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Homework #13
a) Implement project option 4, 1-D formulation for the fully implicit simultaneous approach.
The 1-D fully implicit simultaneous solution of water and oil saturation equation was implemented and coded in a Matlab script, shown in Addendum A.1, using the formulation presented in the HW #12 report.
b) Results of the simulation
Fully implicit formulation results

Figure 1, shows a plot of oil pressure as a function of distance along path of flow at every five time steps, obtained using the fully implicit simultaneous formulation.
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Figure 1. Oil pressure as a function of distance along path of flow at every five time steps (Fully implicit formulation).
Figure 2, shows a plot of the water saturation profile as a function of distance along path of flow at every five time steps, obtained using the fully implicit formulation.
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Figure 2. Water saturation profile as a function of x coordinate, for every five time steps 
(Fully implicit formulation).
Figure 3, shows a plot of the recovery factor as a function of time, obtained with the fully implicit formulation. The total recovery factor at 10 days is 54.466 % of OOIP.
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Figure 3. Recovery factor as a function of time (IMPES formulation).
Results comparison
To compare the results from different formulations, a plot of oil pressure as a function of distance along path of flow at 1.5 days is presented in Figure 4, for the fully implicit, IMPES and Semi-implicit formulations. The results for the IMPES and Semi-implicit formulations are equal, while the solution for the Fully Implicit formulation gives slightly higher pressure values at the initial nodes and match the solution of the other two formulations at the last portion of the porous medium from 60 to 100 ft. 
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Figure 4. Pressure solution at 1.5 days obtained with the Fully Implicit, IMPES and Semi-implicit formulations.
The water saturation profiles at 1.5 days obtained with the Fully implicit, IMPES and Semi-implicit formulations is presented in Figure 5. The fully implicit solution looks more spread due to more numerical dispersion.
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Figure 5. Water saturation profile at 1.5 days obtained with the Fully implicit, IMPES and 
Semi-implicit formulations.
Between the Fully Implicit, IMPES and Semi-implicit formulations, the one with the greatest recovery factor at the end of the simulation (10 days) is the Fully Implicit with 54.466 % of OOIP. The recovery factor obtained with the IMPES formulation is equal to that of the Semi-implicit formulation (51.45 %).

The water saturation profiles at 1.5 days obtained with the Fully Implicit, IMPES and Semi-implicit formulations and with the four cases studied in HW #3 (Buckley-Leverett) are shown in Figure 6. The case that shows a greater numerical dispersion, manifested by a spreader saturation curve is HW#3 Case 3, the implicit Buckley-Leverett solution with coarse grid. The explicit Buckley-Leverett Case 2 with finer grid represents the case with the lowest numerical dispersion, showing a sharper water front. The solution obtained with the numerical cases based on the solution of the pressure and saturation equation using IMPES and semi-implicit formulations are equal. The solution obtained with the Fully Implicit formulation has lower water saturations at initial portion of the porous medium, showing a disperse water front. 
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Figure 6. Water saturation profile at 1.5 days obtained with the Fully implicit, IMPES and
Semi-implicit formulations with the four Buckley-Leveret cases studied in HW#3.
Addendum A.1 - MATLAB script for Fully Implicit formulation
%===== PEGN513_HW13.m
% 1D Fully implicit solution of the water and oil Saturation equations
%
% Luis Zerpa
% 25 Nov 2009
clc,clear all,close all
dt = 0.1; % days
tmax = 10; % days
nTimeSteps = tmax/dt+1;
% GRID
IMAX = 10; % ft
dx = 10; % ft
dy = 10; % ft
dz = 10; % ft
VR = dx*dy*dz; D = zeros(1,IMAX);
% ROCK PROPERTIES
krw_ast = 0.1; krow_ast = 0.7; nw = 1.5; now = 2.5; Sorw = 0.3; Swr = 0.25;
alpha = 0.8; Swx = 0.5; Pcwo_max = 5; Pcwo_min = -5;
porosity = 0.2; permeability = 100; % md
% FLUID PROPERTIES
water_visc = 0.6; % cp
oil_visc = 2.4; % cp
gamma_w = 0.433; % psi/ft
gamma_o = 0.433*0.8; % psi/ft
% INJECTION RATE
qt = 200; % ft^3/day
% INITIAL AND BOUNDARY CONDITIONS
Pi = 2000; % psia
Pwell = 1900; % psia
Swi = 0.25;
% COMPRESSIBILITIES
Cphi = 3e-6; % 1/psi
Cw = 4e-6; % 1/psi
Co = 10e-6; % 1/psi
% INITIALIZATION
Po = Pi*ones(1,IMAX);
Sw = Swi*ones(1,IMAX);
So = 1-Sw;
% CAPILLARY PRESSURE
Pcwo = getPcwo(Sw,alpha,Sorw,Swr,Swx,Pcwo_max,Pcwo_min);
Pw = Po-Pcwo;
% WELL INDEX
[krw,kro] = getRelPerm(Sw(1,IMAX),Sorw,Swr,nw,now,krw_ast,krow_ast);
water_mob = krw/water_visc;
oil_mob = kro/oil_visc;
WIw = 0.006328*permeability*water_mob*dy*dz/(dx/2);
WIo = 0.006328*permeability*oil_mob*dy*dz/(dx/2);
% PRODUCTION RATES
qw = -WIw*(Po(IMAX)-Pwell);
qo = -WIo*(Po(IMAX)-Pwell);
% INITIALIZE FIRST ITERATION
Po_l = Po;
Sw_l = Sw;
Pcwo_l = Pcwo;
WIw_l = WIw;
WIo_l = WIo;
qw_l = qw;
qo_l = qo;
for n = 1:nTimeSteps
deltas_vector = 50*ones(2*IMAX,1);
deltas_vector_old = ones(2*IMAX,1);
while max(deltas_vector) > 1e-4
% Build coefficient matrix
%==== Initialization of matrix
A = zeros(IMAX*2,IMAX*2);
dPcwo_dSw = getdPcwo_dSw(Sw_l,alpha,Sorw,Swr,Swx,Pcwo_max,Pcwo_min);
[krw,kro] = getRelPerm(Sw_l,Sorw,Swr,nw,now,krw_ast,krow_ast);
dKrw_dSw = getdKr_dSw(Sw_l,Sorw,Swr,nw,now,krw_ast,krow_ast,'water');
dKro_dSw = getdKr_dSw(Sw_l,Sorw,Swr,nw,now,krw_ast,krow_ast,'oil'); 
for i = 1: IMAX
if i == 1 % First node
%=============== WATER =================
Tw_L = 0;
% Flow potential WATER
FlowPotentialw_i = Po_l(i) - gamma_w*D(i);
FlowPotentialw_iR = Po_l(i+1) - gamma_w*D(i+1);
if FlowPotentialw_i >= FlowPotentialw_iR
water_mob = krw(i)/water_visc;
Tw_R = 0.006328*permeability*water_mob*dy*dz/dx;
dTw_dSw_R = 0.006328*permeability*dKrw_dSw(i)*dy*dz/(dx*water_visc);
else
water_mob = krw(i+1)/water_visc;
Tw_R = 0.006328*permeability*water_mob*dy*dz/dx;
dTw_dSw_R = 0.006328*permeability*dKrw_dSw(i+1)*dy*dz/(dx*water_visc);
end
% initiallize A_template
A_template = zeros(2,6);
% W_deltaPoi
A_template(1,3) = -(Tw_L + Tw_R + VR*porosity*Sw_l(i)*(Cphi + Cw)/dt);
% W_deltaPoi+1
A_template(1,5) = Tw_R;
% W_deltaSwi
A_template(1,4) = Tw_R*dPcwo_dSw(i) + Tw_L*dPcwo_dSw(i) - VR*porosity/dt;
% W_deltaSwi+1
A_template(1,6) = -Tw_R*dPcwo_dSw(i+1);
% W_deltaSwi+1/2
if FlowPotentialw_i >= FlowPotentialw_iR
A_template(1,4) = A_template(1,4) + dTw_dSw_R*(Po_l(i+1)-Po_l(i)) - gamma_w*(D(i+1)-D(i))*dTw_dSw_R-dTw_dSw_R*(Pcwo_l(i+1)-Pcwo_l(i));
else
A_template(1,6) = A_template(1,6) + dTw_dSw_R*(Po_l(i+1)-Po_l(i)) - gamma_w*(D(i+1)-D(i))*dTw_dSw_R -dTw_dSw_R*(Pcwo_l(i+1)-Pcwo_l(i));
end
%=============== OIL =================
To_L = 0;
% Flow potential OIL
FlowPotentialo_i = Po_l(i) - gamma_o*D(i);
FlowPotentialo_iR = Po_l(i+1) - gamma_o*D(i+1);
if FlowPotentialo_i >= FlowPotentialo_iR
oil_mob= kro(i)/oil_visc;
To_R = 0.006328*permeability*oil_mob*dy*dz/dx;
dTo_dSw_R = 0.006328*permeability*dKro_dSw(i)*dy*dz/(dx*oil_visc);
else
oil_mob = kro(i+1)/oil_visc;
To_R = 0.006328*permeability*oil_mob*dy*dz/dx;
dTo_dSw_R = 0.006328*permeability*dKro_dSw(i+1)*dy*dz/(dx*oil_visc);
end 
% O_deltaPoi
A_template(2,3) = -(To_L + To_R + VR*porosity*(1-Sw_l(i))*(Cphi + Co)/dt);
% O_deltaPoi+1
A_template(2,5) = To_R;
% O_deltaSwi
A_template(2,4) = VR*porosity/dt; % dSwi
% O_deltaSwi+1
A_template(2,6) = 0;
% O_deltaSwi+1/2
if FlowPotentialo_i >= FlowPotentialo_iR
A_template(2,4) = A_template(2,4) + dTo_dSw_R*(Po_l(i+1)-Po_l(i)) - gamma_o*(D(i+1)-D(i))*dTo_dSw_R;
else
A_template(2,6) = A_template(2,6) + dTo_dSw_R*(Po_l(i+1)-Po_l(i)) - gamma_o*(D(i+1)-D(i))*dTo_dSw_R;
end 
% W_residual
R(2*(i-1)+1,1) = VR*porosity*(Sw_l(i)-Sw(n,i))/dt – qt - Tw_R*(Po_l(i+1)-Po_l(i)) + Tw_R*gamma_w*(D(i+1)-D(i)) + Tw_R*(Pcwo_l(i+1)-Pcwo_l(i));
% O_residual
R(2*(i-1)+2,1) = VR*porosity*(Sw(n,i)-Sw_l(i))/dt - To_R*(Po_l(i+1)-Po_l(i)) + To_R*gamma_o*(D(i+1)-D(i)); 
A(1:2,1:4) = A_template(:,3:6); 
elseif i == IMAX % Last node
%=============== WATER =================
% Flow potential WATER
FlowPotentialw_iL = Po_l(i-1) - gamma_w*D(i-1);
FlowPotentialw_i = Po_l(i) - gamma_w*D(i);
% Left interface
if FlowPotentialw_i >= FlowPotentialw_iL
water_mob = krw(i)/water_visc;
Tw_L = 0.006328*permeability*water_mob*dy*dz/dx;
dTw_dSw_L = 0.006328*permeability*dKrw_dSw(i)*dy*dz/(dx*water_visc);
else
water_mob = krw(i-1)/water_visc;
Tw_L = 0.006328*permeability*water_mob*dy*dz/dx;
dTw_dSw_L = 0.006328*permeability*dKrw_dSw(i-1)*dy*dz/(dx*water_visc);
end
% Right interface
Tw_R = 0;
dTw_dSw_R = 0;
% initiallize A_template
A_template = zeros(2,6);
% W_deltaPoi-1
A_template(1,1) = Tw_L;
% W_deltaPoi
A_template(1,3) = -(Tw_L + Tw_R + VR*porosity*Sw_l(i)*(Cphi + Cw)/dt + WIw_l);
% W_deltaPoi+1
A_template(1,5) = Tw_R;
% W_deltaSwi-1
A_template(1,2) = -Tw_L*dPcwo_dSw(i-1);
% W_deltaSwi
A_template(1,4) = (Tw_R + Tw_L)*dPcwo_dSw(i) - VR*porosity/dt...
-0.006328*permeability*(dKrw_dSw(i)/water_visc)*(dy*dz/(dx/2))*(Po_l(i)-Pwell);
% W_deltaSwi+1
A_template(1,6) = 0;
% W_deltaSwi-1/2
if FlowPotentialw_i >= FlowPotentialw_iL
A_template(1,4) = A_template(1,4) - dTw_dSw_L*(Po_l(i)-Po_l(i-1)) + gamma_w*(D(i)-D(i-1))*dTw_dSw_L...
    + dTw_dSw_L*(Pcwo_l(i)-Pcwo_l(i-1));
else
A_template(1,2) = A_template(1,2) - dTw_dSw_L*(Po_l(i)-Po_l(i-1)) + gamma_w*(D(i)-D(i-1))*dTw_dSw_L...
    + dTw_dSw_L*(Pcwo_l(i)-Pcwo_l(i-1));
end
%=============== OIL =================
% Flow potential OIL
FlowPotentialo_iL = Po_l(i-1) - gamma_o*D(i-1);
FlowPotentialo_i = Po_l(i) - gamma_o*D(i);
% Left interface
if FlowPotentialo_i >= FlowPotentialo_iL
oil_mob= kro(i)/oil_visc;
To_L = 0.006328*permeability*oil_mob*dy*dz/dx;
dTo_dSw_L = 0.006328*permeability*dKro_dSw(i)*dy*dz/(dx*oil_visc);
else
oil_mob = kro(i-1)/oil_visc;
To_L = 0.006328*permeability*oil_mob*dy*dz/dx;
dTo_dSw_L = 0.006328*permeability*dKro_dSw(i-1)*dy*dz/(dx*oil_visc);
end
% Right interface
To_R = 0; dTo_dSw_R = 0;
% O_deltaPoi-1
A_template(2,1) = To_L;
% O_deltaPoi
A_template(2,3) = -(To_L + To_R + VR*porosity*(1-Sw_l(i))*(Cphi + Co)/dt + WIo_l);
% O_deltaPoi+1
A_template(2,5) = To_R;
% O_deltaSwi-1
A_template(2,2) = 0;
% O_deltaSwi
A_template(2,4) = VR*porosity/dt...
- 0.006328*permeability*(dKro_dSw(i)/oil_visc)*(dy*dz/(dx/2))*(Po_l(i)-Pwell);
% O_deltaSwi+1
A_template(2,6) = 0;
% O_deltaSwi-1/2
if FlowPotentialo_i >= FlowPotentialo_iL
A_template(2,4) = A_template(2,4) - dTo_dSw_L*(Po_l(i)-Po_l(i-1)) + gamma_o*(D(i)-D(i-1))*dTo_dSw_L;
else
A_template(2,2) = A_template(2,2) - dTo_dSw_L*(Po_l(i)-Po_l(i-1)) + gamma_o*(D(i)-D(i-1))*dTo_dSw_L;
end
% W_residual
R(2*(i-1)+1,1) = VR*porosity*(Sw_l(i)-Sw(n,i))/dt...
-qw_l + Tw_L*(Po_l(i)-Po_l(i-1)) - Tw_L*gamma_w*(D(i)-D(i-1)) - Tw_L*(Pcwo_l(i)-Pcwo_l(i-1));
% O_residual
R(2*(i-1)+2,1) = VR*porosity*(Sw(n,i)-Sw_l(i))/dt ...
- qo_l + To_L*(Po_l(i)-Po_l(i-1)) - To_L*gamma_o*(D(i)-D(i-1));
A(2*(IMAX-1)+1:2*(IMAX-1)+2,2*(IMAX-2)+1:2*(IMAX-2)+4) = A_template(:,1:4);
else % Intermediate nodes
%=============== WATER =================
% Flow potential WATER
FlowPotentialw_iL = Po_l(i-1) - gamma_w*D(i-1);
FlowPotentialw_i = Po_l(i) - gamma_w*D(i);
FlowPotentialw_iR = Po_l(i+1) - gamma_w*D(i+1);
% Left interface
if FlowPotentialw_i >= FlowPotentialw_iL
water_mob = krw(i)/water_visc;
Tw_L = 0.006328*permeability*water_mob*dy*dz/dx;
dTw_dSw_L = 0.006328*permeability*dKrw_dSw(i)*dy*dz/(dx*water_visc);
else
water_mob = krw(i-1)/water_visc;
Tw_L = 0.006328*permeability*water_mob*dy*dz/dx;
dTw_dSw_L = 0.006328*permeability*dKrw_dSw(i-1)*dy*dz/(dx*water_visc);
end
% Right interface
if FlowPotentialw_i >= FlowPotentialw_iR
water_mob = krw(i)/water_visc;
Tw_R = 0.006328*permeability*water_mob*dy*dz/dx;
dTw_dSw_R = 0.006328*permeability*dKrw_dSw(i)*dy*dz/(dx*water_visc);
else
water_mob = krw(i+1)/water_visc;
Tw_R = 0.006328*permeability*water_mob*dy*dz/dx;
dTw_dSw_R = 0.006328*permeability*dKrw_dSw(i+1)*dy*dz/(dx*water_visc);
end
% initiallize A_template
A_template = zeros(2,6);
% W_deltaPoi-1
A_template(1,1) = Tw_L;
% W_deltaPoi
A_template(1,3) = -(Tw_L + Tw_R + VR*porosity*Sw_l(i)*(Cphi + Cw)/dt);
% W_deltaPoi+1
A_template(1,5) = Tw_R;
% W_deltaSwi-1
A_template(1,2) = -Tw_L*dPcwo_dSw(i-1);
% W_deltaSwi
A_template(1,4) = (Tw_R + Tw_L)*dPcwo_dSw(i) - VR*porosity/dt;
% W_deltaSwi+1
A_template(1,6) = -Tw_R*dPcwo_dSw(i+1);
% W_deltaSwi-1/2
if FlowPotentialw_i >= FlowPotentialw_iL
A_template(1,4) = A_template(1,4) - dTw_dSw_L*(Po_l(i)-Po_l(i-1)) + gamma_w*(D(i)-D(i-1))*dTw_dSw_L...
    + dTw_dSw_L*(Pcwo_l(i)-Pcwo_l(i-1));
else
A_template(1,2) = A_template(1,2) - dTw_dSw_L*(Po_l(i)-Po_l(i-1)) + gamma_w*(D(i)-D(i-1))*dTw_dSw_L...
    + dTw_dSw_L*(Pcwo_l(i)-Pcwo_l(i-1));
end
% W_deltaSwi+1/2
if FlowPotentialw_i >= FlowPotentialw_iR
A_template(1,4) = A_template(1,4) + dTw_dSw_R*(Po_l(i+1)-Po_l(i)) - gamma_w*(D(i+1)-D(i))*dTw_dSw_R...
    - dTw_dSw_R*(Pcwo_l(i+1)-Pcwo_l(i));
else
A_template(1,6) = A_template(1,6) + dTw_dSw_R*(Po_l(i+1)-Po_l(i)) - gamma_w*(D(i+1)-D(i))*dTw_dSw_R...
    - dTw_dSw_R*(Pcwo_l(i+1)-Pcwo_l(i));
end
%=============== OIL =================
% Flow potential OIL
FlowPotentialo_iL = Po_l(i-1) - gamma_o*D(i-1);
FlowPotentialo_i = Po_l(i) - gamma_o*D(i);
FlowPotentialo_iR = Po_l(i+1) - gamma_o*D(i+1);
% Left interface
if FlowPotentialo_i >= FlowPotentialo_iL
oil_mob= kro(i)/oil_visc;
To_L = 0.006328*permeability*oil_mob*dy*dz/dx;
dTo_dSw_L = 0.006328*permeability*dKro_dSw(i)*dy*dz/(dx*oil_visc);
else
oil_mob = kro(i-1)/oil_visc;
To_L = 0.006328*permeability*oil_mob*dy*dz/dx;
dTo_dSw_L = 0.006328*permeability*dKro_dSw(i-1)*dy*dz/(dx*oil_visc);
end
% Right interface
if FlowPotentialo_i >= FlowPotentialo_iR
oil_mob= kro(i)/oil_visc;
To_R = 0.006328*permeability*oil_mob*dy*dz/dx;
dTo_dSw_R = 0.006328*permeability*dKro_dSw(i)*dy*dz/(dx*oil_visc);
else
oil_mob = kro(i+1)/oil_visc;
To_R = 0.006328*permeability*oil_mob*dy*dz/dx;
dTo_dSw_R = 0.006328*permeability*dKro_dSw(i+1)*dy*dz/(dx*oil_visc);
end
% O_deltaPoi-1
A_template(2,1) = To_L;
% O_deltaPoi
A_template(2,3) = -(To_L + To_R + VR*porosity*(1-Sw_l(i))*(Cphi + Co)/dt);
% O_deltaPoi+1
A_template(2,5) = To_R;
% O_deltaSwi-1
A_template(2,2) = 0;
% O_deltaSwi
A_template(2,4) = VR*porosity/dt; % dSwi
% O_deltaSwi+1
A_template(2,6) = 0;
% O_deltaSwi-1/2
if FlowPotentialo_i >= FlowPotentialo_iL
A_template(2,4) = A_template(2,4) - dTo_dSw_L*(Po_l(i)-Po_l(i-1)) + gamma_o*(D(i)-D(i-1))*dTo_dSw_L;
else
A_template(2,2) = A_template(2,2) - dTo_dSw_L*(Po_l(i)-Po_l(i-1)) + gamma_o*(D(i)-D(i-1))*dTo_dSw_L;
end
% O_deltaSwi+1/2
if FlowPotentialo_i >= FlowPotentialo_iR
A_template(2,4) = A_template(2,4) + dTo_dSw_R*(Po_l(i+1)-Po_l(i)) - gamma_o*(D(i+1)-D(i))*dTo_dSw_R;
else
A_template(2,6) = A_template(2,6) + dTo_dSw_R*(Po_l(i+1)-Po_l(i)) - gamma_o*(D(i+1)-D(i))*dTo_dSw_R;
end
% W_residual
R(2*(i-1)+1,1) = VR*porosity*(Sw_l(i)-Sw(n,i))/dt...
- Tw_R*(Po_l(i+1)-Po_l(i)) + Tw_L*(Po_l(i)-Po_l(i-1))...
+ Tw_R*gamma_w*(D(i+1)-D(i)) - Tw_L*gamma_w*(D(i)-D(i-1)) ...
+ Tw_R*(Pcwo_l(i+1)-Pcwo_l(i)) - Tw_L*(Pcwo_l(i)-Pcwo_l(i-1));
% O_residual
R(2*(i-1)+2,1) = VR*porosity*(Sw(n,i) - Sw_l(i))/dt ...
- To_R*(Po_l(i+1)-Po_l(i)) + To_L*(Po_l(i)-Po_l(i-1))...
+ To_R*gamma_o*(D(i+1)-D(i)) - To_L*gamma_o*(D(i)-D(i-1));
A(2*(i-1)+1:2*(i-1)+2,2*(i-2)+1:2*(i-2)+6) = A_template(:,1:6);
end
end
% Solve for delta_Po and delta_Sw
deltas_vector = A\R;
% Update variables for new iteration l+1
Po_l = Po_l + deltas_vector(1:2:2*IMAX)';
Sw_l = Sw_l + deltas_vector(2:2:2*IMAX)';
Pcwo_l = getPcwo(Sw_l,alpha,Sorw,Swr,Swx,Pcwo_max,Pcwo_min);
% Well index
[krw,kro] = getRelPerm(Sw_l(IMAX),Sorw,Swr,nw,now,krw_ast,krow_ast);
water_mob = krw/water_visc;
oil_mob = kro/oil_visc;
WIw_l = 0.006328*permeability*water_mob*dy*dz/(dx/2);
WIo_l = 0.006328*permeability*oil_mob*dy*dz/(dx/2);
qw_l = -WIw_l*(Po_l(IMAX)-Pwell);
qo_l = -WIo_l*(Po_l(IMAX)-Pwell);    
end % While loop
Po(n+1,:) = Po_l;
Sw(n+1,:) = Sw_l;
Pcwo(n+1,:) = Pcwo_l;
WIw(n+1,1) = WIw_l;
WIo(n+1,1) = WIo_l;
qw(n+1,1) = qw_l;
qo(n+1,1) = qo_l;
end
figure
plot([dx/2:dx:dx*IMAX-dx/2],Po([1:5:100],:),'linewidth',2)
xlabel('X coordinate (ft)')
ylabel('Oil Pressure (psi)')
figure
plot([dx/2:dx:dx*IMAX-dx/2],Sw([1:5:100],:),'linewidth',2)
xlabel('X coordinate (ft)')
ylabel('Water saturation (fraction)')
axis([0,IMAX*dx,0,1])
axis square
cum_oil = 0;
for i = 2:length(qo)
cum_oil(i,1) = -qo(i-1)*dt + cum_oil(i-1);
end
OOIP = sum(VR*porosity*(1-Sw(1,:)));
RecoveryFactor = cum_oil/OOIP*100;
figure
plot([0:dt:tmax],RecoveryFactor(1:101,1),'linewidth',2)
xlabel('Time (days)')
ylabel('Recovery Factor (%)')
Sub-routines
%===== getRelPerm.m
%
% by Luis Zerpa
% Nov 2009
%
function [krw,kro] = getRelPerm(Sw,Sorw,Swr,nw,now,krw_ast,krow_ast)
for i = 1:length(Sw)
    if Sw(i) < Swr
        krw(i) = 0;
    else
        krw(i) = krw_ast*((Sw-Swr)/(1-Swr-Sorw)).^nw;
    end
    if 1-Sw(i) < Sorw
        kro(i) = 0;
    else
        kro(i) = krow_ast*((1-Sw-Sorw)/(1-Swr-Sorw)).^now;
    end
end
%==== getPcwo.m
%
% by Luis Zerpa
% Nov 2009
%
function [Pcwo] = getPcwo(Sw,alpha,Sorw,Swr,Swx,Pcwo_max,Pcwo_min)
for i = 1:length(Sw)
    if Sw(i) <= Swr
        Pcwo(i) = Pcwo_max;
    elseif Sw(i) >= 1-Sorw
        Pcwo(i) = Pcwo_min;
    elseif Sw(i) < Swx & Sw(i) > Swr
        Pcwo2 = -alpha*log((Sw(i)-Swr)/(Swx-Swr));
        Pcwo(i) = min(Pcwo2,Pcwo_max);
    else
        Pcwo1 = alpha*log((1-Sw(i)-Sorw)/(1-Swx-Sorw));
        Pcwo(i) = max(Pcwo1,Pcwo_min);
    end
end
%==== getdPcwo_dSw.m

%

% Derivative of Water-Oil Capillary pressure with respect to water saturation

%

% Luis Zerpa

% 15 Nov 2009

%

function [dPcwo_dSw] = getdPcwo_dSw(Sw,alpha,Sorw,Swr,Swx,Pcwo_max,Pcwo_min)

for i = 1:length(Sw)

    if Sw(i) <= Swr

        dPcwo_dSw(i) = 0;

    elseif Sw(i) >= 1-Sorw

        dPcwo_dSw(i) = 0;

    elseif Sw(i) < Swx & Sw(i) > Swr

        dPcwo_dSw(i) = -alpha/(Sw(i)-Swr);

    else

        dPcwo_dSw(i) = -alpha/(1-Sw(i)-Sorw);

    end

end
%===== getdKr_dSw.m
function [dKr_dSw] = getdKr_dSw(Sw,Sorw,Swr,nw,now,krw_ast,krow_ast,phase)
switch phase
    case 'water'
        for i = 1:length(Sw)
            if Sw(i) < Swr
                dKr_dSw(i) = 0;
            else
                dKr_dSw(i) = krw_ast*nw*((Sw(i)-Swr)/(1-Swr-Sorw)).^(nw-1)*((1)/(1-Swr-Sorw));
            end
        end
    case 'oil'
        for i = 1:length(Sw)
            if 1-Sw(i) < Sorw
                dKr_dSw(i) = 0;
            else
                dKr_dSw(i) = krow_ast*now*((1-Sw(i)-Sorw)/(1-Swr-Sorw)).^(now-1)*((-1)/(1-Swr-Sorw));
            end
        end
end
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