubble point pressure

Phub bubble point pressure

Piop pressure at top of formation

Pw well pressure

Qo ail flow rate, STB/D

r average radius of the gas production envelope, ft

I eff effective radius of the gas production envelope for a horizontd well, ft

Mw wdl radius, ft

z boundary of gas production envelope for a horizonta well

Zy position of uppermost part of the horizonta wellbore, ft.

Mo oil viscosty, cp

Dg,, spedific gravity of oil - specific gravity of gas (at reservoir conditions)

density, Ib/ouft
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