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ABSTRACT

Two-phase flow conditions are frequently encountered in geothermal reservoirs due to gradients in pressure and temperature. Since
empirical or theoretical extensions of Darcy's law for immiscible two-phase flow have shown significant limitations in properly modelling
flow at the continuum-scale, in this paper we start with the upscaled equations based on pore-scale flow regimes (i.e., the topology of
flowing phases) recently developed by Picchi and Battiato (2018) to understand the impact that the topology of flowing phases may have
on relative permeability estimates at geothermal reservoir conditions. We illustrate and quantify the effect of pore-scale flow regimes on
relative permeability by focusing on core-annular and plug flow regimes in a capillary tube, as surrogates of the large- and small-ganglion
dynamical regimes, respectively. We show that, for cases with lower viscosity ratios, typical of geothermal systems, differences in the
relative permeability between plug and core-annular flows is considerable in the whole range of saturation and reaches peaks larger than
100% with respect the relative permeability computed for core-annular flow.

1. INTRODUCTION

Geothermal reservoirs are characterized by a continuous migration of hot water from a high-temperature heat source to the (cooler) earth
surface. Due to significant variations in temperature and pressure, water may experience a phase-change yielding to two-phase flow
conditions (water and steam), while gradients in phase density lead to buoyancy effects all over the reservoir. At the pore scale, the flow
is dominated by surface tension forces and wall wetting properties and it is also strongly affected by the pore geometry. In fact, these
types of systems are usually characterized by a small Eotvos number (Eo = ApglL?/c « 1), and therefore, the flow characteristics are
similar to microgravity systems, see Brauner (1990).

The most common approach to modelling immiscible two-phase flow in a porous medium is to consider an extension of Darcy’s law for
the multiphase flow scenario by introducing the concept of relative permeability at the continuum scale, see Bear (1972). Up to now,
many upscaling approaches have been adopted, such as homogenization via multi-scale expansions (e.g., Auriault (1987), Hornung
(1997), Darly and Roose (2015)), volume averaging methods (e.g., Whitaker (1986) and Lasseux et al. (2008)), thermodynamic-based
approaches which explicitly accounts for the dynamics of the interfacial area (e.g., Hassanizadeh and Gray (1980, 1990), Miller and Gray
(2005), Niessner and Hassanizadeh, (2008), Gray et al. (2015)), and the work by Xu and Wang (2014) who derived a viscous dissipation
upscaled law. These models are widely used in applications, but they have shown limitations: while more classical models based on
multiphase Darcy have limited predictive capabilities, more nuanced models which include additional physics, e.g. inertial effects and/or
the dynamics of the interface between the wetting and non-wetting phases, may be difficult to parametrize.

This is expected since the phase topology of two-phase flow system in a porous medium can be rather complex and four possible flow
regimes have been experimentally identified by Avraam and Payatakes (1995) in a glass-etched model pore network of the chamber-and-
throat type: large-ganglion dynamics, small-ganglion dynamics, drop-traffic flow, and connected-pathway flow. The importance of
accounting for the phase topology in the definition of the relative permeability coefficients has been recently stressed by a large number
of researchers (Datta et al. (2014), Ruckes et al. (2015), Armstrong et al. (2016), McClure et al. (2016), Armstrong et al. (2017), Reynolds
et al. (2017) and Gao et al. (2017)). Importantly it is speculated that the transition from connected pathways regime to an intermittent
regime (e.g., ganglion-dynamics) can be identified as one of the causes of hysteric behavior. Following this direction, Picchi and Battiato
(2018) developed a new set of macroscopic equations by upscaling the incompressible Navier-Stokes equation and formulating the
closures for different flow regimes at the pore-scale. In particular, it is shown that the classical two-phase Darcy law is recovered only for
a limited range of operative conditions and analytical expressions for relative permeability have been presented for the basic flow regimes
in an idealized pore-scale geometry (a capillary tube).

In this work, we will discuss the ramifications of the work by Picchi and Battiato (2018) in the geothermal context referring to several
practical (and representative) cases. We will specifically focus on the impact that core-annular and slug flow in a capillary tube have on
estimates of relative permeabilities of the wetting and non-wetting phases. These two flow regimes correspond to the large- and small-
ganglia dynamics, as described by Avraam and Payatakes (1995). Our main focus is to present trends in term of relative permeability
curves for the typical conditions encountered in geothermal reservoirs. The paper is organized as follows. In Section 2 we report the
upscaled two-phase flow equations for flow in a capillary for core annular (Section 2.1) and plug flow (Section 2.2) regimes, and report
the corresponding relative permeabilities for the wetting and non-wetting phases. In Section 3 we quantify the impact of the topology of
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the flowing phases (i.e. flow regimes) on estimating the relative permeabilities in water-steam systems at typical geothermal pressure-
temperature conditions and demonstrate the importance of accounting for the appropriate topological features of the flowing phases. We
conclude with Section 3, where we discuss future

2. UPSCALED EQUATIONS BASED ON TWO-PHASE FLOW REGIMES AT THE PORE-SCALE

Picchi and Battiato (2018) proposed a methodology which combines multiphase flow upscaled equations developed for different pore-
scale flow regimes with a mapping of existence of flow regimes in terms of dimensionless parameters. Many works have pointed out that
the limited predictive capability of upscaled two-phase flow in a porous medium is accentuated when the pore-scale flow regimes are not
taken into account (Datta et al. (2014), Ruckes et al. (2015), Armstrong et al. (2016), McClure et al. (2016), Armstrong et al. (2017),
Reynolds et al. (2017) and Gao et al. (2017)).

Figure 1: Schematic of the macroscopic domain and the unit cells defined in the homogenization process.

In this Section, we present, for completeness the sets of upscaled equations derived by Picchi and Battiato (2018) for the annular and plug-
flow regimes in a capillary tube, as well as the main hypothesis underlying the upscaling method. The upscaled equations for averaged
variables at the continuum scale (Darcy-scale) have been obtained by homogenization by means of multiple scales expansions: the main
assumption behind such an analysis is that the separation of scales (between the continuum characteristic length L and the pore scale
length 1) holds. Referring to Fig. 1, we assume that the porous medium ) can be represented as repetition of periodic unit cells Y occupied
by two immiscible and incompressible fluids (region B; and B,), while the scale parameter is defined as

=L
e=r« 1L (1)
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Figure 2: Sketch of flow regimes in a capillary tube: (a) core annular flow, (b) plug flow. Water (blue), steam (white).
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The upscaled equations based on flow regimes have been presented referring to an idealized pore-scale geometry (a capillary tube). In
particular, the basic flow regimes (core-annular flow and plug flow) in a capillary tube of constant diameter and in microgravity conditions,
namely a low Eotvos number system, are considered, see Fig 2. An analogy with flow in a porous medium is rather straightforward:
similarities between plug flow in a capillary tube and ganglia flow in a more complex porous medium are rather obvious, see for example
the experimental results of Ling et al. (2017). In addition, modelling the two-phase flow in a capillary tube will provide the structure of
the upscaled equation, which may be later generalized to a general porous medium. In the following, we report the sets of upscaled
equations and corresponding effective parameters for annular and plug-flow regimes. All the details regarding the derivation can be found
in Picchi and Battiato (2018).

2.1 Core-annular flow regime

A stable core-annular flow is obtained when the wetting phase flows in the annulus (in contact with the wall) while the non-wetting phase
flows in the core, see Fig. 2(a). The upscaled equations for the case of laminar fully developed core-annular flow are

2 Uz)p, —2(Uq, U1,
€R€K1w1<u_1>7231 = (—Vp1 + %eg) + 32 (M (U2)B, - (Wn)s, (u;izﬂl)’ (2a)
X S
eRReK 0, (T3)3, = (—sz + %eg) +32M (wal- S<1u2>gz)' (2b)
2¢
pl_pz_Ca\/l—_.S'l’ (20)

where the subscripts 1 and 2 refers to the annulus (wetting phase) and core (non-wetting phase), respectively. Re = pyUL / u1, R =
P2/ p1>M =y / Uy, Ca = pu,U / o are the Reynolds number, the density ratio, the viscosity ratio and the capillary number of the system.
Vp; is the macroscopic pressure gradient, S is the saturation, K; is the relative permeability of phase 7 and is a function of the saturation
only, w; is the shape factor which depends on the velocity profiles and is defined as

_ e
w0 = ot 3)
where T is the surface which bounds the volume B; and (i1,)g, is the average velocity of the i-th phase over the volume occupied by the
i-th phase.

Under the hypothesis that the inertia terms (Lh.s. of Eq. (2)) are negligible, the macroscopic pressure gradients for the two phases are
equal to each other, and assuming microgravity conditions, we recover the Darcy's law as well as analytical expressions for the relative
permeabilities, i.e.

(@) =—-E12vp, with Ky =SZ, (4a)
(@) = —LLVp, with Ky = (2MS; =S+ 1D(1 -5, (4b)

where ¢ is the porosity, (if,) is the average velocity of the i-th phase over the unit cell and is related to (i, ), through

(W) = ¢Si(iw)s,, )
The system is then closed with a conservation law for the saturation,

T4V (@) =0 with (=12 andS; +5, =1, (6)

2.2 Plug flow regime

The plug flow regime (ganglia) in a capillary tube consists in a sequence of taps of a continuous phase (slug region of length 1 — #) and
elongated bubbles (or elongated drops in liquid-liquid systems), which are surrounded by a film of the continuous phase (plug region of
length £), see Fig. 2(b). In case the bubble/drop is sufficiently long, a region of a uniform film thickness is formed, and it can be modelled
as a (local) region of fully developed core-annular flow, see Picchi et al. (2018). Assuming also that the unit cell Y contains an average
(representative) plug unit cell, the upscaled equations for the plug flow regimes yield
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where the subscripts p and s refer to the plug and slug regions, respectively. The system is closed by the conservation law for the saturation,
Eq. (6), and the following relations for the saturation and the average velocities

S, =4S, +1-1¢, (8a)
(@), = p)p, + (1 — )W)z, (8b)
(@)p, = £izp)s,. (8¢)
(Ts)p, = S1p(Uip)s, + (1 = S1p)(Wzp)s, (8d)

where S, is the saturation of the wetting phase within the plug region and it is related to the wetting phase thickness, namely the film
thickness h in the elongated bubble (or drop) region, as

h=1-T=Sp . ©)

Note that h is the only closing parameter of the problem and can be determined, for example, by experiments or by theory-based
correlations, such as the Bretherton law, Bretherton (1961), which expresses the film thickens as a function of the Capillary number, h =
h(Ca).

Under the assumption that the inertia terms (Lh.s. of Eq. (7)) are negligible, the macroscopic pressure gradient is the same for both phases,
and assuming microgravity conditions, we recover the Darcy's law obtaining analytical expressions for the relative permeabilities:

PK11 . [(1-M)S1p—S3p+52p]S1+S1p(S1p—1)(SFp+M—1)
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Note that the relative permeabilities depend only on the unit cell saturation, Sy, the saturation in the plug region S;,, and the viscosity

ratio M. In the following section, we discuss the impact that the topology of the flowing phases has on relative permeability estimates for
conditions typical of geothermal reservoirs.

3. DISCUSSION

In this section, we will discuss the ramifications of the upscaled equations described in Section 2 in the geothermal context. We will focus
on scenarios where the inertia terms (Lh.s. of the upscaled equations) are negligible, see the applicability maps of Picchi and Battiato
(2018) and on the range of dimensional parameters typical of geothermal reservoir. Since we are interested in two-phase flow conditions
we will restrict our analysis to conditions where water is in a biphasic state, i.e. on water/steam systems. Table 1 reports the properties of
water and saturated steam at typical temperatures of geothermal reservoir, see Horne (2016), and the corresponding viscosity and density
ratio; note that water is the wetting phase while steam is the non-wetting phase. The liquid phase (water) is much more dense and viscous
than steam, and therefore the systems of interest are characterized by small density and viscosity ratios,
R « 1 and M < 0. In the following, we will show that different flow regimes at the pore-scale may significantly influence the relative
permeability curves, focusing, in particular, on the core-annular and the plug flow regimes.

Table 1: Properties of water (w) and saturated steam (s) at temperatures typical of geothermal reservoirs.

T [°C] p [bar] Pw [kg/m3] ps [kg/m?] Uw [Pas] Us [Pas] R M
260 ‘ 46.9 783.6 23.7 0.0001 1.79 1075 0.03 0.18

120 ‘ 2.0 943.1 1.1 0.0002 1.30107° 0.01 0.07

Concerning the core-annular flow regime, the trends of K;; (i.e. relative permeability of the wetting phase) and K,, (i.e. relative
permeability of the non-wetting phase) as function of the (water) saturation and the viscosity ratio are shown in Fig. 3. In particular, K;
is independent from the viscosity ratio, while K5, = (1 — S;)? as M — 0. Note that the limit of very low viscosity ratio, M — 0, is relevant
in the geothermal context, see Table 1.
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Figure 3:Relative permeability as function of the saturation and the viscosity ratio for the core-annular flow regime.

Concerning the plug flow regime, the relative permeabilities, Egs. 10, depend only on the unit cell saturation, S;, the saturation in the plug
region, Sy, (i.e. the film thickness h) and the viscosity ratio M, as presented in Figs. 4-6. The structure of the relative permeability is
consistent with the one obtained for the core-annular flow regimes: in fact, the relative permeability curve of the non-wetting phase (K5,)
for the core-annular flow regime represents a lower bound for the relative permeability in the plug flow regime at a fixed saturation and
when M < ~0.4. On the other hand, the flux of wetting phase is higher for the plug flow regimes, as expected. In addition, K;; — 1 when
both §; —» 1 and S;, — 1.
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Figure 4: Relative permeabilities K,, (left) and K, (right) in terms of the saturation and the film thickness of the plug flow
regime M=0.5
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Figure 5: Relative permeabilities as function of the saturation and the film thickness of the plug flow regime M=0.2

1 T T T T 1 T T T T

09} 1 09} ]
2} 08 F E 23 0.8 F k
= =
= 07} 1 = o7t ]
S 2
g 06} 1 GE) 06} ]
g ost 1 5 ost ]
Q. a
<] - 4 [¢] L J
L 04 L 04
2 .2
4:% 03 % 03
@ | ——Kg, CAF Sl —— K3, CAF
~ ool Ky, h— 0 ] ~ sl Ky h—0 |

—— Ky, h=0.05 —— K5, h=0.05
o1l — Ka, h=010 | o1l —— Ky, h=0.10 |
— Ky, h=0.15 — Ky, h=0.15
0 . . . . 0 . . . .
0 02 04 06 038 1 0 02 04 06 038 1
Saturation S Saturation S;

Figure 6: Relative permeabilities as function of the saturation and the film thickness of the plug flow regime M=0.15

In Figs. 4-6 the film thickness of the wetting phase is assumed to be known and it represents the only input parameter of the model. We
want to emphasize that estimation for the film thickness is physical-based and it is not a fitting parameter. It can be estimated from XCT
microtomographic experiments or analytical models. In the geothermal context, the correlation by Bretherton (1961), which has been
developed for the case of a non-viscous bubble, can provides a first order estimate of h once the capillary number is estimated according
to,

h=134Cas. )

Note that in the limit of thin film (surrounding the bubble), h = 0, one obtains K,, = (1 — S;). For viscosity ratio close to M = 0.5 the
relative permeability of the non-wetting phase converges to the same limit independently from the film thickness, see Fig. 4, while, for
lower viscosity ratios, increasing the film thickness yields to a lower relative permeability, see Figs. 5-6.

In order to quantify the effect of the flow regime on the relative permeability curves, we compute the relative error between the relative
permeability for the core-annular flow regime and the one corresponding to the plug flow regime of the non-wetting phase, defined as

|K22,pLUG —Kaz,caF|
eK22 — 22, 22, (10)
Ka2,car
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where Ky5 car and Ky pryg are given in Eq. 4(b) and Eq. 10(b), respectively. The trends of the relative error ey, are presented in Figs.
7-9. When M = 0.5, the relative error eg,, is almost negligible at low saturation, while it increases and becomes significant for saturation
close to unity. Instead, for cases with lower viscosity ratios typical to geothermal systems, differences in the predicted relative permeability
is considerable in the whole range of saturation and reaches peaks bigger than 100% with respect the relative permeability computed for
core-annular flow, see Figs. 8 and 9. In addition, the case with a very thin film of the wetting phase surrounding the bubble, h — 0,
represents always the case where the difference between the core-annular and plug flow relative permeability curves is maximal.
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Figure 7:Relative error between the relative permeability of the non-wetting phase assuming core-annular flow and plug flow
regime for M=0.5
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Figure 8:Relative error between the relative permeability of the non-wetting phase assuming core-annular flow and plug flow
regime for M=0.2
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To sum up, by examination of Figs. 3-9 the influence of the pore-scale flow regime on the relative permeability curves has been
investigated: at a fixed saturation, different flow regimes may yield to significant (and not negligible) differences in relative permeability.
With our analysis, we have shown that not accounting for the pore-scale flow regimes in the multiphase scenario can lead to severe miss-
predictions of filtration velocity in the context of multiphase flows, in general, and geothermal systems, in particular.
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Figure 9:Relative error between the relative permeability of the non-wetting phase assuming core-annular flow and plug flow
regime for M=0.15

4. CONCLUSIONS

In this work, we have discussed the upscaled equations based on pore-scale flow-regimes developed by Picchi and Battiato (2018) in the
context of geothermal engineering applications. In particular, we discussed the trends of the relative permeability curves of the wetting
and the non-wetting phase for two basic flow regimes at the pore scale, i.e. core-annular flow and plug flow regime, referring to range of
dimensionless parameters (e.g., the viscosity ratio) typical of geothermal reservoirs. These systems are characterized by small density and
viscosity ratios (the liquid phase is much more dense and viscous) and water forms the wetting phase while steam is the non-wetting
phase. We showed that the lack of two-phase model predictive capabilities is accentuated when flow regimes are not taken into account:
differences in the relative permeability between the core-annular flow and the plug flow regimes at a fixed saturation may be significant.
In fact, a satisfactory prediction of the phase filtration velocity in a two-phase system needs to account for the phase topology.
Notwithstanding the simplicity of the configuration investigated (flow in a capillary tube), this analysis provides a framework to quantify
the importance of topology of the flowing phases on relative permeability estimates. The proposed analytical expressions linking pore-
scale topology of the flowing phases and their viscosity ration with relative permeability and saturation, will be generalized to real porous
media topologies in future works. Current active research is focusing on the 1 validation of the proposed closures against numerical
experiments and laboratory data published in the literature.
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