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Strong influence of geometrical heterogeneity on drainage in porous media Marta Romano, Max Chabert, Amandine Cuenca, and Hugues Bodiguel* Univ. Bordeaux, LOF, UMR 5258, F-33600 Pessac, France, CNRS, LOF, UMR 5258, F-33600 Pessac, France, and RHODIA, LOF, UMR 5258, F-33600 Pessac, France (Received 18 July 2011; revised manuscript received 7 October 2011; published 22 December 2011) We present an experimental study of drainage in two-dimensional porous media exhibiting bimodal pore size distributions. The role of the pore size heterogeneity is investigated by measuring separately the desaturation curves of the two pore populations. The displaced wetting fluid remains trapped in small pores at low capillary numbers and is swept only above a critical capillary number proportional to the permeability of the big pores network. Based on this observation, we derive a simple criterion for phase trapping based on the balance of viscous to capillary forces. Numerical implementation of this theory in a pore network model quantitatively fits our experimental results. This combination of approaches demonstrates quantitatively the influence of geometrical heterogeneities on drainage in porous media. DOI: 10.1103/PhysRevE.84.065302



PACS number(s): 47.56.+r, 47.55.nb, 47.61.Jd, 47.53.+n



Owing to their relevance to numerous technological fields, the mechanisms of low capillary number invasion of a given fluid in a porous medium saturated with a second, immiscible fluid are now relatively well understood. In the limit of quasistatic displacements, the invading fluid enters the pore throat that has the lowest capillary pressure, for instance, the largest available pore in the case of drainage (invasion with a nonwetting fluid) [1]. This mechanism creates fractal invasion patterns associated with important residual saturations [2]. For stable viscosity ratios, the extent of the patterns is an increasing function of the pore size heterogeneity [3] and a decreasing function of the capillary number, defined by Ca = ηV /γ , where γ is the surface tension, η the viscosity of the invading fluid, and V a characteristic velocity. At the end of the process, when the invading liquid percolates, the phase distribution no longer evolves [3]. Thus, the size of the trapped clusters of displaced phase is set by the invasion process, i.e., the capillary number, and also by the porous medium geometry. Remobilization of these trapped clusters is still poorly understood, despite its great significance in many industrial applications, such as soil remediation or enhanced oil recovery. It is usually accounted by empirical laws that relate the residual saturation to the capillary number, designed as desaturation curves. Depending on the lithologies, they exhibit a stiff or smooth transition from a partially saturated medium to complete recovery of the fluid in place at Ca between 10−4 and 10−1 [4], hence often unoptimal oil recovery operations. From an upstream standpoint, recent experimental [5] and numerical [6,7] studies demonstrate the strong influence of the size and distribution of the trapped clusters on their displacement. However, a deterministic control of clusters location is lacking to obtain systematic insight into the desaturation phenomenon. In that context, we derive a simple general criterion accounting for cluster remobilization in porous media. We use an original approach combining flow experiments in microfabricated models of porous media (“micromodels”), automated image analysis, and pore network model (PNM) *
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simulations to get a quantitative physical analysis of the mechanisms at play during cluster mobilization. Micromodels are useful by allowing a direct observation of the displacement mechanisms of immiscible fluids in porous media [8–10]. Recent advances permit good control of their geometrical properties [11] and give access to quantitative in situ measurements [3,12–14]. We extend these technologies to the concept of dual porosity micromodels [15]. We design a porous network with a correlated bimodal size distribution to control the formation and location of clusters during the invasion. We study remobilization of trapped clusters on several decades of capillary number using various channel size ratios. We propose a rough theoretical model and incorporate it in PNM simulations to account quantitatively for the experimental desaturation curves. Our micromodel is fabricated on glass wafers using standard photolithography and wet-etching techniques. A hydrophobic surface treatment by standard silanization is done [16] and leads to total wetting of oil versus water. We use a central injection and open border scheme yielding a radial flow [Fig. 1(a)]. The mask used for photolithography is designed using a numerical algorithm which generates a network of randomly oriented channels. We perform the inverse  Fourier transform  of an image defined by Fij = αij exp −(k − k0 )2 /2σ 2 /k, where αij are complex numbers whose real and imaginary parts are set randomly between −1 and 1, and where k 2 = i 2 + j 2 . This enables to choose the correlation length 2π/k0 and the standard deviation 2π/σ of the pattern resulting from the inverse Fourier transform. This pattern is thresholded to obtain a binary image, which is then skeletonized. Finally the skeleton is dilated to obtain the desired channel width. This procedure results in random networks exhibiting a well-defined correlation length [see Fig. 1(b)]. We generate two masks of correlation lengths 2.39 and 0.39 mm, hereafter referred to as big and small networks, respectively. Each mask is successively used on the same wafer to create a bimodal network [see Fig. 1(c)]. Four different devices are used in our experiments. For all of them, the height hs of the channels of the small network is 9 μm (±0.5), and their width ws is ∼85 μm. The height hb
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wb (μm) hb (μm) ws (μm) hs (μm) φcalc φexp kcalc (10−12 m2 ) kexp (10−12 m2 ) FIG. 1. (a) Global image of the micromodel during a drainage experiment. (b) Autocorrelation function of the big network. λ is the r location of the first maximum. (c) Detail of the mask where the two randomly distributed networks can be observed. (d) Sequence of the invasion mechanism at increasing Ca. Left-hand side: Low Ca, only the big network channels are saturated. Middle: Ca increases and some cells containing small channels are saturated. Right-hand side: At higher Ca values both networks are saturated.



of the big channels is varied between 14.5 and 65 μm, and their width wb between 129 and 400 μm (see Table I). Note that for both permeability and capillary pressure, the relevant dimension is the smallest, i.e., the channel height. The porosity and the permeability of the devices are calculated using, respectively, image analysis and pressure measurements (Table I). The surface porosity is obtained by filling the entire network with a dyed solution and thresholding the obtained image. Experimental values φexp are comparable with those obtained based on the mask design φcalc . The permeability kexp , defined using the thickness of the big network, is calculated according to Darcy law by circulating isopropanol at a constant flow rate in the fully saturated system and measuring the total pressure drop P .1 As expected, the measured pressure drops exhibit a linear dependency with the flow rates in the range studied [16]. We also take advantage of our microfabrication approach to calculate the theoretical permeability kcalc based on steadystate monophasic pore network modeling (PNM, Table I). Analysis of the mask is carried out to extract network nodes and line lengths. Writing flux conservation at each node, and knowing the hydrodynamic conductance of each channel, gives  an easily solvable linear system of equations. It reads j (Pj − Pi )/λij = 0, where i and j are joining nodes, Pi and Pj the corresponding values of the pressure, λij is the length of the channel ij , and where the summation is made on the neighboring nodes. The pressure field is then  rescaled to obtain the desired flow rate Q, given by Q = wb h3b (Pi − Pj )/12ηλij , where the summation is made on all channels



No. 1



No. 2



No. 3



No. 4



129 14.6 89 9 0.09 0.06 0.41 0.26



205 28 86 9 0.13 0.15 2.39 8.3



300 33.5 73 9 0.20 0.19 5.11 2.2



400 65 90 9 0.26 0.17 24.6 26



connected to the central injection. The contribution of the small network is neglected. This calculation allows determining the permeability of the big network using the same Darcy law as that used experimentally. Calculated values correspond qualitatively well to measurements, although some discrepancies can be explained by local microfabrication defects, in particular, uncertainties over the channel depth distribution. All drainage experiments are carried out at imposed flow rates using a syringe pump (Harvard Apparatus PHD2000). Micromodels are first fully saturated with dodecane (99%, VWR) and dyed aqueous solution is then injected. Different surfactant solutions are used in order to vary the interfacial tension with dodecane, which gives access to a wide range of capillary numbers (Table II) . The micromodel is set before a backlight illuminator and images are acquired using a 25-mm lens equipped JAI CM200 camera (1600 × 1200 pixels, 10 bits). Dodecane-filled channels are not seen on the images due to refractive index matching. Aqueous solutions are dyed to observe the saturation by thresholding the images. Particular attention is paid to the image analysis in order to differentiate the saturation of the big network from that of the small one.2 In the following, the flow rates are reported in terms of capillary number (Ca), which allows to rescale the systems according to their physical properties. In our radial geometry, the mean velocity decreases from the center to the edge, which complicates the already vague definition of Ca in a porous medium. We thus arbitrary define it as Ca = ηQλ/γ hb wb 2π r0 , where λ is the mean correlation length of the big network. The corresponding characteristic velocity is, in this definition, the one that would be observed inside a big channel located at a distance r0 (set at half the radius) from the center in the case where the big channels are fully saturated and the small ones are fully unsaturated. In all experiments, the injection starts at low capillary number (Ca < 10−6 ). It is then increased step by step by increasing the flow rate. Between each step, we wait until a stationary saturation regime is reached, and determine the steady-state water saturation of the two networks.



1



In axisymmetric geometry, neglecting the contribution of the small network, the flow rate Q relates to the pressure drop P as Q = 2π hk P /η ln (R/ri ), where k is the permeability, h the thickness of the big network, and ri and R are the inner and outer radii, respectively.



2 We use two successive thresholds for the big and the small networks.
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TABLE II. Aqueous solutions used. The values of the interfacial tensions γ are obtained using the pendant drop method. c0 is the R R and Alfoterra weight fraction of surfactant in solution. Rhodacal surfactants were obtained from Rhodia and Sasol, respectively. For all the solutions, the dye (Unicert blue, Sensient) concentration is 0.4% and the advancing contact angle on glass in dodecane is 180◦ .



Water, dye R A 246L Water, dye, Rhodacal R 167-4 Water, dye, Alfoterra



c0



γ (mN/m)



0.5% 0.5%



30 (±1) 5 (±0.4) 1.3 (±0.1)



As expected in the framework of invasion-percolation theory, after the first injection at low capillary number, the big network is almost fully saturated by the invading fluid (between 80% and 100%) [Fig. 1(a)], whereas the small network remains unsaturated. This corresponds in our experiments to the initial state of trapped fluid in place, the size of the trapped cells being defined by the correlation length λ of the big network [Fig. 1(b)]. Upon increasing the flow rate, we observe the filling of the small network. This is illustrated qualitatively in Fig. 1(d) and quantitively in Fig. 2, where the water saturation Sw of the small network is reported. At high enough Ca, the saturation reaches values close to unity. The transition from an unsaturated small network to a fully saturated state occurs over approximately one decade of Ca. At steady state, a given trapped cell is either fully saturated or unsaturated. Only a few trapped clusters are partially saturated. Thus, focusing on a particular cell, there is at first order a flow rate threshold above which all the oil is displaced. The width of the transition for the average saturation of all the 1
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Ca FIG. 2. (Color online) Water saturation in the small network as a function of the capillary number, for the four micromodels used (squares: No. 1; triangles: No. 2; circles: No. 3; diamonds: No. 4). Black symbols stand for pure water, gray symbols for solutions R R , and white symbols for solutions of Alfoterra . The of Rhodacal dashed lines correspond to the simulation results (see text). In the inset, the capillary number corresponding to the transition Cac is plotted as a function of the thickness of the big network. Cac is computed by fitting the small network channel saturation data with an error function (not shown). The solid line corresponds to the best fit of the data, and reads Cac = 1.02 × 106 h2b .



FIG. 3. (Color online) Scheme of the untrapping mechanism. The wetting fluid (red/gray shading) is trapped in the small network (here a single channel) of typical size hs , surrounded by a flow in bigger channels of size hb . The meniscus curvature adjusts at the edges to accommodate the viscous pressure drop p1 − p2 .



small network clusters thus originates from a distribution of the individual cell thresholds [see Fig. 1(d)]. Note also that the saturation thresholds for the cells are roughly independent from the distance r to the center. This is at first sight counterintuitive, since the mean pressure gradient decreases as 1/r. This issue will be discussed later on. Let us describe more quantitatively the saturation data shown in Fig. 2. The experiments are carried out with different surfactant solutions in the four micromodels described in Table I. Two different sets of experiments have been carried out in device No. 3 and the data superimpose well, showing good reproducibility of the experiments, together with the accuracy of the image analysis used. At least two different aqueous solutions have been used in each device (apart from device No. 4). As shown in Fig. 2, the data collapse reasonably well when plotted as a function of the capillary number. This confirms that the latter is the relevant rescaling parameter for experiments using various interfacial tensions. The saturation curves are fitted by an error function which defines quantitatively the capillary number Cac at which the transition occurs. As shown in the inset of Fig. 2, Cac values are well described by the scaling Cac ∝ h2b . This threshold Cac can be inferred by using a simple balance between the viscous pressure drop and the capillary pressure. Considering a single channel of the small network where oil is trapped (Fig. 3), the viscous flow in the big network channel that is parallel to the small one induces a pressure drop that reads P = 12ηV λ/ h2b (infinite plate approximation), where V is the mean velocity in the big channel. Phase trapping in the small channel is due to a capillary pressure difference between the inlet and the outlet. Although it is hard to estimate quantitatively since it originates from contact angle hysteresis and local geometry effects, it necessarily reads as a fraction of the capillary pressure: Pc = αγ / hs (infinite plate approximation). By balancing the two pressure drops, we obtain a critical capillary number above which the oil is swept: Cac ∝ αh2b /12λhs . Putting aside prefactors, this corresponds well to the empiric scaling law. To be more quantitative, the PNM approach described above is now used to obtain the exact pressure field as a function of the flow rate, and thus as a function of Ca as defined in the experimental analysis. For the sake of simplicity, we define the mean pressure drop over each cell by  ||, where ∇P  is calculated on the interpolated P = λ||∇P
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FIG. 4. (Color online) Left-hand side: Pressure field, calculated by PNM on the exact geometry of the big network (see text). Right ||. hand side: Image of the corresponding pressure gradient ||∇P



pressure field. The pressure gradient computation thus leads to a paving of the surface by triangles of characteristic size λ. This is consistent with the experimental model that uses λ as the length scale for untrapping. Results of this computation are shown in Fig. 4. Then, for each cell, at a given capillary number, we determine if the capillary pressure threshold Pc is exceeded and we sum these points to obtain the small network saturation as a function of Ca. This result depends on the single adjustable parameter α. The best fit to the experimental data is obtained for α = 0.15 and the resulting saturation curves are shown in Fig. 2. The surprisingly low value of α calls for deeper investigations at the local scale since it involves the shape of the interfaces. Nevertheless, the main insight of this numerical approach is to account for the width of the saturation transition, which mainly originates from the
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pressure gradient heterogeneity and thus from the geometry of the network. It should also be noticed in Fig. 4 that the spatial repartition of the highest local pressure drops is not directly correlated to the distance to the center. This is due to dead branches and preferential pathways of the network altering the mean-field description, so that the standard deviation of the pressure gradient is greater than its mean value. This sheds light on the rather counterintuitive desaturation patterns observed in the course of drainage. In summary, we demonstrate here the strong influence of porous media heterogeneity on the drainage of trapped clusters by an immiscible fluid. A capillary pressure criterion is incorporated in PNM and accounts quantitatively for our experimental results. For a bimodal pore size distribution of mean sizes hb and hs and a cluster size λ, we have shown that the capillary number is on the order of h2b /λhs , which can be very high in a highly heterogeneous medium. This qualitatively agrees with the low saturations encountered during drainage experiments at low capillary numbers in highly heterogeneous three-dimensional systems. These findings have a strong impact on numerous industrial applications, in particular, for enhanced oil recovery, since it leads to very high values in some reservoirs and calls for a breakthrough in current technologies. Extrapolation to real porous media, however, requires taking into account more complex correlations and distributions of pore sizes, which should be the focus of future work. We thank M. Morvan and A. Colin for valuable insights, Rhodia and R´egion Aquitaine for financial support.
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