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Abstract

Gravity dainage is an elegant congat for in-situ
extraction.Thebasic idea igo inject a vapour and produce a
liquid. However, gravity drainage haan important physical
constraintthat iswidely misunderstood.

This paper shows that gravity drainage proesthat inject
blended fluid such as propanenethane or a steassolventtend
to have an inherently unstablenaterial balancedue to the
difference between dew point and bubble point compositions.
This can lead to the accumulation of volatile components within
the chamber an@mpair both heat and mass transfer

This material balanceconstraint does not appear to be
adequatelyrepresented in many laboratory experiments and in
many reservoir simula@ns Ignorance of this constrainthay
help to explain the lack otommercialprogressbeyond the
original SAGD concept,even thoughlSAGDis now 40 years
old.

To mitigate tle material balanceinstability, the dew point
and bubble point compositisshould beassimilar as possible
This paperconclwesthat gravity drainagewill work best wih
injection ofa pure fluidsuch as pure propane

Introduction

In a gravity drainage process such asSAGD, it is
undesirable to inject hot water becaube waterwill short
circuit directly to the production well and therefdret water
represents a §s of plant capacity and efficiency. Similarly in
SAGD, it is undesirable to produtige steamvapour from the
production well becausany steam production represents a
short circuit across theeservoirand again a loss of plant
capacity and energy effency.

The dew point and bubble point are Kegturesof vapour
liquid phase equilibria and providenstraints that define the
physical mechanisnfor gravity drainage extractiorthe dew
point is the set of conditions (temperature composition and
pressue) where the first tiny amount of liquid appears within a
vapour phase.A familiar example is that of fog, where the
mass of liquid water is inconsequential. Similarly, the bubble
point is the set of conditions (temperature, pressure
composition) wherehte first tiny bubble of vapour is present
within a liquid phase. At the bubble point, the mass of vapour
is inconsequential compared to the total madijoid.

To minimize short circuiting, gravity drainage processes
generally try toinject & conditions near the dew point
temperature at the injection well aptbduce at conditionat or
slightly below the bubble point temperature at the production
well. The latteris generally called steam trap control, where the



withdrawal rate in the production wel restricted to ensure
that the produced fluidemainsin the liquid phase. Or in more
familiar terms, thdiquid withdrawal rate is restricted to ensure
that the production well is fully submerged in liquid and not in
direct communication with the vapochamber

The implementation of steam trap control is fairly
straightforwardif the injected fluid is steam and the produced
fluids are bitumen and watetHowever, things are more
complicated if there are nesondensable gases such as methane
present orsolvents or solvent blends. Sophisticated computer
models are typically used tperform thermodynamic phase
envelope calculationghis paper willuse a graphical approach
because it is more transparent and consequently easier to
understand.

The objectiveof this paper is not to achie¥eur significant
digits of accuracyor explorethe nuances of muitomponent
multiphasethermodynamics The objective of this papes to
show that fundamental miaderstandingabout tle dew point
and bubble point are weicommon Once thedew point/bubble
constraint is fullyunderstood, its evident that gravity drainage
is a highly constrained processd that the use of blended
injection fluids is problematicFurthermoreif the dew/bubble
constraintis properly undestood, thenmany of the proposed
SAGD variants are easily rejected on the basisumstable
material balance

This paperbegins with a simple thought experimento
illustrate the basic principles and then progeedswards to
more rigorous calculatiorend actualfield data

Example 1: Steam -Hexane Blend

What is the bubble point temperature of a stelaexane
blend a 2.0 MPa/® The condensation temperature of water
(213C) is virtually identical to the condensation tempetofr
hexane (20°C). It has beenclaimed that stearhexane blends
can be mixed with virtually no reduction in the condensation
temperature. Let 6 s s&elaim is torretthy doing a
thought experiment

Consider a large closed tank whikhs two open containers
inside (SeeFigure 1). One of the open containers holds liquid
hexane and the other open container holds liquid water. The
pressure in the tank is 2.0 MPaA and we want to determine the
tank temperature. The steam trap (or bubble point) criteria is
clearly satisfied, bmuse we are able to simultaneously drain
liquid hexane and liquid water from the tank

Figure 1shows the vapour pressure curves for hexane and
water as a function of temperature. Figure 1 also shows the total
pressure is just the sum of the two indivatlwapour pressures
At atotal pressure of 2.0 Mg Figure 1 shows that the vapour

constant at 2MPaA. The hexafiquid would have a higher
vapour pressure than tiparial pressure ithe tank and would
boil off until there was no liquid leftSimilarly, water would
also boil off until there was no liquid lefConsequently, 178
is confirmed as the bubble point at 2MPaA

This simple thought experiment disprovése claim® that
fithe chamber temperature farsteam only and steanexane
SAGD processes are essentiall

Example 2: VAPEX

There area number ofpatents directed towards the solvent
recipe for VAPEX?* While there are subtle differences, all
three patents teach that optimum resuiésabtained byliluting
the solvent with a nortondensable gas such as methane or
nitrogen to achieve dewpoint conditionsat the reservoir
temperature and pressurehe dilutionwith noncondensables
is claimed to provide the following benefitenergy eficiency
(i.e. nonthermal extraction) reduction in solvent inventory
cost enables use of low vapour pressure solvents (i.e. propane)
in high pressure reservoirs aadoids asphaltene precipitation
by limiting the solvent concentration

Figure 2 showshe dewpoint and bubble point curves for
methane propanklendsat 8C. Figure 2 was calculated using
default properties within PVTPro thermodynamic simulator
licensedby Schlumberger.To achieve a dewoint mixture at
8°C and 2 MPaA, Figure 2 shows thatthe methane
concentratiormustbe about 65% and the propane concentration
should be about 35%.

Nowl et 6s consider the
This produced fluid will be a mixture of mobilized bitumen, and
injected fluid.Figure 3 from Butlet, shows that the solubility of
methane in bitumerat 10C is about 1.9 fim® per MPaA.
Thus, at anethanepressure of 2 MR, bitumen can dissolva
maximum of3.8nT of methane per frof bitumert.

If we usefisteam trap control for the production well, &n
all the injected methane must be remofredn the chamber via
its solubility in the bitumenSince methane is the most difficult
component to remove dissolved in the liquid phase, we can
estimate the maximum mole fraction of methavtéch can be
dissohed into the bitumen. If the bitumen density is 1010kg/m
and the mol weight is 550 kg/kgmol, then £ of bitumen
contains 1.84kg mols of bitumen. Similarly the 3.8 of
methane vapour that we can dissolve in the bitumen is 0.17 kg
mols of methane. To matiain the material balance with a feed
ratio of 65:35 methane:propane following théREX recipe
above, we musto-produce 0.09 kg moles of propane for every
0.17 kg moles of methane. So the propane mole fraction in the
produced fluid is 4 mol% (=.09/(148.17+.09)). The propane

pressure of hexane is about 1.15 MPaA and the vapour pressureweight fraction is 0.8 wt% or about 1.6lume percent. igure

of water is about 0.85MPaA and the tank temperature is about
173C.

Although at 2.0 MPaA, the condensatioemperature of
water (213C) is virtually identical to the condensation
temperature of hexane (X)), the stearnexane bubble point
blend has a condensation temperature of onlfpd.73Thus, by
diluting the steam with hexane, we have reduced the steam trap
temperature (or bubble point) by °@ from 213C down to
173C. Thus,the blending ofhexaneandsteam has reduced the
impaired the heat transfer by reducing the condensation
temperaturdy about 20% (=49C/200°C).

We caneasily verify that 173C is thetrue bubble point
temperature. Consider what would happen if the temperature
was raised by a small amount and the pressure was kept

4 shows® the expected viscosity of the mobilized bitumen at
8°C and 1.6vol% propands about 700,000 cPThus, if the
material balance isrespected, thenVAPEX dew point
conditionswill be inadequatéo mobilize thebitumen

Letds relax the mdoramomentndb al
assume that the propane concentration in the bitumen is set by
the partial pressure of propane in the feed gas. The partial
pressure opropane is 35% of 2MRPaor about 700kPa. The
amount of propane soluble in Athabasca bitumen at this
temperature and partial pressdie slightly more than 20 wt%.

1 For the sake of simplicity in this example, we will assume that
the initial reservoir bitumen does not contain any dissolved
methane.
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Bitumen that is saturated with 20 wt% propanhasa propane
concentration of about 40 ane percent.

Figure 4 shows that th bitumen propane blend will have a
viscosity of less than 10 cP. Thus, if the propane partial pressure
determins the propane concentration in the bitum#renwe
can expect tesuccessfullymobilize the bitumen.

However, 20 wt% propane corresponds to about F46im
propane vapoudissolved into eacin® of bitumen. Since the
solubility of methane in the produced fluidsmuch lower than
the solubility of the propané¢here is ahuge excess giropane
being producedelative tomethane. Consequently, to maintain
the 65:35ratio for methane to proparfeom the injected fluid,
we must venapproximately 280rhof methane from theapour
chamberfor each m of bitumen productionSo we can only
achieve the desired proparmncentration in the bitumen
needed to mobilize the oif we ventor causdarge quantities
of methaneo leak from the vapowhamber.

This simple calculation shows thahe presence of methane
or asimilar non-condensable gdsads to an inherently stable
material balance and prevents th&APEX process from
working properly.

This is avery surprising result, whictseemsto contradict
conventional wisdom. However, a review of the literature
reveals thatVapex experiment$’ were performedwith co-
production of liquid and vapourExperiments that allow
coproduction of liquid and vapour will tend to disguise
instabilities in the material balance.

Figure 5, shows the design ofnather VAPEX solvent for
use in a reservoir at 3MPAThe injection solventrecipe was
56% methane, 19% ethane and 25% prop@able 1 shows a
flash calculatiorusing PVT Praat reservoir conditions (3MPa,
12°C). Theliquid composition is 13% methane, 18% ethane and
69% propaneThe box to the righin Table 1 shows asimple
materal balance where we have forced the moles of propane
find as vapourto equal the moles of propafieutd a s
For every mole of propane production, we must leav@b4
moles of methane and 0.494 moles of ethane beliihe.
material balance iclearly unstable.

Figure 5also reveals how the material balance instability
could be fixed To achieve a stable material balance, we must be
able to convert all of the injected vapour into produced liquid.
This means that the recipe of Figuberequires a reseoir
temperature of75°C, to achieve a stable material balance.

Thus, to maintain the injectefluid compositionin the
produced fluids, theolventconcentration in the bitumen must
be too low to mobilize the bitumen. Alternatively, to achieve
sufficiernt propane dilution to mobilize the bitumen, the material
balance requires virtually all of the -@gected volatile
componentgo be vented or otherwise lost from the chamber or
finally the reservoir temperature must be unphyswalose the
material badnce

The discovery of an inherently unstable material baldoce
VAPEX is of greatconcernand hadfar reachingmplications
The reservoir simulabns that should have identified the
unstablematerial balancelearly failed to exposethe problem
This suggests reservoir simulations for many other processes
could be vulnerable to the same material balance erkéany
of the proposedgravity drainageprocessesvhich havebeen
simulated using reservoir modetsght noteven beviable.

Example 3: SAGD w ith Live Bitumen

Consider a SAGD operated in a reservoir with an initial
pressure of 2MPaA and reservoir temperature®Gfa&t a steam

oil ratio of 2.5. If the bitumen is saturated with methane, then
we can estimate the initighs oil ratio GOR) at 3.8mi CH, per
m® of bitumen usingrigure 3.

2 MP&A corresponds to a steam condensation temperature of
213C. Figure 3 also shows that the solubility of methane in the
bitumen at 213C is about0.85nt/m* per MPa. Consequently
at 2MPa&\ of methane partial pssure and 223, the bitumen
can only carry 1.7thof gas per mof bitumen. So the heated
bitumen isclearly unable to carry all the methane that was
initially present at reservoir conditionslowever,with SAGD,
thereis also 2.5m of hot water being cproduced with each
of bitumen, and this water can disssha small amount of
methane and therelhelpremovemethandrom the chamber

Figure 6 shows methane solubility in water vs pressure from
two source¥™® We arbitrari {beausehtos e
extends to higher temperatures.

Figure 7 shows asolubility calculationto determine the
methane solubility in the produced fluidsigure 7reproduces
Thimm& methane water data, atigenmultipliesthis by 2.5 to
account for the steawil ratio. The assumption of constant
steam oil ratio over a wide range of temperatusesimplistic
but provides transparenéThe next curve in Figuré presents
the methane solubility data bitumenfrom Figure 3.Next the
methane solubility in the water is adsl to the methane
solubility in the bitumerto determine the methane solubility
the produced fluids (i.@er1n? bitumen + 2.5Mwater).

Figure8 shows the vapour pressure of water as a function of
temperature. The solubility curve dfigure 7 is used to
calculate the partial pressure of methaegquiredto remove
3.8n7 of methane for each hof bitumenproduction(this also
includes themethanethat is dissolved in the wa)er Finally
Figure 8 adds the vapour pressure of water and the partial
pressure of methane together to determine tothamber
pressure as a function of temperature.

. 1 i q uFkigdre 8showsthe temperature at each pressure required to

closethe material balance and remove all methdieis, Figure
8 is our bubble point curve. FiguresBiowsthat at 2 MPA, the
production fluidmust bebelow 10°C to remove the required
quantity of methandrom the chamberIn other words, tie
requirement to remove 3.8mof methane vapour per *nof
bitumen results in a 122 loss of temperature.

Figure 9 is identical to Figure8 but initial gas to bitumen
ratio was reduced to 1.7°methane per frbitumen.At 2MPa,
the bubble point temperatuire now 18C°C, which is an 8%&C
improvementver Figure 8 This comparison showhat small
amounts of methane can imeredibly effective poisons for heat
transfer The calculation also reveals that SAGDfaces
significant challenges in gassy reservoirs.

The issue of heat transfer poisoning by fwondensable
gases is well known in many other applications suip@ver
generation but isometimedisputedin SAGD. Consequently,
letés now examine som&AGD field datato do a reality check

Field Evidence of Gas Blankets in SAGD

Figure 10 shows the temperature profile for a steam
chambel' operated at 2MPa. Waeed to determire the
temperature gradient (profile) from conduction heat trangfer
comparison of the conduction profile tbe actualmeasured

% Thermal resistances such as gas blankets reduce the bitumen
interface temperature even though the chamber temperature i
high and the SOR is high.



temperature profilevill help identify thermal resistances due to
the presence of gas blankets.

Figure 1 shows the dateof Figure 10 replotted on a
logarithmic scale usingdimensionless temperature. The
dimensionless temperatulkis defined to be

= 'Tir{tialT/(Tmax'Tinitial)

The straight line portion dfigure 11 shows the conduction
temperature mfile as per Birel”. Several important features
can be observedrhere is a portion (16010m depth) where
conduction heat transfer is the dominant mechanism. This
region has a steep temperature gradient characteristic of
relatively slow conduction heat transfer. Thesea second
region from 117 to 122m which has a very flat temperature
profile indicative of extremely high heat transfer rates (i.e.
virtually no temperature gradient). This the mrtion of the
steam chamber where conveetheat transfer is the dominan
mechanism. Finallythere is an intermediate regidretween
110 and 117nwhich has better heat transfer than conduction
but worse heat transfer than pure convection. Temediate
region between 110 and 117 metisrsvherea non-condensable
gasblarket will tend toaccumulate and impair the convective
heat transfer.

Figure 2 compares thdi b e s tconductionotemperature
profile at the edge of the chamiterthe measured temperature
data Because the chambereffectivelyisobaric, we can use a
dew point calculation to estimate the concentration of methane
in the vapour phasefFigure 2 alsoshows that there is virtually
no methanenear the center of the chambdr2Qm), but the
methane concentration is 50mo@ 115m Evidently as we
moveaway fom the centre of the chambéhere isa very large
methaneconcentration gradient within the vapour chamber.

One of theambiguitiesis that we do not know precisely
where the edge of the vapour chamber is locadtedvever, ve
can set an upper and lowssunds. The lower bound is given by
extrapolate the conduction curve to the steam chamber
temperature and conclude that the interface is locabexe
115m (Figure 13) Alternatively we can assumethat the
absence ofconvective heat transfedentifies the immobile
bitumen interface and conclude the interfacedéeper than
110m (Figure 13).

Figure B shows that at the edge of the convection heat
transfer (110m) we have lost more than °“@@om our stam
chamber temperature () and the expected methane
concentration is 95%rhiswould correspond to gas blanket 7
meters thick.Just how harmful is this insulating gas blanket?
The bitumen viscosity at 2%0 is 7.3cP and the viscosity of
bitumen at 100C is 195cP. Using the square root of viscosity
relaionship for the SAGD production rate, the vertibalimen
extraction rate is reduced layfactor of 5= ( 1 9 5)/due .to3 )
the insulating effect of the 7 meter thick gas blanket.

Alternatively, if theedge of the vapour chamhsrlocated at
115m, the the gas blanket ioonly 3 m thick andFigure 13
showsthe gas blanketvould reducethe extraction tempature
by 32C. This thinner blanket wouldcut the expected
production rateby 25% or 7,500bbl/day on a 30,000 bbl/day
project.

It is commory assumd that gas blankets are buoyant and
can only be found at the top of the chamber. Howeveecent
patent aplication®, shows thatgas blanketsn SAGD have
very little buoyancy Consequently, @ blankets in SAGD are
expected to accumulate drorizontal draining interfaces and
interfere with both vertical and horizontal chamber growth

U

There is a widespreaténdency in the industry to operate
SAGD at pressures greatly in excess of the original reservoir
pressure. Therés a substantial literature claiming thiaigher
temperatures and genechanical strain amxtremelyhelpful to
enhance the SAGD productioate. However, he calculatiors
presentedheresuggesthat overpressure arsdibsequenteakoff
of methane into the surrounding reservoir outside of the
chamber may essential for SAGD to achieve effective heat
transfer.This analysis suggests that geechaical strainmust
enhance the reservoir permeability by a factor of 25 times,
before itis as important asxpellingmethane from the chamber

This field exampleclearly shows thatconcerns about the
accumulation ohon-condensable gas thevapour chenberare
legitimate. This examplealso suggests that SAGD operation at
lower and more energy efficient temperatufies. where there
is little or no methane leakoffyill be extremely challenging

Example 4. ESSAGD vs SAGD

ESSAGD is a patentétivariantof SAGD with coinjection
of a very small amount of solvent. The patestatesthat the
amount of solvent should be less than 5 volygeeentand is
preferentially between 1 and 2 volume percent of the stham
to the high cost of the solventowever, much of theR&D
seens to be directed at solvent concentrations in the rage-of 10
15% which seems to implythat low solvent concentrations
claimed in the ESSAGD patent are ineffective.

Figure 14 shows a bubble point calculation for ESSAGD
using 10 vol% hexam and a GOR of 1.7 and providing for
sone external heat loss. The steaihfatio is also shown for
reference it is about 2.7 at 20C. The partial pressure of
hexanein Figure 14is below that of pure hexane because the
hexane is diluted with bitumerWe usethe same methodology
as developed fothe previousSAGD example; calculate the
solubility of methane in the hexane, water and bitumenttzel
use this solubility to determine the methane partial pressure.
Then we add the methane partial pressutbeqartial pressure
of water and the (attenuated) partial pressure of hexane to get
the bubble point pressure at each temperatufewever, as
noted above, in this example the steam oil ratio varies with
temperature to provide a more realistic heatrida

Figure 14 showsthat the bubble point temperatufer
ESSAGD at2MPa is about 15C. Figure 15 shows a similar
calculation for SAGD, with a GOR of 1.7 and allowing for
external heat loss. At 2 MPA, SAGD has a bubble point
temperature of about 180Qhus, the addition of 10 volume %
hexane has helped to reduce the methane partial pressure from
.9MPa down to 0.4 MPa, which is good. However, the hexane
partial pressure is 0.6MPa so the net effect is a higher bubble
point pressure (=lower bubble poieperature) for ESSAGD,
which is bad.

Figure 16 provides a more direct comparisorthef bubble
point curves forESSA@ and SAGD. Figure 16 showshat
ESSAGD raises the bubble point temperature at low pressures
and reduces the bubble point temperaturg@rassuresabove
1.7MPaA

ESSAGDgets its name from thieypothesighat the solvent
is preferentially concentrated at the outside edge of the
chamberFigure 16 shows that 2MPa we must maintain a 30
40°C subcool below the steam curve to achidwebble point
conditions in ESSAGD. Rememberthese bubble point
conditions are required to remove the methdr@m the
chamberand achieve a stable material balandewever this
30-40°C temperature differencis of greatconcern because it



can cause reboiling ah refluxing within the chambeif the
subcool at the production well isnsufficient then the most
volatile componentsi.e. methane) will be reboiled from the
draining fluid and preferentially trappedithin the chamber.
Thus, while ESSAGD may belightly advantageous over
SAGD at lower pessures, it isvulnerable to an unstable
material balance unless operated atsodl that is much larger
than the industry now uses (40°C v&@®C).The feasibility of
achieving thidarge sub-cool is questionable,gpticularly when
the injecton well is typically located so close to the production
well.

Alternatively, methane could be expelled from tBESAGD
chamber by overpressure and leakoff, but this strategyld
also lead tosolvent losses from the chamber, wbh is
undesirable for economic reasons

A review of ESSAGDexperimentappears to shothat they
have always been done at constantinjection rate with a
controlled backpressur@'®'’ This means that the ESSAGD
produced fluidsvould contain large quuities of vapour as well
as liquid Consequently, it appears thahe ESSAGD
experimentdave mt beenrun with a representativeteam trap
control. Experiments operated in this manfiewould tend to
concealnyevidence of an unstable mass balaamé slould be
viewed with skepticism

Field pilot tests of ESSAGD have not shown auyantage
over SAGD®?° which is consistent with Figures 115 and 16.

Example 5: N -Solv with Live Bitumen

N-Solv (N-Solv.com)is a condensing solvent procgsg,
where the lgent heat of condensation is used to heat the
chamber reducethe bitumenviscosity andthereby provide
extremely fast bitumen extraction rates at modest temperatures.
The NSolv lab rates on 5 Darcy sand are 3 times faster than
SAGD field rates on 5 Darcgand. HoweverN-Solv cannot
achieve useful heat transfer the bitumenif there is excessive
methane contamination present in the vapour chamber.
Consequentlya patented feature dfl-Solv is that methane
contaminatiommust bekept at very low leveland that methane
contamination mustbe removed from thepropane vpour
before it is recycled into the reservoM-Solv has a purity
specification for the injected solvent and removes methane
while VAPEX adds methane or other gaseslitate theinjected
solvent.

Consider aN-Solv process which i@perated in a reservoir
with an initial pressure of 2MPaA and temperature %f. &he
chambertemperaturewill be about 57°C and the solvent/oil
ratio will be about5. As in the previous examplethe bitumen
is assumed to be saturataith methaneso the initial GOR is
3.8 n? CH, per nt of bitumen (usingFigure 3).The injected
propane is continuously purified so the residual methane
contaminatiorin the injected solvent 8.3 mol%.

Figure 7 shows the pragne and methane partiptessures
and the total chamber pressure for a fixed solvent to oil ratio of
5nme/me. Figure 17 shows that the methane concentration at
bubble point conditions is about 0.1MPA. comparison to
Figure 8 shows that at 2MMN-Solv is alout 20timesbetter at
removingmethane from the chamber than SAGD

3, N-Solv experiments were done with proper steam trap

(bubble point) control and there was a considerable effort made
to avoid operating experiments in a manner that could result in
vapour being vented from the sandpack.

In Figure 18, the Nsolv solvent to oil ratids allowed to
vary with temperature (i.ét is linked to a heat balance) and the
GOR is 1.7 to provide a more direct comparison with Figures
15, 16 and 17. Figure B shows the propane and methane
partial pressures and the total chamber pressurid-olv. At
these temperatures, the vapour pressure of water (0.02 MPa) is
inconsequential and can be ignored.

The small amount ofmethane contamitian in the chamber
(residual in the injectiorpropane+ associated gas from the
bitumen) reduceshe bubble point temperature slighthelow
that of pure propanevhile solubility of propane in the bitumen
has raiseshe bubble point temperatustightly. The net effect
is very a slight reduction, 2°C, from the bubble point
temperaturef pure propane.

This small separation between the d@weint and bubble
point temperatureis a hugeadvantagdor N-Solv. It means that
the risk of reboiling and refluxgn in N-Solv is dramatically
lower than in SAGD or ESSAGD Consequentlythe risk of
trapping methane in the chamband obtaining an unstable
material balance is dramatically lowén N-Solv. With an
efficient methane removal mechanism, the need to apetat
excessivepressure is eliminatedBy being able tooperate at
native reservoir pressure, the risk of loss of confinementtend
risk of solvent loss is also greatly reduced

Conclusion s

Gravity drainageextractionis based on the concept of
injecting vapour and produeg liquid. This requiresthat the
injected vapoyrthe mobilized bitumenand theassociated gas
mustachieve bubble point conditiorsd the production weliif
the material balance is to be closed.

The patented dewpoint recipefor VAPEX leads to the
accumulation of wglatile componentsin the chamberand
depletion of solvent from the chamber.uBthe VAPEX recipe
inevitably leads to an unstable material balance and is unable to
provide sufficiensolvent tomobilize the oil.

The disc@ery of an inherently unstable material balance for
VAPEX is of great concern. The reservoir simulatiavizich
should have identified the unstable material balance failed to
expose thenstability. This result suggeststhat other gravity
drainageprocessexould be vulnerable to theame type of
reservoir simulation error.

In thermal extraction processddended fluidscan lead to
surprisingly largeemperature differences (1) between the
dew point and the bubble poin€onsequently, blends ab®th
limited in the temperatures that they can deliver to the bitumen
interface and blended fluids tend to have significantly impaired
heat transfer relative to pure fluids.

These large temperature differences between the bubble
point and dew pointfor blended luids can produce large
temperature gradients within the vapour chamber. These
temperature gradients are undesirable because they can lead to
reboiling or refluxing as cold fluid drains into a hotter region.
Refluxing tends to preferentially trap the mosblatile
components like methane in the chamber and lead to an
unstable material balance.

Review ofpublisheddata shows tha large number of lab
tests onn situprocesses were not performeih propersteam
trap control. Gas was vented indiscriminagelin these
experiments and thigenting would hide evidenceof unstable
material balances. Consequently, any interpretation of
experimentswhich lack proper steam trap controshould be
viewed withconsiderablekepticism



Methane tends to accumulate te¢ butside perimeter of the
chamber in thick gas blankets. Temperature profiles from
SAGD confirm significant temperature depression due to the
presence of gas blanketa the field example analyzed hetee
methane gas blanket is between 3 and 7 meiéck, which
drops the bitumen temperature by-BB0°C and cuts the oil
production rate by 280%.

Many SAGDO6s are operated
original reservoir pressure. This mayteguired forSAGD to
purgemethane accumulations frometlthamber vidosses into
thief zonesand achieve effective heat transfddowever,
operation athigh overpressurds very problematic for stam
solvent hybrid processes due to risk ofvsok loss.

An advantage of anodesttemperature condensing solven
process likeN-Solv is that the condensation of large volumes of
purified solvent provides a very efficient mechanism to remove
methane from the chambekt an extraction pressure of 2 MPa,
N-Solv is about 20 times more effective than SAGD for
methane nmoval.
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NOMENCLATURE
symbol = definition
U =  Dimensionless Temperature
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Component MW Feed Liquid Vapor Basis Basis Mass
1molC3 1molC3 Balance

g/mol mole frac. mole frac. mole frac. out in delta
C1 16.04 0.56 0.13 0.56 0.186 2.240 2.054
Cc2 30.07 0.19 0.18 0.19 0.266 0.760 0.494
C3 44.1 0.25 0.69 0.25 1.000 1.000 0.000

Volume % 100 0.02 99.98

Mol % 100 0.12 99.88

Table 1 A Vapex Solvent Material Balance Calculation
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Figurel3 Effect of Insulating Gas Blanket dremperature at Edge of Chamber
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