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Abstract: Tight gas reservoirs commonly exhibit complex pore-throat structures which lead to strong
heterogeneity and anisotropy in their permeability tensors. Conventionally, a constant threshold pressure
gradient (TPG) has been used to predict the production loss that arises from overcoming the rock’s
disinclination to flow water and gas through such complex pore-throat structures. The problem is that the
TPG is not constant during the production lifetime of a reservoir. In this work we find that using a constant
TPG results in large underestimations of gas production. This is because TPG varies significantly with both
effective stress and water saturation; an effect which is greater for tight heterogeneous rocks. The sensitivity
of TPG to stress and mobile water saturation are themselves controlled by permeability, generating a complex
feedback. These dynamic changes in TPG during reservoir production, lead us to rename TPG as the dynamic
threshold pressure gradient (DTPG). In the first part of this paper we examine the sensitivity of the DTPG to
stress and mobile water saturation for cores with different permeabilities, showing that DTPG increases
logarithmically with effective stress, from 0.17 MPa/m to 0.5 MPa/m for a change in effective stress from
0.6 MPa to 30.5 MPa. The DTPG also increases exponentially with mobile water saturation (S,), being 2.7
to 6.5 times higher at S,=20% compared to the value at irreducible water saturation. The sensitivity of DTPG
to both variables shows a decreasing power law trend with increasing rock permeability. These combined
effects generally lead to the DTPG being larger than the conventional TPG. In the second part of this paper
we model the effects of using a variable DTPG in place of a constant TPG for the purpose of predicting the
production loss associated with the latent pressure barrier in different heterogeneous reservoirs. When the
interacting effects of effective stress, water saturation and permeability are taken into account, we find that
the threshold pressure is relatively small in heterogeneous reservoirs with a distribution of increasing
permeability in the gas flow direction. The constant TPG approach underestimates the production loss by 34-
45% with the greatest difference occurring at low gas pressures encountered at the production well,

suggesting that gas production wells should be located in areas with high permeability.

Keywords: tight gas reservoirs, permeability heterogeneity, dynamic threshold pressure gradient, stress

sensitive, threshold pressure distribution, gas production loss
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Introduction

Tight sandstone gas reservoirs have huge gas reserves and very significant potential for development [1-3],
Tight sandstones gas reservoirs have low or ultra-low porosity/permeability, high water saturation, strong
heterogeneity, and complex gas-water seepage (flow of gas-water in rock pore-throats) [+, The water film
in the complex and fine pore-throats of tight gas reservoir rocks produces greater resistance to seepage 1%,
The gas in the pore-throats needs to break through, overcoming the capillary resistance to flow from the static
state '], Consequently, a certain displacement differential pressure is required initially to counteract this
resistance, to start and then to maintain the gas flow along the pore-throat path. In tight sandstone gas
reservoirs, the threshold pressure gradient (TPG) is both significant and dynamic in the sense that it depends
on permeability, effective stress and water saturation [12),

The pore-throat structure of the rock is the key factor controlling TPG in tight sandstone rocks 3. The
permeability of the rock is related to the complexity of the pore-throat structure ['4l. Consequently, rock
permeability is considered to have a significant effect on the threshold pressure in tight reservoirs [1%,
Moreover, the differential pressure for gas production in tight gas reservoirs is large due to their low
permeability. The drop in reservoir fluid pressure during development results in changes in the effective
stress on the reservoir rock. The large variation in effective stress results in significant changes to the original
small-scale pore-throat structure ['®), In addition, water saturation continues to increase during the
development process, changing the water distribution in the rock’s pore-throats. The variations in rock
effective stress and water distribution lead to changes in the threshold pressure gradient, known as the
dynamic threshold pressure gradient (DTPG) effect !7-211. Sensitivity coefficients are used to describe how
sensitive the DTPG is to changes in effective stress and mobile water saturation.

The dynamic nature of the TPG makes it difficult to predict the threshold pressure distribution in
reservoirs at different reservoir pressures [?21. The determination of the optimal well spacing between injection
and production wells lacks a basis for prediction 3], In addition, the prediction of gas well production is
complicated by the DTPG effect. Existing gas well production formulae have been established using the
magnitude of the threshold pressure without taking account of its dynamic nature. The TPG is considered to
be a fixed value, and this value is measured at a low effective stress [24. The predicted threshold pressure
with distance is linear according to this value, which inevitably leads to an underestimated calculated gas

production loss. Consequently, the predicted gas production is overestimated, resulting in actual production
2
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deviating from expected development schedule.

The TPG is affected by rock permeability, especially in the case of tight reservoirs with strong permeability
heterogeneity. The calculation of threshold pressure distribution and the prediction of gas production are
more complicated, as is the effect of DTPG. Consequently, it is important to understand the distribution of
DTPG in tight gas reservoirs (>l Such understanding can facilitate the design of the appropriate development
parameters and well pattern layout to reduce the gas production loss caused by DTPG.

The TPG of tight sandstones at different permeabilities and conditions of water saturation have been
tested on cores in previous studies '3 221, Small rock permeability values are considered to be associated
with small pore-throat structures. This agrees with the relevant theoretical petrophysics and with results from
nanometer scale 3D scanning of shales [26-3], Pore-throats with small radii produce large capillary resistance.
In addition, more fluid flow channels are blocked with the increased water saturation. Consequently, the
combination of low permeabilities and high mobile water saturations result in tight reservoirs with large
values of TPG 31-321, The sensitivity of TPG to mobile water saturation has been tested in our previous studies
(22 showing that mobile water has a greater effect on TPG than irreducible water "', Moreover, the TPG
values increase with effective stress 331, which is attributed to increased capillary resistance due to a decrease
in pore-throat size ['®34], This is analogous to the stress sensitivity of permeability (221,

The sensitivity of DTPG to stress and mobile water is closely related to permeability and its
heterogeneity. However, published studies have not taken into account the heterogenous nature of
permeability, the sensitivity of DTPG to effective stress and mobile water saturation and the effects of
changing permeabilities, despite the distribution of DTP being closely related to permeability heterogeneity
as gas production progresses. Calculations based on our experimental tests reported in this work lead us to
conclude that, there are large differences in the DTPG distributions in reservoirs with the same average
permeability but different heterogeneity distributions under the same stress conditions. Development
parameters and well deployment for different permeability heterogeneity distributions in tight reservoirs can
then be established to reduce the threshold pressure.

Unfortunately, the distribution of DTPG in tight reservoirs with permeability heterogeneity has not
previously been studied. Research on the threshold pressure variation with distance from injection and
production wells, and the gas production loss due to DTPG in the permeability-heterogeneous tight reservoir
has also not been reported.

In this paper, we study the sensitivity of rock DTPG to effective stress and mobile water saturation in
3
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heterogeneous tight gas reservoirs, and ultimately predict the distribution of DTPG within such reservoirs.
Measurements of the DTPG of tight sandstone cores with different permeabilities have been carried out by
using the improved bubble method [?2! The variation in characteristics of the DTPG at different effective
stress values and saturations of mobile water has also been studied. The impact of rock permeability on
effective stress sensitivity coefficient and mobile water sensitivity coefficient of DTPG has been analyzed
quantitatively. The threshold pressure distribution in the heterogeneous reservoir has then been calculated
using the DTPG. In particular, the influence of the distribution of the permeability heterogeneity and
reservoir pressures on the threshold pressure distribution are reported, and gas production loss related to these
issues is discussed. The results with DTPG were compared with those corresponding to the conventional
fixed threshold pressure gradient (FTPG). The results provide both the base data and theoretical basis that
support the prediction of threshold pressure in tight gas reservoirs and calculation of gas production in this

type of reservoirs.

Methodology

Materials

Nine sandstone cores (numbered Y1-Y6 and C1-C3) were chosen from a target tight reservoir at a depth of
3000-3100 m. The cores C1-C3 were divided into two equal parts, each 3.5 cm long (Table 1). The reservoir
temperature is 82+1.8°C, the rock porosity varied from 3% to 13%, with an arithmetic mean of 8.1%, while
the permeability varied between 0.02x10-3 um? and 0.2x10-3 um?, with an arithmetic mean of 0.08x103 um?
and a geometric mean of 0.09x10-3 pm?. Cores Y1-Y6 were cut so that all cores were 7 cm in length (Table
1). The samples were studied by X-ray diffraction for elemental and mineral composition. The average total
content of quartz and feldspar of these samples is greater than 75%.

The brine used in all experimental tests was prepared to match known formation water data for the field
(Table 2). Cores were immersed in brine and aged for 24 hours, to reduce any differences in the wettability
of mineral surfaces in different cores as much as possible. This is important in order to reduce the effect of
wettability differences on the distribution of gas-water transport through the cores during tests, so that the

effect of other parameters can be more easily ascertained 3. Pure humidified CH4 were used to represent the
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Table 1. Basic parameters of the core samples.

No. L(cm) D (cm) %) k (107 um?) Syi (%)
Y1 7.093 2.535 5.35 0.0258 48.5
Y2 7.117 2.527 8.843 0.0346 50.2
Y3 7.081 2.521 7.975 0.0459 45.7
Y4 7.066 2.534 7.737 0.0781 44.8
Y5 7.121 2.532 8.506 0.1158 40.6
Y6 7.216 2.524 9.008 0.1224 38.9

Cl-1 3.652 2.521 6.868 0.0251

C2-1 3.493 2.522 8.102 0.0679 47.9

C3-1 3.817 2.526 9.642 0.1295

C1-2 3.611 2.521 6.868 0.0248

C2-2 3.473 2.522 8.102 0.0684 48.5

C3-2 3.784 2.526 9.642 0.1253

Note. L core length, D core diameter, ¢ porosity, & Klinkenberg permeability, S
irreducible water saturation

Table 2. Physicochemical properties of the reservoir brine measured at 20°C.

Item Value
Density (g/cm?®)  1.031
pH 6.74
K* (mg/L) 2318
Na* (mg/L) 1148
Ca* (mg/L) 4314
Mg?* (mg/L) 390
CI (mg/L) 22344
HCOs(mg/L) 1148
SO4*(mg/L) 1809
TDS (mg/L) 41614

TDS = Total dissolved solids

Threshold pressure test method

The threshold pressure values were measured by an improved bubble method 2%, First, a small displacement
differential pressure is applied to the core by injecting CHa. A thin pipette containing air bubbles in dyed
water is connected to the outlet end of the core. The displacement differential pressure is then increased
continuously. The gas starts to flow in the core when the differential pressure overcomes the capillary
resistance, which causes the bubbles to move. At this point, the differential pressure between the two ends of

the core is the minimum threshold pressure for which the two phases of gas-water can flow 361, The bubbles
5



138  in the thin pipette are monitored by a camera and a computer. Once any movement of bubbles is detected by
139  the camera and the computer, the computer immediately records the pressure data, improving the accuracy
140 of the measurement. During DTPG tests, the differential pressure is monitored by a dynamic differential
141  pressure gauge. This device can continuously monitor the dynamic change of differential pressure on the

142 order of 10® MPa while the system working pressure is over 50 MPa.

143 Test equipment and procedures

144  The main experimental devices are the core displacement system and the matching nuclear magnetic

145 resonance (NMR) test system, as shown in Figure 1.

146
147
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148
149 Figure 1. TPG test experimental device.
150

151 The measurement steps are as follows,

152 (1) The fluid transfer vessels were filled with CH4 and brine together with the core holder were placed in the
153 temperature controlled chamber. The chamber temperature was set to 82°C and left for 24 hours for the
154 temperature to equilibrate in all parts of the heated equipment.

155  (2) The brine saturated core was placed in the core holder with confining pressure of 31 MPa. The brine in
156  the core was then gradually displaced by CH4 injection. The core holder was placed in the NMR equipment
157  for NMR scanning. The brine distribution was monitored, and the corresponding brine saturation was

158  calculated. The brine in the core was displaced by CH4 injection until the water saturation reached specified
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pre-defined value.
(3) The pressure at the outlet end of the core was stabilized at 30.4 MPa by the back-pressure pump and the
back-pressure valve at irreducible water saturation (Sy;). The differential pressure was then increased from a
starting value of 1x10 MPa in increments of 1x10° MPa by injecting CHa. At each pressure value, the
pressure was stabilized for 3 hours until the bubble movement in the pipette was recognized. The TPG at this
back-pressure was recorded. Otherwise, the differential pressure was gradually increased until the bubble
moved. The back-pressure was set to the next value in a total of 11 other back-pressure values in the range
0f 0.5-30.4 MPa, and the TPG values at different pressures were measured, respectively.
(4) Steps (1)-(3) were repeated to test TPG at different mobile water saturations (S,) at 30.4 MPa back-
pressure (in this paper, the irreducible water saturation (S,;) and the water saturation (S\) of nominally S,.:+8%,
Swi +15%, and S,; +20%, respectively, in total 4 saturation values, and S,,=S\~ S.). The core that was in the
holder was then replaced, and tests were performed on the other cores.

After the tests, the cores were tested by NMR to measure their water saturation. If the difference in brine
saturation was less than 2%, this group experimental data was considered to be reliable. Otherwise, the

experimental differential pressure and the TPG value was retested.

Results and discussion

Sensitivity of DTPG to effective stress

The DTPG values of the cores with different effective stresses (P.y) at irreducible water saturation are shown
in Figure 2, where the abscissa is logarithmic. The core outlet was connected to the atmosphere in
conventional threshold pressure tests. The pressure at the outlet was 0.1 MPa, and the corresponding effective
stress was a small fixed value. In fact, the DTPG-P.y curve shows an increasing trend, where the increase is
rapid for P.;<5 MPa, with a variation amplitude of 0.1-0.3 MPa/m, and the increase becomes slower for
P.#>5 MPa. Consequently, the TPG values tested in conventional threshold pressure tests are relatively small
and are also below those encountered during the development of reservoirs.

The total amplitude of the DTPG varies logarithmically between 0.17 and 0.5 MPa/m for variations of

Pcybetween 0.6 and 30.5 MPa. The DTPG-P.y data are well-fitted by a relationship of the following form,
APypresh = An(Pysr) + a (1)

7



186

187

188

189

190

191
192

193

194
195
196

197

198

199

200

201

202

203

204

205

206

where APresn 1s TPG (MPa/m), P.gis the effective stress (MPa), and 4 and a are fitting coefficients (MPa/m).

The coefficient A is the slope of the line in Figure 2, a key parameter controlling the increase of the
DTPG-P.y curve, called as the DTPG stress sensitivity coefficient. The coefficient A is used to describe the
sensitivity of the DTPG to changes in P,z The coefficient a determines the average level of the DPTG values,

corresponding to the upper (DPTGmax) and lower (DPTGmin) limits of DPTG, and A determines the variation

range of DPTG P,
1.6
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Figure 2. DTPG and effective stress pressure (P.) of cores at irreducible water saturation (Sy).

The mechanism of rock DPTG stress sensitivity is considered to be similar to that of rock permeability stress
sensitivity [¥71. The only difference is in the interpretation of the flow process. In the case of permeability, it
is assumed that a gas flow is taking place at a given differential gas pressure. Increasing the confining pressure,
as shown in Figure 3, reduces the aperture of flow paths, the number of flow paths available for flow, and
their connectivity. Closure of flow paths due to increasing overburden pressure reduces all three of these
controls on permeability. By contrast DPTG assumes that flow is not taking place and measures the pressure
difference required to start flow. Figure 3a shows that for relatively low confining pressures flow is already
taking place, indicating that the local DTPG is exceeded in all three channels. As confining pressure increases
(Figure 3b), flow is taking place at a differential pressure which is greater than the local DTPG for the top

two channels, but has not exceeded the capillary pressure allowing flow in the bottom channel, leaving the
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channel blocked by a water slug [3]. As overburden pressure increases further (Figure 3c), flow is taking
place at a differential pressure which is greater than the local DTPG for only the top channel, while the bottom
two channels do not flow because the differential pressure has not exceeded the local DTPG for these
channels. Consequently, the control of channel aperture imposed by the overburden pressure controls both

the DTPG and the fluid permeability 1.

Increasing confining pressure

4

(a) (b) (c)

-4 |- > O
\ —

|:|Matrix
-Pore water
[ JcH,

Progressive closure of flow paths

Figure 3. Schematic diagram of the mechanism of DPTG stress sensitivity and permeability stress

sensitivity.

We define DTPGnin as the DTPG value at minimum effective stress of the rock, and DTPG.x as the
DTPG value at the maximum effective stress of the rock, as well as the difference between the two, ADTPG=
DTPGmax- DTPGumin. Figure 4 shows that all three of these parameters decrease non-linearly as permeability
increases. The average pore-throat radius is small in low permeability rock, the capillary resistance formed
by the water slug is large, and the TPG value is large. The rate of decrease of the DTPG values with increasing
permeability is greater for rocks with smaller permeabilities. This is because the complexity of the pore-
throat structure increases exponentially with the decrease of the permeability value at smaller permeability
values 1. The TPG is more sensitive to the variation of the permeability value in lower permeability rocks.

The variation range of ADTPG also decreases with increasing permeability, indicating that changes in DTPG
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Figure 4. The variations of DTPGuax and DTPGmin versus core permeability (k).
(DTPGmax, DTPG value at minimum effective stress of rock; DTPGmin, DTPG value at maximum effective
stress of rock; ADTPG= DTPGmax- DTPGmin.)

There are differences in the trend of DTPG-P. for cores with different permeability, as shown in Figure
2. Large permeabilities correspond to small DTPG values, and the slope of the DTPG-log(P.y) curve is
smaller at higher permeabilities, implying that rocks with larger permeabilities exhibit weaker dependence
on effective stress.

The A-k and a-k curves are shown in Figure 5. Both the 1-k curve and a-k curve show downward trends.
Smaller permeability samples exhibit larger 1 and a coefficients, implying that small permeability samples
have both large DTPG values and larger sensitivity to changing effective stress. In particular, A and a are
more sensitive to permeability variations at low permeabilities (<0.06x10-3 um?). This is similar to the
sensitivity of DTPG to effective stress, because rocks with low permeability have small pore-throats and
complex pore-throat structures. A small effective stress variation causes a large change in pore-throat
structure and also results in a large change in the water distribution 1. In this case, the DTPG shows a strong

sensitivity to the effective stress.

10
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Figure 5. Rock DTPG stress sensitivity coefficient (4, a) versus core permeability (k).

Sensitivity of DTPG to mobile water

Tight gas reservoirs always have high-water saturations due to the small and complex pore-throat structure
13-4 which results in relatively large values of threshold pressure. Moreover, the water saturation continues
to rise during production, which leads directly to a large variation in the water distribution in the pore-throats
of the rock 2], If we consider the scenario illustrated by Figure 3 and then imagine that the water saturation
increases, the result will be that there is no change to the pathways that are already blocked, but some of the
open pathways may also become blocked by a water slug. The middle channel in Figure 3b is at particular
risk of this happening if the local water saturation increases. While this scenario is valid for all overburden
pressures, it is more likely to pose a threat at higher overburden pressures where many of the pathways for
flow are already small if not already blocked and the DTPG is already high. Consequently, water saturation
is also a key factor controlling the DTPG values.

The relationship between the mobile water saturation (S,,) and DTPG at P,y of 0.6 MPa is shown in
Figure 6. The DTPG of the cores are 2.7 to 6.5 times the initial value from S, to an S, of 25%. The DTPG-
Sy relationship shows an exponential increase, exemplified by linear behavior when plotted on semi-
logarithmic axes, as here. The relationship is given by,

APypresn = be™m )

where APiyesn is the TPG (MPa/m), S, is the mobile water saturation (%), and # (in units of %) and b
11
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(MPa/m) are fitting coefficients.

The coefficient # is the slope of the line, a key parameter controlling the increase of the value of DTPG
with water saturation. This parameter is defined as the DTPG mobile water sensitivity coefficient [?21. The
coefficient # is used to describe the sensitivity of the DTPG to changes in saturation of mobile water. The

parameter # determines how quickly the curve increases, and the coefficient b is the DTPG value at Sy,
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Figure 6. DTPG and mobile water saturation (S,) of cores at 0.6 MPa effective stress pressure (Pep).

Water is the wetting phase in the rock pores. The irreducible water generally covers the pore walls in
the form of water film or fills the smallest pore throats. Gas is the non-wetting phase and is distributed in the
center of the relatively larger pore-throats in the flow channel. Water slugs cause relatively little blockage of
such larger pore-throat diameter gas flow paths. Contemporaneously, there is free-flowing mobile water in
pore-throats at higher saturations than S,;. The thickness of the water film on the pore wall increases as water
saturation increases. The mobile water fills the pore-throats that were not originally occupied by the
irreducible water, resulting in blockage of the gas transport path for a large range of pore-throat diameters,
and the DTPG consequently increases. As S, continues to increase, some of the relatively larger pore-throats
become filled with water 431, extending the range of pore-throat sizes occupied by water slugs to encompass
larger pore-throats as well as the smaller pore-throats which were previously not occupied by water slugs.
Hence, the total length of flow channel occupied by water slugs increases, which leads to a significantly
increase of DTPG. Consequently, the DTPG increases exponentially with S,,..

Compared with the logarithmic increasing trend of DTPG-P.;, the exponential increasing trend of DTPG
12
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as a function of S, indicates that the sensitivity of DTPG to mobile water is stronger than that of effective
stress. The increase in water saturation is the direct cause of the existence of the water slug in the pore-throats,
which directly produces the gas-water two-phase fluid transport resistance. By contrast, increases in effective
stress mainly affects the DTPG by reducing the pore-throat radius when the pores contain water, and plays a
more indirect role. The DTPG effect caused by the direct variation of water distribution is consequently more
significant than the indirect effect of the pore-throat size change caused by stress sensitivity.

When the water saturation of cores with different permeability increases by the same value, the
distribution of the increased mobile water in the pore-throat of different cores is different due to the difference
in the complexity of the pore-throat structure, resulting in different impact on the DTPG. The pore-throat
radius of low permeability cores is smaller and more complex than that of rocks with higher permeabilities.
The increasing mobile water saturation immediately produces a significant increase in the DTPG in low
permeability rocks. The overall DTPG-S;, trend is steep and the sensitivity of DPTG to mobile water is
affected by rock permeability. The #-k curve is shown in Figure 7. The #-k curve also shows a decreasing
power law relationship. The sensitivity coefficient # decreases rapidly with the permeability at low
permeability values, while the variation of & has relatively little effect on # at large permeability values. That
is, when the permeability is small, the sensitivity of # to & is strong, and when the permeability is large the

sensitivity of 7 to k is weak.
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Figure 7. Rock DTPG mobile water sensitivity coefficient (7) versus core permeability (k).
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DTPG and permeability heterogeneity

Strong heterogeneity is another major feature of tight gas reservoirs 4. Cores with different permeability
have different pore-throat structures and differences in the water distribution in pore-throats (31, The
heterogeneity resulting from the deliberate combination of short cores to form composite cores with different
permeability also affects the DTPG. The effect of heterogeneity on DTPG and its controlling influences has
been studied by carrying out measurements on composite cores that are composed of three short cores with
different properties. The composite core H1 is composed of short cores C1-1, C2-1, C3-1, with permeability
decreasing progressively in the flow direction. The composite core H2 is composed of short cores C1-2, C2-
2, C3-2, and has progressively increasing permeability in the flow direction (see Table 1). Figure 8 shows

the DTPG-P.y relationships for the composite cores H1 and H2 at different water saturation conditions.
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E ° > o
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0.2 y=0.068In(x) + 0. 196Z & i R2=0.982
R2=0.991 £
0.1 . L
0.1 1 10 100
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Figure 8. DTPG versus effective stress (Pe) of composite cores.

Similarly to the previously tested cores (Figure 2), the DTPG-Pes curves of both composite cores H1
and H2 also show a logarithmic increasing trend. Moreover, the DTPG-P,curves of cores H1 and H2 show
a large difference at about 11% S;,. That is, the DTPG values and the effective stress sensitivity are different
under different fluid flow directions in the heterogeneous core. Clearly, H1 has higher DTPG values and is
more sensitive to changes in effective stress. This may be due to the difference in the distribution of mobile
water in cores.

Figure 9 shows the NMR 7> distributions before and after the DTPG tests for the inlet and outlet cores
14
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for each composite arrangement. The inlet of core H1 is C3-1 (high permeability core), and the outlet is C1-
1 (low permeability core). The inlet end of core H2 is C1-2 (low permeability core), and the outlet is C3-2
(high permeability core). The purpose of this figure is to ascertain what the effect of carrying out the gas-
flooding tests are, and whether the change in water saturation and mobility is affected by the permeability
and/or position of the core in the composite in order to determine whether the mobility of the water depends

on the permeability heterogeneity of the composite cores.
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Figure 9. The water distribution in the inlet and outlet of the cores H1 and H2 before and after DTPG tests.

The 7> distributions in all four of the initially saturated cores (i.e., before the DTPG tests) are bimodal,
indicating that (i) the cores have been chosen well to have very similar microstructural characteristics despite
having different permeabilities, and (ii) the cores contain both capillary-bound water, represented by the
peaks draped around 0.2-0.4 ms, and mobile water, represented by the peaks centered around higher values
of T>. It should be noted that none of the samples conform to the standard, and often erroneous 33 ms cut-off
that is often applied blindly in the oil and gas industry. The NMR 7> distributions measured after the DTPG
tests in each case show that most of the mobile water gas been produced from the cores, together with a
significant amount of capillary bound water. Water production is marginally greater for cores placed at the
outlet.

In the core H1, the permeability decreases along the direction of the displacement differential pressure,
and more mobile water is distributed in the small permeability core near the outlet [4*], The DTPG values are

larger for cores with smaller permeabilities, as is their sensitivity to changes in effective stress and mobile
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water as shown in Figure 5 and Figure 7. In the core H2, more mobile water is distributed in the large
permeability core near the outlet, the value of DTPG is small and the sensitivity is weak. At irreducible water
saturation, the water distribution in cores with different permeability is relatively more uniform. There is a
difference in DTPG between Hland H2 at irreducible water saturation, but the difference is small. That
difference becomes more significant as water saturation increases. Consequently, the direction of reservoir
flow is important from the point of view of DTPG as well as the more conventional considerations of
permeability and breakthrough. Hence, the choice of the relative location of injection and production wells

can effectively reduce the TPG during the development of heterogeneous tight gas reservoirs.

Threshold pressure distribution

The core test results represent the parameters of a point in the reservoir. The test results cannot characterize
the distribution of the TPG in a heterogeneous reservoir at the reservoir scale. Figure 10 shows a schematic
diagram of a one-dimensional heterogeneous tight gas reservoir with a length of 50 m at irreducible water
saturation. The overburden pressure (P,) is 31 MPa, and there are two possible permeability distributions, (i)
K, where the permeability of the reservoir decreases gradually from left to right (0.12x10-3 um? to 0.02x10
3um?), and (ii) K>, where the reservoir permeability increases gradually from left to right (0.02x107 pm? to

0.12x107 pm?).

P, P =31 MPa P,
K,=0.0011+0.02 |
K,=-0.001L+0.12

50m L=0

Figure 10. Schematic of one-dimensional linear reservoir with permeability heterogeneity.

The black arrow represents the flow direction, L=0 m represents the production end, Pyis the pressure at
production end, L=50 m represents the reservoir edge, P.is the pressure at reservoir edge, P, is the
overburden pressure, K; represents a decreasing permeability distribution mode along the flow direction,

and K> represents an increasing permeability distribution mode along the flow direction.
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When the differential pressure gradient is larger than the TPG in the reservoir, then the fluid starts to

flow 221, that s,

dpP

v=20 E < APipresn
kg apP dapP

v= 7 (E - APthresh) E > APipresn

(©))
where v is gas flow rate (m/s), dP/dL is the displacement pressure gradient (MPa/m), P is the pore fluid

pressure at any point in the reservoir (MPa), L is the distance from the production well (m), APjres is the
TPG (MPa/m), kg is the gas permeability (10~ um?), and u is the gas viscosity (mPa-s).

The conventional TPG is considered to have a fixed value, the threshold pressure increases linearly in
the reservoir with the distance (L), and the slope of the straight line is the fixed threshold pressure gradient
(FTPG). According to the test results in this paper, the TPG in the reservoir is not a fixed value during the
production process. It is expected that the relationship between the threshold pressure and distance is not
linear. Moreover, the required cumulative displacement differential pressure increases to overcome the
threshold pressure. The corresponding P at any position in reservoir also increases when the pressure at the
production end is set at a higher value, while the P.ydecreases, the DTPG decreases. When the P, is increased
continuously to overcome the threshold pressure, the threshold pressure decreases. The value of P. and
threshold pressure are coupled with each other and change dynamically 221,

In the one-dimensional heterogeneous tight gas reservoir, when the value of the pressure Py at L=0 m is
determined (which can be considered as the pressure at the production well), there is a minimum P, value
(Pemin) at the reservoir edge (L=50 m), which is just large enough for the gas to start flowing. Hence, the value
of Pepin s the minimum pressure when gas starts flowing. The threshold pressure of the gas-water two-phase
transport at Penin in reservoirs is the maximum, which is Penin -Po. The displacement pressure gradient is just

larger than the DTPG at any position in reservoir ['],

dpP
a APipresn 4)

According to the test results of DTPG stress sensitivity at irreducible water saturation of tight gas

reservoir rock that we have reported previously in this paper, the DTPG in the reservoir is,

-

APipresn = A ln(Peff) +a
A =0.0163k 70492
a=0.0018 k=172
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k; = 0.001L + 0.02
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Combining Egs. (4) and (5), the iterative trial calculation can be performed by using MATLAB tools,
and the algorithm is shown in Figure 11. In this paper we set the initial value Py to three values, 1, 5, and 15

MPa.

not
modified Ap] A

+AP ; \
yes/not
X consistent
P Calculated /

Initial value

P(J

A4

L AP thresh
es |
+Ap; Y
. J oo Threshold pressure
Py P=L) distribution

Figure 11. Schematic of method for calculating the threshold pressure distribution in one-dimensional
linear reservoir with permeability heterogeneity.

The calculated results of threshold pressure are compared with the results for a FTPG in Figure 12. The
effect of effective stress is not considered in the conventional TPG tests, the effective stress of the rock during
the tests is small. Consequently, the FTPG is taken as the value of DTPGmin (k) in Figure 4, and the FTPG is
only related to the permeability of rock ['647], The distribution of fixed threshold pressure (FTP) was

calculated based on DTPGmin (k).
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438 Figure 12. Threshold pressure distribution with length (L) in heterogeneous reservoirs.
439 DTP is threshold pressure corresponding to the DTPG, FTP is the threshold pressure corresponding to the
440 FTPG. K; represents a decreasing permeability along the flow direction, K represents an increasing
441 permeability along the flow direction. (The value of DTP+15MPa is over the overburden pressure 31MPa
442 when L>20 m for K; and L>46 m for K, the 15 MPa curves of DTP are short.)
443
444 As shown in Figure 12, the FTP of the permeability distribution K; increases rapidly with L, and then

445 increases slowly. The FTP of the permeability distribution K> first increases slowly with L, and then increases

446  rapidly towards the production end. The shape of the FTP-L curves is the same at different mean pore fluid
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pressures. The total threshold pressure that needs to be overcome to start the flow of gas-water in the reservoir
is the same, which is 15 MPa (P.-Py), regardless of the value of Py. The shape of DTP-L curve is similar to
that of the FTP-L curve, while the values of DTP are larger than FTP.

Figure 13 shows the relationship between the DTPG and FTPG and the permeability at P.=1 MPa and
at Penin for the permeability distributions K; and K». The TPG values of rocks with the same permeability are
different for the two different permeability distributions, K; and K>. This is because the effective stress varies
according to location differently for the two permeability distributions, irrespective of the rock having the
same mean permeability. This results in the different values of Peuin in the reservoirs with different

heterogeneity.

25
P,=1 MPa ——DTPG(K.)
2\ ——DTPG(Ko)
’g ——FTPG
S5
A
e |
@)
[aW
Eos t
O 1 1 1 1
0.02 0.04 0.06 0.08 0.1 0.12

k (1073 pm?)

Figure 13. Threshold pressure gradient (TPG) with rock permeability (k) in the permeability distribution
mode K; and K> at Pp=1 MPa and at Pepin.

In particular, Penin of permeability distribution K; is greater than that of permeability distribution K>
(Figure 12). The Pepin of K; are 2.2 MPa larger than that of K>at Pj=1, and 1.8 MPa at Py=5 MPa, respectively.
This is because the pore fluid pressure (P) value is small at the production end, the corresponding P,y value
is large, and the P.s value is the largest at L=0 m. Consequently, the rock DTPG sensitivity at the production
end is affected by a large stress. In the case of permeability distribution mode K;, the DTPG values are large
and the DTPG stress sensitivity is strong at the production end due to the small rock permeability. In the case
of permeability distribution mode K>, the rock permeability at the production end is large. The DTPG has a
relatively weak sensitivity to stress at the production end, these rocks have a relatively small DTPG values.

The overall result is that the total threshold pressure for 50 m reservoir of permeability distribution K; is
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greater than that of K». Furthermore, this difference in threshold pressure between K; and K is smaller at
high reservoir pressures. This is due to the weak stress sensitivity of rock DTPG at high pore fluid pressures.

Consequently, the production well should be set at the position with high permeability. The gas flows
from the position with low permeability to the position with high permeability, to reduce the overall threshold
pressure. The differences in permeability distributions have less effect on the resulting total threshold
pressure at higher pressures than that at lower pressures. However, when Py is higher than a certain value
(for example, Py=15 MPa), the total threshold pressure value in the K; permeability distribution is larger than
the maximum displacement differential pressure (P.<31 MPa) at a small L value. The gas in the reservoir at
L>20 m cannot start to flow. In the case of K> distribution mode, threshold pressure is smaller than maximum
displacement differential pressure at L<46 m. The gas production area is larger in reservoirs with K>-type
permeability distribution. More specific data of difference in threshold pressure between K; and K>
distributions (ADTP-L curve) is shown in Figure 14.

Interestingly, the inference made above that the production well should be set at the position with high
permeability, is the same inference that has been arrived at using Advanced Fractal Reservoir Modelling
(AFRM) of heterogeneous and anisotropic reservoirs 4341 In this research production optimization was
tested for well placement randomly, and for all combinations of injection and production wells deliberately
placed in fractally-distributed range of permeabilities from low to high permeability %, The results showed
that best production occurred when both injection and production wells were deliberately placed in high
permeability rocks P11,

The ADTP-L curve showed a trend of rapid increase at first and then a rapid decrease. The K;
permeability distribution mode is unfavorable for gas flow, especially at a high Py (for example, Py=15
MPa). Because the value of total threshold pressure reaches the maximum differential pressure within a short
distance from the production end. The gas cannot start to flow without additional fluid injection (such as CO»
injection). On the other hand, a large Py means a small value of the whole effective stress of the reservoir
rock, and a small ADTP value. Consequently, the selection of the production end Py cannot be too large or

too small, and there is a moderate value.
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502
503 The difference between DTP and FTP in case of distribution K; is shown in Figure 15. This difference

504  increases with L, and the difference becomes smaller at higher Py. It shows that when the TPG is considered
505  to be a fixed value, a large well spacing results in a large prediction error of threshold pressure, and the error

506  is smaller at higher pressures.
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512 Gas production loss

513 The TPG needs to be overcome before production can start, and in a sense, it consumes a certain displacement
514  differential pressure, resulting in a part of gas production loss of the reservoir. As we have seen, there are
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differences in the distribution of FTPG and DTPG in heterogeneous reservoirs. Traditionally, the prediction
of gas well production loss based on a FTPG value inevitably leads to deviations from expected production
values. The results exhibited previously in this paper indicate that the predicted value of the production loss
has conventionally been underestimated.

In order to explore the impact of DTPG and reservoir permeability heterogeneity on gas production
capacity loss in heterogeneous reservoirs, a cylindrical coordinate, horizontal and equal-thickness
heterogeneity model has been established. Once again, we have explored the results from two permeability

distributions, K; and K>. The production well is in the centre of the model, as shown in Figure 16.

Production well

r.,=0.1 m
r=50 m

\K

R T

K,=0.001r+0.02
K,=-0.001r+0.12

P.=30 MPa

Figure 16. Schematic diagram of a heterogeneous reservoir. The black arrows represent the flow direction,
re 1s the radius of the model, P, is the pressure at the edge of the reservoir, r,, is the radius of the gas
production well, P,, is the bottom hole flowing pressure, K; represents a decreasing permeability
distribution towards the production well, and K represents an increasing permeability distribution towards
the production well.

The gas flow at radius 7 in the reservoir is 52,

__2nrhKg dp .
a Go = =257 (Without TPG)

_ anth

< q1 "

__2mrhKy (dp

q; = P ar APi:hresh—K1 (P)) (DTPG-K1)

d
(d_f - APi:hresh—F) (FTPG)

2nrhK, (d
K qz = Tg (d_f - APi:hresh—Kz (P)) (DTPG-K3)
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(6)
The gas well production Q, without TPG is used as the benchmark, the gas well production loss caused
by TPG is,

L, (%) = (100 — Q% x 100) (7)
where qo, 1, q2, g3 are the gas flows for each scenario (m*/s), 4 is the reservoir thickness (m), L, is the gas
well production loss ratio (%), and Q is the gas well production (m?/d).

We combine Egs. (6) and (7) to calculate L, of gas well at different P,, using MATLAB tool integration,

the result is shown in Figure 17.

110 50
90 | 1458
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™ 40 &
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30 | DTPG(K1) 1303
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— — = DTPG(K:)-FTPG(K>)
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Figure 16. The gas production loss (Z,) due to DTPG and FTPG at different P, in a heterogeneous
reservoir. DTPG is dynamic threshold pressure gradient, FTPG is fixed threshold pressure gradient, and
ALp,=L,of DTPG - L, of FTPG.)

As expected, as shown in Figure 17, the L, of DTPG is much higher than that of FTPG, because the
value of DTPG is higher than that of FTPG. The difference in L, (4L,) between DTPG and FTPG is 40-45%
at Py, of 1 to 7 MPa in the permeability distribution K;, and 4L, is 34-37% in permeability distribution K>.
The value of 4L, gradually decreases as P, increases, but tends to a constant value at high values of P,,. If
the TPG is considered to be fixed, large prediction errors of gas well production results, especially at lower
P,.. Moreover, L, increases with P,, this is due to the fact that a large P, means a small displacement

differential pressure (P.-Py). The threshold pressure as the loss of displacement differential pressure accounts
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for a large proportion of the total displacement differential pressure (22!, The L, of FTPG is 23-48%, that is,
over 20% even at the minimum P,,. The threshold pressure has a greater impact on gas well production in
tight gas reservoirs. When the production differential pressure is small, the threshold pressure makes more
gas reserves unproducible from the reservoir. The effective development of gas cannot be maintained only
by relying on the initial pressure of the reservoir.

Furthermore, the increase trend of L,-P,, is slow first and then fast in Figure 16. On the one hand, a high
P, results in a small DTPG. On the other hand, a high P, results in a large L,. This L,-P,, behavior is
controlled by two opposing factors. It is worth noting that, the value of L, in the permeability distribution
K is higher than that in the permeability distribution K>. It demonstrates that the permeability distribution
mode K; is unfavorable for the development of tight gas reservoir, which causes the gas in a wider range of

reservoirs to be unable to flow.

Conclusions

In this paper, we tested the DTPG values on cores with different permeability at different stresses and
saturations of mobile water. The quantitative relationship between permeability and the DTPG sensitivity
coefficients was studied. The threshold pressure distributions of different permeability distribution modes of
tight gas reservoirs were calculated based on our experimental data, and the gas production loss of DTPG
and FTPG were compared. We obtained the following conclusions based on our experiments:

(1) The DTPG of tight gas reservoir rocks increases logarithmically by 0.5-3.9 times in the effective stress
range of 0.6-30.5 MPa, such that rocks with smaller permeability exhibit a stronger stress sensitivity of DTPG.
(2) The DTPG of tight gas reservoir rocks increases exponentially by 2.7-6.5 times from irreducible water
saturation to a mobile water saturation of 25%. Once again, rocks with smaller permeability exhibited a
stronger mobile water saturation sensitivity of DTPG.

(3) The distribution of increasing permeability in the displacement direction is beneficial to the reduction of
the threshold pressure. The influence of the reservoir permeability heterogeneity on the DTPG is smaller at
higher pressure.

(4) DTPG causes a 34-45% higher gas production loss in tight reservoirs than FTPG. The distribution of
decreasing permeability in the displacement direction makes a 6-8% larger gas production loss than that of
an opposite permeability distribution.
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Overall, the sensitivity of DTPG to stress and mobile water shows decreasing trends with rock

permeability. The threshold pressure is small when the direction of gas flow is consistent with the direction

of increasing permeability in heterogeneous reservoirs. Production wells should be located in high

permeability sections of heterogeneous reservoirs to reduce the threshold pressure.

List of main abbreviations

TPG Threshold pressure gradient

DTPG Dynamic threshold pressure gradient

DTPG Fixed threshold pressure gradient

DTP Dynamic threshold pressure

FTP Fixed threshold pressure

DTPGumin DTPG value at minimum effective stress of rock

DTPGmax  DTPG value at maximum effective stress of rock

Pey Rock effective stresses

A Stress sensitivity coefficient of threshold pressure gradient

n Mobile water sensitivity coefficient of threshold pressure gradient

Shi Irreducible water saturation

k Core permeability

S Mobile water saturation

P, Overburden pressure

Py Pressure at production end

P. Pressure at reservoir edge

K A decreasing permeability distribution mode along the flow direction
K> An increasing permeability distribution mode along the flow direction
L Distance from the production well

Penin A minimum P, value, which is just large enough for the gas to start flowing
P, Bottom hole flowing pressure

L, Gas production loss

AL, Difference in production loss between dynamic and fixed threshold pressure gradient
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