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ABSTRACT

Residual gas saturation after water influx is a critical parameter in lean gas reservoirs
with strong aquifer support. The mechanism is identified in reservoirs currently subject
for field development offshore Norway, and the observed laboratory variations in residual
gas saturation constitutes one of the main uncertainties in recoverable reserves.

The majority of publications regarding experimental data focus on identifying
correlations of residual gas to petrophysical parameters; initial water saturation,
permeability, porosity. While many correlations have represented individual data set with
good consistency, few have proven to be valid for sandstone reservoirs in general. Less
emphasis has been made on evaluating the experimental techniques being used, and the
associated uncertainties. Our experience is that the choice of laboratory method can have
a large effect on the residual gas results.

In this paper we present systematic deviations in residual gas saturation depending on the
experimental approach. In situ saturation monitoring by CT-scanner enable us to study
variations in saturation profiles and trapping mechanisms:

Porous plate imbibition

Unsteady-state water flood

Immersed spontaneous imbibition

CT-observation of porous plate and unsteady-state imbibition
Pore-network modelling of gas-water displacement

Coreflood simulations are presented to contribute to the discussion of the most
representative method for determining the “true” residual gas saturation.

INTRODUCTION

The ultimate recovery in a dry gas reservoir with water drive is largely depending on
three factors: 1) the residual gas saturation after water flooding, Sgrw, ii) the
corresponding relative permeability to water, Krw(Sgrw), and iii) the remobilization of
residual gas during depressurization. In this paper we will focus on data from fields with
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strong aquifer influx, where remaining gas saturation after water flooding at constant
pressure is a key parameter.

The quest for the true residual gas saturation has been ongoing for decades, yet
overshadowed by the holy grail of core analysis, residual oil. Nevertheless, publications
reveal a complexity to this parameter that still raises many questions, and we will try to
summarize important observations from the literature.

Early research by pioneers on the topic resulted in a basis for common understanding,
most of which are still valid today:

e Residual gas measurements in the lab are not sensitive to pressure and
temperature conditions or water flooding rate. Simple lab tests at ambient
conditions are believed to give reliable data [1-3].

e There is a dependency between initial and residual gas saturation [2,4],
captured by the widely recognized Land correlation [5].

e There is an overall correlation between residual gas and porosity, but no
common trend with other petrophysical parameters [2,3,6,7].

A great effort has been made to find robust correlations of Sgrw with other rock
properties. A weak trend with microporosity has been identified [8-10], generally
explained by a low pore body-to-throat aspect ratio in micropores, causing little or no
trapping of gas. Accordingly, Jerauld [8] concluded that grain size was more effective
than porosity for correlating trapped gas. The impact of matrix boundary conditions
during counter-current imbibition and scaling challenges has been clearly pointed out
[11,12]. Furthermore, there has been much focus on empirical equations that better
represent the experimental data [5,8,9,13-16]. While many correlations have represented
individual data set with good consistency, few have proven to be valid for sandstone or
carbonate reservoirs in general.

Acknowledging the importance of this research, we will concentrate on the impact of
experimental methods, conditions and related uncertainties. Available published data is
limited, which is comprehensible given the early on disregard of laboratory methodology.
Several authors have supported this assumption, observing that neither flow rate [I-
3,18,19], pore pressure [1,2,18], wetting liquid [1,8,10,20], temperature [2,18] nor
experimental method [1,3,10,17] affect the total Sgrw. But there are also contradictions in
the reported data.

Babadagli et al. [12] reported an increase in gas recovery with increasing temperature,
attributed to reduction in surface tension and water viscosities. Mulyadi et al. [20]
compared four experimental methods: steady-state, co-current, counter-current and
centrifuge imbibition. Despite limited data, the measured residual gas saturation
systematically differed with experimental method, and submerged counter-current
imbibition at ambient condition yielded in average 7% lower Sgrw compared to co-
current imbibition performed with pore pressure. Geffen et al. [1] reported no effect of
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flooding rate or pore pressure, but by changing more than one parameter in each step the
background data become somewhat inconclusive.

The effect of diffusion is discussed by many authors, but there is only sparse
documentation of its relative contribution to Sgrw at ambient conditions [21]. When
evaluating data from immersed spontaneous imbibition, the production profile vs. square
root of time is often characterized by rapid initial imbibition (Pc dominated) followed by
a tail production (diffusion dominated). Sgrw is typically defined at the intersection
between these two trends [10]. All experiments performed at atmospheric pressure must
correct for diffusion, which introduces an additional uncertainty to the results. The
transition from capillary to diffusion dominated recovery is not always sharply defined,
meaning that these mechanisms are overlapping, and the relative contributions are not
obvious. By comparison, water-oil imbibition in water-wet sandstone also shows a
certain degree of tail production [11], but diffusion effects are absent. The diffusion will
start acting behind the water front, where trapped gas will re-equilibrate with the
surrounding water due to “local” capillary pressure. We can estimate this capillary
pressure using a simplified Laplace’s equation:

Pc =2 *g *cos(p)/r (1)

where ¢ is the gas-water interfacial tension, ¢ the contact angle and r the pore throat
radius. If we consider gas trapped in a water-wet sandstone pore: 10 micron pore throat
radius, ¢ = 72 dynes/cm and ¢=0, the capillary forces will act with 0.14 bar pressure.
Hence an imbibition experiment at atmospheric conditions may experience a relative
compression of the residual gas by 10-20%. These effects are important and will be even
more significant for tighter systems. Diffusion gas will migrate through the continuous
water phase, connecting to mobile gas and be produced. Jerauld [8] propose diffusion as
an explanation to the apparent absence of gas trapping in micropores, and assumes the
effect will be similar at reservoir conditions. However, we will argue that compression
and diffusion effects will be limited or absent at reservoir conditions, where the relative
pressure change is much smaller.

We suspect that the general scatter in published data on residual gas is not only attributed
to rock properties, but also to the design and conditions of the experiment.

Material and Methods

Core material

The presented results are originating mainly from two sandstone formations on the
Norwegian Continental Shelf, from field A and B, where an extensive experimental
program has been ongoing throughout the last year. A characterization is given below:
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e Field A: Medium-to-fine grain size, moderate-to-poor consolidation and an
average content of 85wt% quartz and 3wt% clays, mainly kaolinite and illite.
Typical permeability range 200 mD-3 D, porosity range 0.25-0.34.

e Field B: Medium-to-very-fine grain size, well consolidated and an average
content of 82wt% quartz and 6wt% clays, mainly kaolinite and illite. Typical
permeability range 10-500 mD, porosity range 0.21-0.28.

From mercury injection experiments, both formations show a slight bimodal pore size
distribution, but are dominated by pore throat radii from 5-10um. Plug dimension is 1.5”
diameter and 6-8cm length, and all samples were run through a CT-scanner to verify
good quality and preserved integrity. For a broader comparison, we will also present
general trends from several other North Sea sandstone gas reservoirs.

Preparation of core material

Initially, the core plugs were cleaned at 20 bar net confining stress in a core holder by
flooding toluene and methanol at 70°C. After miscible displacement with simulated
formation water at ambient temperature, absolute water permeability was determined.

Semi permeable ceramic porous plates were installed at the outlet of each core plug. To
maintain hydraulic contact between plug surface and porous plate, kaolinite paste was
applied. Then the core plugs were drained to irreducible water saturation, Swi, with
humidified nitrogen gas. Drainage pressure was increased gradually to 15 bar, allowing a
maximum gas rate of 1 cc/day to limit any effect from viscous forces. Typical drainage
time was 6 to 8 weeks. With one exception, each plug was only used for one experiment.

Porous plate imbibition

At Swi, outlet pressure was raised to 20 bar simultaneously with an increase of pore
pressure to 35 bar. The capillary pressure of 15 bar was maintained during this process.
Subsequently, pore pressure was reduced gradually to 20 bar, i.e. Pc=0 bar. This was to
allow a spontaneous imbibition of gas-equilibrated water. Typically, this process ceased
within 6 to 8 weeks. Imbibed volumes were recorded from readings of water level in
glass burette and checked with saturation control using Karl Fischer titration. A
schematic diagram over the experimental setup is shown in Figure 1A.

Unsteady-state water flood (USS)

At Swi, gas permeability, Kg(Swi) was measured. The pore pressure was raised to 20 bar,
and gas-water equilibrium was maintained. The plugs were then flooded with simulated
formation water at a flow rate of 4 cc/hr until steady-state conditions prevailed.
Permeability to water at residual gas saturation, Kw(Sgrw), was measured. The residual
gas saturation was determined from the collected gas volume and checked with Karl
Fischer titration. Experimental setup is shown in Figure 1B.
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Figure 1: Schematic diagram for A) Porous plate imbibition and B) Unsteady-state experimental setup.

I mmer sed spontaneous imbibition

Water imbibition was performed by immersing the lower part of the plug on to the
surface of a water bath and measure weight change over time. The sample was suspended
from a hook underneath a balance. To secure a one dimensional imbibition, the plug was
confined with shrinkable Teflon tubing. At constant weight, typically after 1 hour, the
plug was lowered to a position so that the upper end face was at water level, i.e. fully
immersed. Weights were recorded until constant. The procedure was repeated with a
dummy plug of plastic to account for evaporation, and buoyancy loss due to imbibed
water was corrected for. Schematics of the experimental setup are presented in Hamon et
al. [10].

CT-observation of porous plate imbibition and unsteady-state water flooding

The objective of the CT measurements was to repeat the porous plate and USS
experiments, while obtaining high resolution in sifu saturation profiles. The experimental
procedure is principally similar, with the one exception that the CT-rig was limited to a
horizontal core holder position.

Pore-networ k modelling of water -gas displacement

Pore scale modelling was performed by Numerical Rocks as an alternative independent
method for estimating residual gas saturation. Rock models of 3 samples from field A
were reconstructed based on backscattered electron microscope (BSEM) images of thin
sections. Three model realizations were reconstructed per sample in order to capture
heterogeneities observed in the thin section. The models were quality checked visually
and statistically against thin section images, and petrophysical properties calculated.
From extracted pore networks, fluid flow was simulated, using a gas-water interfacial
tension of 70 dynes/cm and water wet advancing contact angles from 20-60°. The
reported data are limited to residual gas saturation, Sgrw, and the corresponding end
point relative permeability to water, Krw(Sgrw).
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RESULTS

Table 1 and 2 summarizes the key results from our residual gas evaluation. The core
based experiments have been performed at three independent laboratories, and show a
consistent agreement in data.

Porous plate imbibition and unsteady-state water flooding

Residual gas saturation from porous plate imbibition and unsteady-state water flooding
constitutes our main basis for data evaluation, and is compared in Figure 2 versus
porosity and irreducible water saturation. We see a systematic difference in Sgrw
depending on the experimental method of approach; with porous plate imbibition
yielding an average of 14% lower residual gas saturation. In Figure 3 we have included
other available data from North Sea sandstone reservoirs, suggesting that the trend
observed for Field A and B is representative for a variety of rock properties.
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Figure 2: Residual gas saturation vs. A) initial water saturation and B) porosity.

0,70
HUnsteady-state - Field A

0,60 4 O Unsteady-state - Field B

050 | X Unsteady-state (other NCS)
Ty A Porous plate - Field A
g 0,40 1 APorous plate - Field B
E 030 | +Porous plate (other NCS)
@ 4

0,20 « . X %

X
A A X
0,10 1 A
0,00 " " " " " . . .
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,¢
Swi [frac]

Figure 3: Residual gas saturation vs. initial water saturation, Field A and B compared to other NCS data.



SCA2011-03 7/12

I mmer sed spontaneous imbibition

Figure 4 shows the increase in water saturation versus the square root of time during
immersed spontaneous imbibition, measured on core material from Field A. The residual
gas saturation reported in Table 2 is based on the intersection between curve trends
before and after the distinct decrease in imbibition rate. Traditionally the first part of the
curve has been regarded as a capillary dominated, whereas the secondary part is diffusion
dominated [10]. As can be seen from Figure 4, there is a significant increase in water
saturation at a later time, corresponding to the samples being fully submerged in brine.

Whether this contribution is attributed to capillary pressure or diffusion is yet to be
defined.
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Figure 4: Water saturation vs. square root of imbibition time.

CT-observation of porous plate imbibition and unsteady-state water flooding

To further investigate the observed difference in Sgrw between porous plate imbibition
and USS water flooding, we repeated the experiments using a CT scanner for in situ
saturation monitoring. The final results are reported in Table 1-2.

Figure 5A shows a CT snap-shot and successive saturation profiles during porous plate
drainage on a Field B plug, indicating a stable desaturation process with no end-effects.
The slight bump in the middle part of the plug is related to lower porosity, identified from
CT density mapping. The subsequent slow imbibition process, by a controlled Pc
reduction to Pc=0, is presented in Figure 5B. The displacement front is dispersed along
the entire plug length, resulting in a nearly uniform increase in water saturation. The final
residual gas saturation, however, is significantly higher than previously measured on the
same plug. We suspect that this is an experimental artefact, possibly caused by lack of a
sufficient capillary contact between plate and plug.

The saturation profiles during USS water flooding at 4 cc/h are presented in Figure 5C.
Despite the horizontal orientation of the plug in the CT-rig, no segregation was observed,
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but rather a sharp displacement front. After breakthrough at 0.36 PV injected, no further
gas was produced, which is expected for a strongly water-wet system. The same
observation was made during all the USS experiments.

Pore-networ k modelling of gas-water displacement

Results from the pore-network modelling on field A samples are reported in Table 2. The
residual gas saturation ranges from between 0.27 and 0.37, and lies between the observed
trends for USS and porous plate experiments. End point relative permeability to water,
however, is almost an order of magnitude higher than the lab based measurements, which

question the validity for meaningful comparison. This will be further discussed below.
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Figure 5: CT snap-shots and successive saturation profiles during A) Porous plate drainage, B) Porous plate
imbibition and C) Unsteady-state imbibition.

Discussion

Effect of flow rate on residual gas saturation

Our results show a clear connection between water imbibition rate and residual gas
saturation, an effect that has been regarded insignificant by several authors [1-3,18,19].
But while previous conclusions have been based on more or less single plug comparisons,
we present herein a larger dataset indicating a systematic shift in Sgrw with imbibition
rate on various reservoir sandstones.

Reproducing the USS and porous plate experiments in a CT-rig revealed a significant
variation in the displacement front. Water flooding at 4 cc/h produced a piston like
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displacement, even though the flow rate seems to be below the free spontaneous
imbibition rate. Several observations support this assumption:

e Negative differential pressure until water breakthrough
No gas production after water breakthrough in USS experiments

e The immersed spontaneous imbibition terminated after about 1 hour. The
unsteady state breakthrough time was typically 2 hours with similar initial and
residual saturations.

Saturation profiles imaged during porous plate imbibition show a dispersed displacement
front across the entire plug. This process is also governed by capillary forces alone, but
with a much lower rate controlled by the permeability of the ceramic plate. A similar rate
dependent saturation profile was observed by Geffen ef al. [1] and Delclaud [18]. They
concluded with no important rate effects as the final residual gas saturation was similar,
but as previously discussed, we find the data basis somewhat questionable.

From the observations made in our studies, we suspect a rate dependent shift in the gas
trapping mechanism. Kumar et al. [22] used micro-CT imaging to visualize the fluid
distribution in the pore space after counter-current imbibition, and identified that the gas
phase was generally trapped in large clusters, most spanning over multiple pore lengths.
Ding et al. [17] concluded that counter-current imbibition in water-wet samples gave a
piston displacement, where gas was trapped in smaller and larger pores simultaneously.
Building on these statements with our own observations, we put forward a hypothesis
explaining the effect of imbibition rate on residual gas saturation.

e At a sufficiently low imbibition rate, capillary forces will lead to gas trapping in
the smallest pores first, then in subsequently larger and more conductive pores as
more water becomes “available”. The results will be a dispersed displacement
front, as identified in our porous plate CT-experiment.

e In the opposite case, a sharp displacement front will cause gas trapping in smaller
and larger pores simultaneously. Gas trapped in larger pores or pore clusters,
could potentially restrict gas from escaping from smaller neighbouring pores, if
the conductive pathway has been blocked.

This will make the front velocity in the reservoir an important parameter when estimating
the residual gas saturation. The front velocity in the USS experiments was around 1
m/day; in the same range as for the immersed imbibition experiments. During porous
plate imbibition, the front velocity was around 3 m/year.

Effect of pore pressureon residual gas saturation

The immersed spontaneous imbibition data was obtained for reference, as this technique
is most commonly seen in the residual gas literature. The data fall between the porous
plate and unsteady-state results, but the pore pressures are different. Knowing that gas is
highly compressible and subject to diffusion, we believe that applying an elevated or
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reservoir pore pressure will decrease these contributions considerably. The two-step
imbibition profile in Figure 4 emphasizes that ambient effect corrections can be complex,
and may increase the uncertainty in reported data. Several authors have pointed out that
microporosity tends not to trap gas [8-10], but the related dependency of pore pressure
has not been investigated. Dacy [23] observes low residual gas from counter-current
imbibition in dry plugs from (microporous) tight gas sand formations, and attributes this
to diffusion effects. While a typical Land-correlation show a flat trend at high initial gas
saturation, Suzanne et al. [9] show an almost linear trend for Fontainebleau sandstone,
which is almost free of clays (and microporosity). We suspect that the reservoir pore
pressure would act to straighten this curve by reducing diffusion effects.

PNM simulations

The mismatch between PNM and experimental Krw(Sgrw)-results is not fully
understood. The main experimental uncertainty is a low pressure drop at Sgrw, however
there is a good consistency in the data over a wide permeability range. A recent study
[24] concluded that the PNM simulator required unrealistic contact angles to obtain
reasonable Sgrw-data. Because of this, however, the simulator has been updated to
honour tortuosity, topology and pore geometry explicitly in the calculations. We do not
have sufficient statistics to conclude in this matter.

Coreflood simulations

Coreflood simulations (Sendra) were performed to verify that the observed rate
dependency on displacement front was a physical effect. The models were designed to
capture the plug properties of the CT-samples. Water-gas USS relative permeability and
imbibition porous plate capillary pressure were adopted from analogue samples within
the same formation. Figure 6A shows the saturation profile at 0.3 pore volumes injected
water, and at four different flow rates. The simulated data confirm a clear non-linear rate
dependency, but the ultimate recovery is similar. In Figure 6B we compare the simulated
and experimental saturation profiles during USS and porous plate imbibition, where the
latter was modelled as an USS experiment with very low flow rate (estimated). There is a
good agreement between experiment and simulation.
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Figure 6: A) Simulated saturation profiles at 0.3 PV injected, B) Comparison of simulated and experimental
results.
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e Residual gas saturation in water-wet sandstones is dependent on imbibition rate.
Low rate USS water flooding and immersed imbibition show significantly higher
Sgrw than ultra slow imbibition controlled by porous plate.

e CT-scanning has revealed a dispersed water front at very low imbibition rates,
while rates similar to the free spontaneous imbibition results in a piston like
displacement. The data has been verified by coreflood simulations.

e Based on the Sgrw data and CT-imaging, we suspect that the variation in Sgrw is
related to the shape of the displacement front, where a dispersed profile leads to

less trapping of gas.

® We believe that residual gas measurements should be performed at elevated or
reservoir pore pressure, to limit any effect of gas compression and diffusion.
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