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INVESTIGATION OF MULTISCALE AND MULTIPHASE 

FLOW, TRANSPORT AND REACTION 
IN HEAVY OIL RECOVERY PROCESSES 

OBJECTIVES 

The emphasis of this work is on investigating the mechanisms and factors that control the 

recovery of heavy oil, with the objective to improve recovery efficiencies. For this purpose, 

the interaction of flow, transport and reaction at various scales (from the pore-network to 

the field scales) will be studied. Particular mechanisms to be investigated include the onset 

of gas flow in foamy oil production and in in-situ steam drive, gravity drainage in steam 

processes, the development of sustained combustion fronts and the propagation of foams 

in porous media. Analytical, computational and experimental methods will be utilized to 

advance the state of the art in heavy oil recovery. Successful completion of this research is 

expected to lead to improvements in the recovery efficiency of various heavy oil processes. 

Specifically, four different areas will be studied: internal phase change in porous me- 

dia, which accompanies foamy oil production and in-situ steam drives; the effect of pore 

microstructure on flow, transport and reaction processes inside the steam zone and the 

combustion zone, in thermal oil recovery processes; the effects of large-scale permeability 

heterogeneity on the propagation of thermal fronts in porous media and the development of 

methods for their upscaling; and the flow and displacement properties of fluids with a yield 

stress in porous media. 

Reported below is the progress made during this period in the four Tasks identified in 

the proposal. 

I. INTERNAL PHASE CHANGE IN POROUS MEDIA 

During this period, work continued in the areas of internal phase change in gas- iquid 

systems with particular emphasis the onset of gas flow in in the context of the format on of 

foamy oils and the process of internal steam drive. Work was completed on the development 

of an effective continuum model and two papers and topical reports were written (1, 2) .  

The model predicts the heterogeneous nucleation and growth of multiple gas clusters, the 
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critical gas saturation and the effect of parameters, such as pressure decline rate. Two 

different conditions were applied, constant pressure decline rate (1) and constant rate of 

liquid withdrawal (2). Theory and experiments were compared. Good agreement is reached 

provided that the nucleation characteristics of the porous medium are carefully modeled. 

This work was also presented in two conferences during this period (3, 4). Parallel work 

continues in the development of a pore-network model to predict the critical gas saturation 

in the presence of various gradients, using concepts from gradient percolation (5). 

In parallel, we have extended the previous approach to model the dynamics of phase 

change encountered in internal steam drives. The study 

of mass transfer in related systems, emphasizing diffusion and convection in the pore space 

continued. The work was presented in two conferences (6, 7). The upscaling of mass transfer, 

driven by internal sources, from the pore-network to the macroscopic scale using transverse 

averages continued. A technical paper (8) was presented at a symposium. 

The work is near completion. 

Significant progress was made during this period on the onset of the mobilization of a 

disconnected gas phase in a flow environment. We have developed the new approach of 

“Darcian Dynamics” which the analogue of the successful “Stokesian Dynamics” approach. 

Computational methods were develope to describe the interaction between the flow field, 

the location and the movement of various “blobs” or “ganglia”, using an integral equation 

formalism. This work allows the 

modeling of the mobilization, flow, coalescence, break-up and stranding of various ganglia, 

due to viscous, gravity and capillary forces. The technique is efficient and allows to  model 

the statistics of these flows with minimum computational requirements. 

A technical paper was prepared for a conference (9). 

11. EFFECTS OF MICROSTRUCTURE O N  STEAM ZONE AND 

COMBUSTION PROCESSES 

During this period, work continued in the areas of pore-network modeling of steam pro- 

cesses, the properties of counter-current flows, and the study of combustion processes at the 

pore-network scale. The work in the first two areas explores effects of heat transfer and 

the mechanisms and relative permeabilities of both horizontal and gravity-driven flows of 

gas-liquid systems. We have developed algorithms to model the steady-state flow of two 
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continuous phases, both in the presence and in the absence of buoyancy. The key question 

is how relative permeabilities vary with the capillary number, both under con-current and 

counter-current flow conditions. The models account for viscous and capillary forces at the 

microscale and show that viscous effects become important for capillary numbers exceeding 

Counter-current flow under steady-state conditions was also modeled, leading to an 

ab initio calculation of heat-pipe steady states. 

In parallel, we investigated the fluid flow at the microscale (specifically, the gap between 

two parallel plates), when there exist sharp variations in the aperture (permeability) or the 

physical properties of the fluids. We showed that the Brinkman correction should be used 

with an effective viscosity, which is 6/5 times larger than the actual fluid viscosity (IO). This 

finding is import ant for determining the fully-developed fingers in high-rate displacements. 

To study the effect of microstructure on in-situ combustion, we continued the develop- 

ment of pore-network models. As we previously discussed, these account for the relevant 

mechanisms, such as mass transfer by convection and diffusion in the pore space, reaction 

between injected gases and fuel, heat transfer by conduction and convection, heat generation 

due to the reaction, and pore-structural changes due to the combustion process. We have 

obtained a number of results for both forward and reverse combustion. A comprehensive pa- 

per is in preparation (11). The various patterns obtained are being analyzed and compared 

to the continuum model predictions. We have also explored the effect of heterogeneity (for 

example of layers) on the sustained propagation of combustion fronts, as well as the effect of 

fuel availability on the same. For the latter, we developed a percolation model and analyzed 

the dependence of the percolation threshold (namely of the fuel density) on extinction. 

Substantial effort was also devoted on the upscaling of the combustion and related pro- 

cesses from the pore-network to the continuum scales. We are developing a hybrid algorithm 

to couple continuum and pore-network models, so that important information from the pore- 

network model becomes incorporated in continuum models, where the latter fail. A technical 

paper was presented on this topic (12). This work has just commenced, but is likely to have 

applications to a variety of problems in porous media displacements. 
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111. EFFECTS OF LARGE-SCALE HETROGENEITY ON THERMAL 
FRONTS 

In this period, work continued on the investigation of the effects of heterogeneity during 

the propagation of macroscopic combustion fronts. First, we continued the development of a 

mathematical model which treats the combustion front as a discontinuity, using asymptotic 

methods. Using our previous approaches, we have focused on the effect of heat losses on 

extinction-ignition of in-situ combustion in porous media. Two different heat loss modes were 

incorporated, a convective and a conductive type. Both show that the addition of heat losses 

leads to multiple solutions, two of which are stable and one unstable, as expected. From this 

analysis, ignition and extinction criteria can be obtained. We have analyzed these in detail 

and defined the regions in the parameter space, where a succesful combustion project would 

be possible. These findings were written in a technical paper (13). 

The subsequent scale-up of the process continues. In particular, we have focused on the 

effect of layering on sustained combustion. It is found that a traveling wave steady-state 

still xists, but the different injection rates in the two layers combine to retard the velocity 

in the higher-permeability layer and to increase that of the lower layer. Interestingly, multi- 

plicity persists, with the extinction condition being significantly affected by the permeability 

contrast. We plan to extend this approach to a streamtube formalism in order to capture 

more general heterogeneity effects. General work on the upscaling of unstable processes is 

described in (14). 

IV. FLOW OF FLUIDS WITH YIELD STRESS 

In this area, work continued in extending our previous statistical models of Invasion Per- 

colation with Memory (IPM) to construct the flow rate-pressure drop relationship of fluids 

with yield stress. The new algorithm accounts for the pressure drop generated following the 

mobilization of yield-stress fluids and provides the pathways of flow, which are found to be 

different than those based on IPM alone. We have provided various applications of this algo- 

rithm to model both single-phase and two-phase flow displacements. Relative permeabilities 

of foams at various conditions (weak-to-strong) were obtained. A similar approach is used 

to to describe the development of wormholes in porous media during heavy oil production. 

In parallel, we have developed a diagram of the regimes expected in displacements involving 

both Newtonian and non-Newtonian fluids. This work is currently in progress. 
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