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D Deliquidizer Performance

In this appendix the results from the deliquidizer simulations conducted

in the specialization project during the fall of 2015 are given. The results

from the inlet flow rate analysis are given in Appendix D.1 and the results

from the flow split analysis are given in Appendix D.2.
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D.1 Flow Rate Analysis

Figure D.1 shows the results from the simulation testing the performance

of the deliquidizer with varying inlet flow rates. The flow split for this

case was 0.8 and the inlet gas volume fraction was 0.8.

Figure D.1: Deliquidizer performance with inlet gas fraction of 0.8 and

flow split of 0.8 as a function of inlet flow rate, qin.
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D.2 Flow Split Analysis

Figure D.2 shows the results from the simulation testing the performance

of the deliquidizer with varying flow spilts. The inlet flow rate was 140

m3/h and the inlet gas volume fraction was 0.8.

Figure D.2: Deliquidizer performance with inlet gas fraction of 0.8 and

flow rate of 140 m3/h as a function of flow split, FS.
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E MATLAB Scripts

In this appendix the MATLAB codes that were used in the simulations

are given. The scripts for the GLCC separator are given in Appendix E.1,

the solvers used and the Soave-Redlich-Kwong Equation of State are given

Appendix E.3 and the optimization procedure is given in Appendix E.4.

The scripts for the deliquidizer are given in Appendix E.2.

E.1 GLCC Separator

The MATLAB scripts for the GLCC separator are presented in this sec-

tion. The main function, in Appendix E.1.1, calls the function that cal-

culates the entrainment in the streams, Appendix E.1.6, and the function

where the separator performance is estimated, Appendix E.1.2. This func-

tion will in turn call the functions containing the governing equations, Ap-

pendix E.1.3 and E.1.4, and the function that estimates the composition

in the streams leaving the GLCC.

E.1.1 Main Function

The script GLCC Driver is the main script where all graphs and profiles

are generated.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engieneering, NTNU. Spring 2016.

%
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%

%

% This is the main script running all the functions that are necessary in %

% in order to perform simulations of the GLCC. This script calls on the

%

% functions Flow Split3 and GLCC comb.

%

%

%

% Calls on the following functions:

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

clc

clear all

tic

%% Parameters

Dim.Ls=5;%1.5; %Separator length [m]

Dim.Li = 1; %Length of inlet pipe [m]

Dim.Lt = Dim.Ls/2;%0.75; %Length of upper part of the separator [m]

Dim.Lb = Dim.Ls/2;% 0.75; %Length of lower part of the separator [m]

Dim.theta = 27; %Inclination angle of inlet pipe [degrees]

Dim.Rs=0.1016;%0.075; %Separator radius [m]

Dim.Ds = Dim.Rs*2; %Separator diameter [m]

Dim.D in = 0.2032; % Diameter of inlet pipe [m]

Dim.A in = pi*(Dim.D in)ˆ2/4;%0.4 %Cross-sectional area of inlet pipe [m2]

Dim.A is = 0.25*Dim.A in;%0.1; %Cross-sectional are of inlet slot [m2]

Dim.D is = 2*sqrt(Dim.A is/pi); % Diameter of inlet pipe slot [m]

xg in = [0.1:0.01:0.9];%0.40 %Gas fraction into separator

q in = [85:5:330];%150 %Inlet flow-rate into separator [m3/h]
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%% Calculating the density of the methane gas

% Filling in component data needed to calculate the density of the gas

% found from The properties of Gases and Liquids fifth edition.

compData.Pc = 45.99e5; % [Pa], Critical Pressure

compData.Tc = 190.56; % [K], Critical Temperature

compData.w = 0.011; % Acentric factor

compData.Cp = 0; % Not used in any calculations yet

compData.Tref = 273.15; % [K]

compData.Mm = 16.043; % [g/mol] Methane molar weight

P = 50e5; % [Pa] Pressure in separation system

T = 50+273; % [K] Assumed temperature in separation system

y = 1; % Assume only methane in gas phase

% Calling SRK-EOS for density calculations

[Z, RHO] = SRK(y, T, P, 'vapor', compData);

rhog=RHO; %kg/mˆ3, density for gas

rhoo=857;%881; %kg/mˆ3, density for oil

RHO = [rhog,rhoo]; %Vector of densities.

%% Estimate efficiency vs xg in and q in

q t = zeros(length(q in),length(xg in)); %Empty q t matrix

q b = zeros(length(q in),length(xg in)); %Empty q b matrix

x ot = zeros(length(q in),length(xg in)); %Empty x ot matrix

x gb = zeros(length(q in),length(xg in)); %Empty x gb matrix

xg LPO = zeros(length(q in),length(xg in)); %Empty xg LPO matrix

xo HPO = zeros(length(q in),length(xg in)); %Empty xo HPO matrix

GR = zeros(length(q in),length(xg in)); %Empty GR matrix

Esplit = zeros(length(q in),length(xg in)); %Empty Esplit matrix

count = 0;

n = 1;

for i = 1:length(q in)
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for j = 1:length(xg in)

% Calculating the flows and mole frac to upper and lower part of separator

[q t(i,j), q b(i,j), x ot(i,j), x gb(i,j)]=Flow Split3(q in(i)/3600 ...

,xg in(j), RHO, Dim);

% Performing the calculations of the separator

[xg LPO(i,j),xo HPO(i,j),GR(i,j),Esplit(i,j),q LPO(i,j),q HPO(i,j)]=...

GLCC comb(q t(i,j),q b(i,j),x ot(i,j),x gb(i,j),q in(i)/3600,...

xg in(j),Dim,RHO,n);

count = count+1

end

end

%% Generating plots for efficiency vs xg in and q in

figure (1)

set(gcf,'PaperPositionMode','auto')

subplot(2,1,1)

plot(xg in,GR(1,:),'b',xg in,GR(14,:),'g', xg in, GR(24,:),'r',...

xg in, GR(44,:),'k','LineWidth',1.5)

xlabel('\alpha {in}','FontSize',14)
ylabel('Gas Recovery','FontSize',12)

axis([0.1 0.9 0.94 1])

legend('q {in}=85 mˆ{3}/h','q {in}=150 mˆ{3}/h','q {in}=200 mˆ{3}/h',...
'q {in}=300 mˆ{3}/h','location','west')

subplot(2,1,2)

plot(xg in,Esplit(1,:),'b',xg in,Esplit(14,:),'g', xg in,Esplit(24,:)...

,'r', xg in,Esplit(44,:),'k','LineWidth',1.5)

xlabel('\alpha {in}','FontSize',14)
ylabel('\eta {split}','FontSize',14)
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axis([0.1 0.9 0.87 1])

legend('q {in}=85 mˆ{3}/h','q {in}=150 mˆ{3}/h','q {in}=200 mˆ{3}/h',...
'q {in}=300 mˆ{3}/h','location','west')

%subplot(2,2,3)

figure (2)

set(gcf,'PaperPositionMode','auto')

plot(xg in,xg LPO(1,:),'b',xg in,xg LPO(14,:),'g',...

xg in,xg LPO(24,:),'r', xg in,xg LPO(44,:),'k','Linewidth',1.5)

xlabel('\alpha {\it in}','FontSize',14)
ylabel('\alpha {\it LPO}','FontSize',14)
axis([0.1 0.9 0.85 1])

legend('q {in}=85 mˆ{3}/h','q {in}=150 mˆ{3}/h','q {in}=200 mˆ{3}/h',...
'q {in}=300 mˆ{3}/h','location','southeast')

%subplot(2,2,4)

figure (3)

set(gcf,'PaperPositionMode','auto')

plot(xg in,xo HPO(1,:),'b',xg in,xo HPO(14,:),'g',...

xg in,xo HPO(24,:),'r', xg in,xo HPO(44,:),'k','LineWidth',1.5)

xlabel('\alpha {\it in}','FontSize',14)
ylabel('\alpha {\it o,HPO}','FontSize',14)
axis([0.1 0.9 0.9 1])

legend('q {in}=85 mˆ{3}/h','q {in}=150 mˆ{3}/h','q {in}=200 mˆ{3}/h',...
'q {in}=300 mˆ{3}/h','location','west')

%suptitle('\alpha {in} analysis')

figure(4)

set(gcf,'PaperPositionMode','auto')

subplot(2,1,1)

plot(q in,GR(:,1),'b', q in,GR(:,31),'g',q in, GR(:,41),'k',...

q in,GR(:,61),'r','LineWidth',1.5)

xlabel('\it q {in} \rm[mˆ{3}/h]','FontSize',12)
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ylabel('Gas Recovery','FontSize',12)

axis([85 330 0.86 1])

legend('\alpha {in} = 0.1','\alpha {in} = 0.4','\alpha {in} = 0.5',...

'\alpha {in} = 0.7','location','southwest')

subplot(2,1,2)

plot(q in,Esplit(:,1),'b', q in,Esplit(:,31),'g',q in,Esplit(:,41),'k',...

q in,Esplit(:,61),'r','LineWidth',1.5)

xlabel('\it q {in} \rm[mˆ{3}/h]','FontSize',12)
ylabel('\eta {split}','FontSize',14)
axis([85 330 0.86 1])

legend('\alpha {in} = 0.1','\alpha {in} = 0.4','\alpha {in} = 0.5',...

'\alpha {in} = 0.7','location','southwest')

%subplot(2,2,3)

figure (5)

set(gcf,'PaperPositionMode','auto')

plot(q in,xg LPO(:,1),'b', q in,xg LPO(:,31),'g',q in,xg LPO(:,41),'k',...

q in,xg LPO(:,61),'r','LineWidth',1.5)

xlabel('\it q {in} \rm[mˆ{3}/h]','FontSize',12)
ylabel('\alpha {\it LPO}','FontSize',14)
axis([85 330 0.86 1])

legend('\alpha {in} = 0.1','\alpha {in} = 0.4','\alpha {in} = 0.5',...

'\alpha {in} = 0.7','location','southwest')

%subplot(2,2,4)

figure (6)

set(gcf,'PaperPositionMode','auto')

plot(q in,xo HPO(:,1),'b', q in,xo HPO(:,31),'g',q in, xo HPO(:,41),'k',...

q in,xo HPO(:,61),'r','LineWidth',1.5)

xlabel('\it q {in} \rm [mˆ{3}/h]','FontSize',12)
ylabel('\alpha {\it o,HPO}','FontSize',14)
axis([85 330 0.85 1])

legend('\alpha {in} = 0.1','\alpha {in} = 0.4','\alpha {in} = 0.5',...

'\alpha {in} = 0.7','location','southwest')
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%suptitle('q {in} analysis')

x = (1-xo HPO');

figure (7)

set(gcf,'PaperPositionMode','auto')

surf(q in,xg in,x)

xlabel('Inlet flow, q {in} [mˆ{3}/h]')
ylabel('Inlet gas fraction, \alpha {in}')
zlabel('1-\alpha {o,HPO}')

figure(8)

set(gcf,'PaperPositionMode','auto')

surf(xg in,q in, x gb)

ylabel('Inlet flow, q {in} [mˆ{3}/h]','FontSize',12)
xlabel('Inlet gas fraction, \alpha {in}','FontSize',12)
zlabel('Entrained of gas into liquid flow, \alpha {g,b}','FontSize',12)

figure(9)

set(gcf,'PaperPositionMode','auto')

surf(xg in,q in,x ot)

ylabel('Inlet flow, q {in} [mˆ{3}/h]','FontSize',12)
xlabel('Inlet gas fraction, \alpha {in}','FontSize',12)
zlabel('Entrained of liquid into gas flow, \alpha {l,t}','FontSize',12)

toc

E.1.2 Performance Function

The function GLCC comb calculates the performance of the separator

given a set of inlet conditions.

function [xg LPO,xo HPO,GR,Esplit,q LPO,q HPO]= GLCC comb(q t,q b, x ot,...
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x gb, q in,xg in,Dim,RHO,n)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% This function calls on the functions GLCC LowerPart Governing and

%

% GLCC UpperPart Governing in order to determine the smallest radius the

%

% droplets and bubbles can have in order to be separated. It also calls on%

% the function GLCC2 that calculates the outlet streams and the

%

% compositon between oil and gas in the stream.

%

%

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Separator dimensions.

Ls=Dim.Ls; %Separator length [m]

Rs=Dim.Rs; %Separator radius [m]

Ds = Dim.Ds; %Separator diameter [m]

Lt = Dim.Lt; %Length of upper part of the separator [m]

Lb = Dim.Lb; %Length of lower part of the separator [m]

theta = Dim.Lb; %Inclination angle of inlet pipe [degrees]

Li = Dim.Li; %Length of inlet pipe [m]

A in = Dim.A in; %Cross-sectional area of inlet pipe [m2]

A is = Dim.A is; %Cross-sectional are of inlet slot [m2]

z l = 0.001; % Level of Liquid interface, inlet = 0. [m]

% Calculations of important parameters for the separator

q gin = xg in*q in; %Inlet gas flow [m3/s]
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q oin = q in-q gin; %Inlet gas flow [m3/s]

%q LPO = FS*q in; %Flow out through LPO [m3/s]

%q HPO = (1-FS)*q in; %Flow out through HPO [m3/s]

v oin = q oin/A in; %Inlet velocity of oil [m/s]

v gin = q gin/A in; %Inlet velocity of gas [m/s]

v ltis = v oin*(A in/A is)*cosd(theta); %Inlet tangential velocity of oil

v gtis = v gin*(A in/A is)*cosd(theta); %Inlet tangential velocity of gas

%% Calculations for the lower part of the separator

zD ratio = 2; %Ratio of z/D

% Calculating Rcap, Omega, Mom and Uz low by using fsolve, Lower part of

% separator

%x0 = [Rcap, Omega, Mom, Uz low]

% 1 2 3 4

Eqn1 = @(x) x(1) - (0.5-(0.65/exp(0.6*x(2))))*Rs; %Gas-core radius

Eqn2 = @(x) x(2) - 1.48*(x(3))ˆ(0.93)*exp(-0.113*(x(3))ˆ(0.35)*...

(zD ratio)ˆ(0.7)); %Equation for the swirl intensity at inlet

Eqn3 = @(x) x(3) - (v ltis/x(4)); %Momentum flux ratio

Eqn4 = @(x) x(4) - (q b/(pi*(Rsˆ2 - (x(1))ˆ2))); %Equation for Uz top

Eqns = @(x) [Eqn1(x); Eqn2(x); Eqn3(x); Eqn4(x)];

if n==1 %This is not used anymore

x0 = [0.01 0.5 0.5 4];%Inital values for the variables

else

%x0 = [0.01 0.01 0.01 0.01];

x0 = [0.04 0.5 0.5 4];

end

lb = [0, 0, 0, 0]; %Lower bounds

ub = [1/2*Rs, inf, inf, inf]; %Upper bounds

options = optimoptions('lsqnonlin','Display','off');

%x = fsolve(Eqns,x0,options);
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x = lsqnonlin(Eqns,x0,lb,ub,options);

%y = Eqns(x)

Rcap = real(x(1)); %Capture Radius [m]

Omega = real(x(2)); %Swirl intensity at inlet

Mom = real(x(3)); %Momentum flux

Uz low = real(x(4)); %Axial velocity lower part [m/s]

%pause

if Rcap <=0 | | Rcap > Rs

Rcap

return

end

t b = (pi*(Rsˆ2 - Rcapˆ2)*(Lb-z l))/q b; %Residence time for lower part [s]

%Finding rin=r(t0) that gives r(ta)=Rcap

h = t b/10; %Amount of steps

alpha low = 0.001; %Relaxation factor

tol low = 10E-6*Rcap; %Tolerance allowed in the iteration

in low = [q in, Uz low, v ltis, Ds, v oin];

Rin 0low = 0.999*Rs;%0.999*Rs; %Initial guess of bubble position

Z in = Lb; % Integrating upwards from bottom towards inlet

zF = z l;%Lb;%0; %Final position for bubble

[T low, r low, z low] = RK4 GLCC(@GLCC LowerPart Governing,[0,t b],...

Rcap, Z in, h, in low, RHO);

% r low

% z low

% pause

R low = r low(end,end); %Inlet radius for droplet

Z low = z low(end,end); %Inlet axial position for droplet

BigSep = 0;

if R low > Rs

disp('R low > Rs = full separation')
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BigSep = BigSep +1; %Give the amount of Rsep >Rs

R low = Rs;

end

%% Calculations for the upper part of the separator

Uz top = q t/(pi*Rsˆ2); % Axial velocity upper part [m/s]

t t = (pi*Rsˆ2*Lt)/q t; %Residence time fo upper part [s]

z0 = 0; %Starting point for droplet

%Finding rin=r(t0) that gives r(ta)=Rs

h top = t t/10;

tol top = 10E-10*Rs; %Tolerance allowed in iteration

in top = [q in, Uz top, v gtis, Ds, v gin];

Rin 0top = 10E-2*Rs; %Initial guess of droplet position

zF = Lt; %Final axial position for droplet

alpha top = 1; %Relaxation factor

[T top, r top, z top] = shooting GLCC(@GLCC UpperPart Governing, [0,t t]...

, h top, Rs, Rin 0top, alpha top, tol top, z0,zF, in top, RHO);

%[T top, r top, z top] = RK4 GLCC(@GLCC UpperPart Governing, [0,t t],...

% Rs, zF, h top, in top, RHO);

%r top

%z top

R top = r top(1,1); %Inlet radius for bubble

Z top = z top(1,1); %Inlet axial position for bubble

%R top = r top(end,end);

%Z top = z top(end,end);

%pause

%% Determining the gas/oil fractions in LPO/HPO as well sep efficiency
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%q = [q LPO, q HPO, q b, q t]; % Vector of flows

q = [q b,q t];

R = [Rs, Rcap, R low, R top]; % Vector of radii

[ xg LPO, xo LPO, xo HPO,xg HPO,q LPO,q HPO ] = GLCC2( q, R, x gb, x ot );

GR = (q LPO*xg LPO)/(xg in*q in); %Gas recovery

Esplit = 1-(xo LPO*q LPO + xg HPO*q HPO)/q in; %Split efficiency

end

E.1.3 Governing Equation for Lower Part

The function GLCC LowerPart Governing contains the model equations

for the lower part and will calculate the bubbles radial velocity. This

velocity is integrated to find the bubble trajectory.

function [ vr, vz ] = GLCC LowerPart Governing(t, r, z, in, RHO)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% This function contains the governing equations for the bubble trajectory%

% inside the lower part of a GLCC separator, where oil is the continuous

%

% phase and the methane gas is the dispersed face.

%

% The governing equations are made up from force balances on the bubble in%

% axial and radial direction.

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%Input parameters

qin = in(1); %Total inlet volumetric flow [m3/h]

Uz = in(2); %Axial flow [m/s]

vtis = in(3); %Inlet tangential velocity of oil [m/s]

D = in(4); %Separator Diameter[m]

v oin = in(5); %Inlet oil flow

Rs = D/2; %Separator Radius [m]

Visc oil = 0.0051;%0.0088; %0.0088; % [Pa*s] Viscosity of oil

sigma = 0.0155; %0.0722; %Surface tension of oil [N/m] WATER in this case

g = 9.81; % [m/sˆ2] Gravitational acceleration

rhog=RHO(1); %kg/mˆ3, density for gas

rhoo=RHO(2); %kg/mˆ3, density for oil

%Tangential velocity calculations

mom = vtis/Uz; %Momentum flux ratio between tangential and total flux

if z/D < 2 %Omega only valid for z/D >=2

ratio = 2;

else

ratio = z/D;

end

Omega = 1.48*momˆ(0.93)*exp(-0.113*momˆ0.35*(ratio)ˆ(0.7));%Swirl intensity

B = 3.6 + 20*exp(-(Omega/0.6)); %Radial location of maximum velocity

Tm = 0.9*Omega - 0.05; %Maximum tangential velocity momentum

vt = (Tm/(r/Rs))*(1-exp(-B*(r/Rs)ˆ2))*Uz; % Tangential velocity

% Droplet size correlation

%rd = (-0.6*(qin*3600)*1E-6+0.0002)/2;

lambda bub = (sigma/(rhog*g))ˆ(0.5);
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d bub = (1/v oin)*((0.14*sigma*lambda bub)/rhoo)ˆ(0.5);

rd = d bub/2;

% Radial velocity equation

vr = abs((2/9)*((rhog-rhoo)/Visc oil)*((rdˆ2)*(vtˆ2))/r);

% Axial velocity

vz = -Uz;

end

E.1.4 Governing Equation for Upper Part

The function GLCC UpperPart Governing contains the model equations

for the upper part and will calculate the droplets radial velocity. This

velocity is integrated to find the droplet trajectory.

function [ vr, vz ] = GLCC UpperPart Governing( t, r, z, in, RHO )

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% This function contains the governing equations for the droplet

%

% trajectory inside the lower part of a GLCC separator, where methan gas

%

% is the continuous phase and oil is the dispersed phase.

%

% The governing equations are made up from force balances on the droplet

%
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% in axial and radial direction.

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%Input parameters

qin = in(1); %Total inlet volumetric flow [m3/h]

Uz = in(2); %Axial flow [m/s]

vtis = in(3); %Inlet tangential velocity of gas [m/s]

D = in(4); %Separator diameter [m]

v gin = in(5);

Rs = D/2; %Separator Radius [m]

Visc gas =0.0000127;% 0.00001118; % [Pa*s] Viscosity of gas

sigma = 0.0155; %0.0722; %Surface tension of oil [N/m] WATER in this case

g = 9.81; % [m/sˆ2] Gravitational acceleration

rhog=RHO(1); %kg/mˆ3, density for gas

rhoo=RHO(2); %kg/mˆ3, density for oil

%Tangential velocity calculations

mom = vtis/Uz; %Momentum flux ratio between tangential and total flux

if z/D < 2 %Omega only valid for z/D >=2

ratio = 2;

else

ratio = z/D;

end

Omega = 0.01*momˆ(0.93)*exp(-0.113*momˆ0.35*(ratio)ˆ(0.7));%Swirl intensity

vt max = (3/2)*Uz*Omega; % Maximum tangential velocity

vt = vt max*(r/Rs); %Tangential velocity

% Bubble size correlation
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%rd = (-0.6*(qin*3600)*1E-6+0.0002)/2;

lambda drop = (sigma/(rhoo*g))ˆ(0.5);

d drop = (1/v gin)*((0.14*sigma*lambda drop)/rhog)ˆ(0.5);

rd = d drop/2;

% Radial velocity equation

vr = (2/9)*((rhoo-rhog)/Visc gas)*rdˆ2*(vtˆ2)/r;

% Axial velocity

vz = Uz;

end

E.1.5 Composition Calculations

The function GLCC2 calculates the conditions in the outlet streams given

the radii that will ensure separation in the upper and lower part.

function [xg LPO,xo LPO,xo HPO,xg HPO,q LPO,q HPO]=GLCC2(q, R, x gb, x ot )

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% This script calculates the oil and gas volume fractions in the outlet

%

% streams.

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Rs = R(1); % Separator radius [m]

Rcap = R(2); %Capture radius [m]
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r low = R(3); %inlet radius that gives bubble separation [m]

r top = R(4); %inlet radius that gives droplet separation [m]

q b = q(1); %Inlet stream to lower part [m3/s]

q t = q(2); %Inlet stream to upper part [m3/s]

%x = [q bt q o q tt q g x tgb x tot xo LPO xg HPO q HPO q LPO]

% 1 2 3 4 5 6 7 8 9 10

Eqn1= @(x) x(1) - (q b + x(2));

Eqn2= @(x) x(3) - (q t + x(4));

Eqn3= @(x) x(5) - ((x gb*q b)/x(1));

Eqn4= @(x) x(6) - ((x ot*q t)/x(3));

Eqn5= @(x) x(2) - (x(6)*x(3) - x(7)*x(10));

Eqn6= @(x) x(4) - (x(5)*x(1) - x(8)*x(9));

Eqn7= @(x) x(7) - x(6)*(r topˆ2/Rsˆ(2))*(x(3)/x(10));

Eqn8= @(x) x(8)-x(5)*((Rsˆ(2) - r lowˆ(2))/(Rsˆ(2)-Rcapˆ(2)))*(x(1)/x(9));

Eqn9= @(x) x(9) - (x(1) - x(4));

Eqn10=@(x) x(10) - (x(3) - x(2));

Eqns=@(x)[Eqn1(x);Eqn2(x);Eqn3(x);Eqn4(x);Eqn5(x);Eqn6(x);Eqn7(x);...

Eqn8(x);Eqn9(x);Eqn10(x)];

x0=[q b,x ot*q t,q t,x gb*q b,x gb,x ot,0.001,0.001,q b,q t];%Inital values

lb = [0, 0, 0, 0, 0, 0, 0, 0,]; %Lower bounds

ub = [inf, inf, inf, inf, 1, 1, 1, 1,]; %Upper bounds

%options = optimoptions('lsqnonlin','Display','off');

options = optimoptions('fsolve','Display','off');

%x = lsqnonlin(Eqns,x0,lb,ub,options);

[x,~,exitflag,output]= fsolve(Eqns,x0,options);

xo LPO = real(x(7));

xg LPO = 1-xo LPO;

xg HPO = real(x(8));

xo HPO = 1-xg HPO;

q LPO = real(x(10));
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q HPO = real(x(9));

end

E.1.6 Entrainment Calculations

The function Flow Split3 calculates the entrainment of gas into the liquid

stream entering the lower part of the separator and the entrainment of

liquid into the gas stream entering the upper part of the separator.

function [ q t, q b, x ot, x gb ] = Flow Split3( q in, xg in, RHO, Dim )

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% This function calculates the flow split at the inlet of the GLCC

%

% separator. It also determines the amount of liquid going upwards with

%

% the gas phase and the amount of gas that goes downwards with the liquid %

% phase. The calculations are done by using Wallis' correlation on

%

% Paleev's entrainment equation.

%

%

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% Parameters
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rhog = RHO(1); %Density for the gas

rhoo = RHO(2); %Density for the oil

sigma = 0.0155; %Surface tension of oil [N/m]

Visc gas = 0.0000127;%0.00001118; % [Pa*s] Viscosity of gas

A in = Dim.A in; %Cross-sectional area of inlet pipe [m2]

q gi = xg in*q in; % Inlet gas flow [m3/s]

q oi = (1-xg in)*q in; %Inlet oil flow [m3/s]

v gin = q gi/A in; % Superficial/inlet gas velocity [m/s]

%% Paleevs equation w/ Wallis' correlation

phi = ((v gin*Visc gas)/sigma)*(rhog/rhoo)ˆ(1/2); %Wallis' correlation

Eo = 1 - (0.985 - 0.44*log10(phi*10ˆ(4))); %Paleevs entr equation

if Eo < 0

Eo = 0;

end

Eg = Eo;

%% Calculation of flow streams and mole fractions

q ot = Eo*q oi; %Upwards oil-flow [m3/s]

q gb = Eg*q gi; %Downwards gas-flow [m3/s]

q t = q gi*(1-Eg) + q ot; %Total flow to the upper part of the GLCC [m3/s]

q b = q oi*(1-Eo) + q gb; %Total flow to the lower part of the GLCC [m3/s]

x ot = q ot/q t; % Oil-fraction in the upper part of the GLCC

x gb = q gb/q b; % Gas-fraction in the lower part of the GLCC

end
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E.2 Deliquidizer

The MATLAB scripts for the deliquidizer are given in this section. The

main function, Appendix E.2.1, calls the function containing the governing

equations, Appendix E.2.2, and the function calculating the conditions in

the outlet streams, Appendix E.2.2.

E.2.1 Main Function

The function swirl func3 deliq will calculate, for given inlet conditions,

the performance of the deliquidizer.

function [Vg LPO,Vg HPO,GR,Esplit,qen]=...

swirl func3 deliq(Vg in,qin,FS)

Lsw=1.5; %Separator length

Ro=0.075; %Separator radius

Ri= sqrt(4/5)*Ro; %Radius for gas-extraction pipe

qi=FS*qin; %Light phase out flow

qo=qin-qi; %Heavy phase out flow

ta=(pi*Riˆ2*Lsw)/qi; % Residence time

%%

%Finding rin=r(t0) that gives r(ta)=Ri

h=ta/10;%Amount of steps

rin 0= 0.00001;% Initial guess

in=[qin,Ro,Ri,Vg in,ta,rin 0,FS];

rho=1; %Under-relaxation parameter

tol=10ˆ-10*Ri; %Tolerance allowed in interation

[T,X]=shooting deliq(@swirl sep2 deliq,[0,ta],h,Ri,rin 0,rho,tol,in);

rin=X(1,1); %Inlet radius for droplet
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[Vg LPO,Vg HPO,qen]=DeLiquidizer(qin,Vg in,FS,rin,[Lsw;Ro;Ri]);

Vo LPO=1-Vg LPO; Vo HPO=1-Vg HPO;

GR=Vg LPO*qi/((Vg in)*qin); % Gas Recovery

Esplit=1-((1-Vg LPO)*qi+Vg HPO*qo)/qin; % Split efficiency

E.2.2 Governing Equation

The governing model equations for the deliquidizer are given in the func-

tion swirl sep2 deliq. It will calculate the radial velocity of the droplet

given a set of inlet conditions.

function [vr]=swirl sep2 deliq(t,x,in)

qin=in(1);

Ro=in(2);

Ri=in(3);

Vg in=in(4);

ta=in(5);

rin=in(6);

FS=in(7);

% Filling in component data needed to calculate the density of the gas

% found from The properties of Gases and Liquids fifth edition.

compData.Pc = 45.99e5; % [Pa], Critical Pressure

compData.Tc = 190.56; % [K], Critical Temperature

compData.w = 0.011; % Acentric factor

compData.Cp = 0; % Not used in any calculations yet

compData.Tref = 273.15; % [K]

compData.Mm = 16.043; % [g/mol]
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P = 50e5; % [Pa] Pressure in separation system

T = 50+273; % [K] Assumed temperature in separation system

y = 1; % Assume only methane in gas phase

% Calling SRK-EOS for density calculations

[Z, RHO] = SRK(y, T, P, 'vapor', compData);

rhog=RHO; %kg/mˆ3, density for gas

rhoo=857;%881; %kg/mˆ3, density for oil

r=x(1);

Rc=0.25*Ro; %Critical radius

va=qin/(pi*Roˆ2); % Initial axial velocity

k= 0.1; % Swirl number

vt0=k*va; %Initial tangential velocity

rd = (-0.6*(qin*3600)*1E-6+0.0002)/2; % Droplet size

% if vt0>4.45%28

% rd=(-8*vt0+160)/2*10ˆ-6;

% else

% rd=(-107*vt0+600)/2*10ˆ-6;

% end

Visc gas = 0.0000127; % Gas viscosity

mum=Visc gas;

%Smooth centrifugal acceleration

f2=(vt0*exp(-0.04*va*t/(2*Ro)))ˆ2/r;
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f1=(vt0*exp(-0.04*va*t/(2*Ro))/Rc)ˆ2*r;

f=f2-f1;

beta=1; %Smoothing parameter

ac=f2-0.5*((fˆ2+betaˆ2)ˆ.5+f); %Centrifugal acceleration

%Radial velocity of droplet

vr=(2/9*(rhoo-rhog)*rdˆ2/mum)*ac; %Original model

end

E.2.3 Composition Calculations

The function DeLiquidizer will calculate the conditions in the outlet

streams of the separator given an inlet radius that yields separation.

function [Vg LPO,Vg HPO,qen]=DeLiquidizer(qin,Vg in,FS,rin,p3)

Ro=p3(2);Ri=p3(3);

qi=FS*qin; %Light phase out flow

qo=qin-qi; %Heavy phase out flow

% Volume fraction of oil in outlets before

% the re-entrainment is accounted for

Vo HPO=(1-Vg in)*(((1-FS)*Riˆ2+FS*(Riˆ2-rinˆ2))/((1-FS)*Riˆ2));

Vo LPO=((1-Vg in)*qin-Vo HPO*qo)/qi;

% Velocities needed for re-entrainment

u LPO=qi/(pi*Riˆ2);

u HPO=qo/(pi*(Roˆ2-Riˆ2));

du=u LPO-u HPO;

k=2*10ˆ-4; % Re-entrainment proportionality coefficient
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qen=k*du;

%Adding re-entrainment to fraction equations

if du>=0

Vo LPO=(Vo LPO*(qi-qen)+Vo HPO*qen)/qi;

Vo HPO=((1-Vg in)*qin-Vo LPO*qi)/qo;

else

Vo HPO=(Vo HPO*(qi+qen)-Vo LPO*qen)/qi;

end

% Restrict oil volume fraction in HPO

% to range Vw in->1

if Vo HPO>1

Vo HPO=1;

elseif Vo HPO<(1-Vg in)

Vo HPO=(1-Vg in);

end

Vo LPO=((1-Vg in)*qin-Vo HPO*qo)/qi;%Oil composition in LPO

Vg LPO=1-Vo LPO; %Gas composition in LPO

Vg HPO=1-Vo HPO; %Gas composition in HPO

end

E.3 Solvers and SRK-EOS

In this section the solvers and the SRK equation of state used for the

simulations are given. The Runge-Kutta integrator is given in Appendix

E.3.1, the shooting method is given in Appendix E.3.2 and the SRK-EOS

is given in Appendix E.3.3
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E.3.1 Runge-Kutta

The RK4 GLCC function is a fourth order Runge-Kutta integrator that

is used to integrate the droplet/bubble velocities for the GLCC and the

deliquidizer so that their trajectories can be determined.

function [t,y,z] = RK4 GLCC( ODEfile,tspan,yi,z0,h,in, RHO )

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% This function is used, combined with the shooting GLCC to solve the

%

% the governing equations for the upper and lower part of the GLCC, by

%

% integrating the radial and axial position of the droplet/buble.

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

t=tspan(1):h:tspan(2); %Vector of t-values

if t(end)~=tspan(2)

t(end+1)=tspan(2);

end

d=diff(t); %Vector of t-increments

yi=(yi(:).')'; %Makes sure it is a column vector

z0 = (z0(:).')'; %Column vector

y(:,1)=yi; % Initial condition

z(:,1)=z0; % Initial condition
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for i = 1:length(t) - 1

[k1,l1] = feval(ODEfile,t(i),y(:,i), z(:,i),in,RHO);

[k2,l2] = feval(ODEfile,t(i)+d(i)/2,y(:,i)+k1/2,z(:,i)+l1/2,in,RHO);

[k3,l3] = feval(ODEfile,t(i)+d(i)/2,y(:,i)+k2/2,z(:,i)+l2/2,in,RHO);

[k4,l4] = feval(ODEfile,t(i)+d(i),y(:,i)+k3,z(:,i)+l3,in,RHO);

y(:,i+1) = y(:,i)+d(i)*(k1+2*k2+2*k3+k4)/6;

z(:,i+1) = z(:,i)+d(i)*(l1+2*l2+2*l3+l4)/6;

end

z=z';

y=y';

t=t';

end

E.3.2 Shooting Method

The function shooting GLCC is used to solve the boundary value problems

that arises in the model for the GLCC and the deliquidizer.

function [t, r, z] = shooting GLCC( ODEfile, tspan, h, yf, gamma0, ...

alpha, tol, z0, zF,in, RHO)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%
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%

%

% Function used to solve the initial value problem to find the radius of

%

% of a bubble/droplet that will leave the separator at Rcap.

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

gammanew=gamma0;

iter=0; %Iteration variable

maxiter= 100; %Maximum iteration

fnk=10*yf; %Random number to get iteration started

zi = z0; %Iteration variable for the z-direction

while max(abs(yf - fnk)) > tol && iter < maxiter

iter = iter+1;

gamma1 = gammanew;

[t,r,z] = RK4 GLCC(ODEfile,tspan,gamma1,z0,h,in,RHO);

fnk = r(end,1);

zi = abs(z(end));

% Setting dgamma for the derivative term

if gamma1~=0

dgamma = gamma1/100;

else

dgamma= 0.01;

end

%Calculating the Jacobian

a = gamma1 + dgamma;

[ta,ra,za] = RK4 GLCC(ODEfile,tspan,a,z0,h,in, RHO);

fnka = ra(end,1);

jacob = (fnka-fnk)/dgamma;

a = gamma1-dgamma;

%Next approximation of the roots
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if jacob==0;

gammanew=gamma1+max([abs(dgamma),1.1*tol]);

else

gammanew=gamma1-alpha*inv(jacob)*(fnk-yf);

end

end

if iter >= maxiter

disp(['Warning: Maximum iterations reached.',num2str((fnk-yf)/yf)])

disp(ODEfile)

end

end

E.3.3 Soave-Redlich-Kwong Equation of State

The function SRK calculate the density of the gas given the temperature,

pressure and the composition of the gas. Important gas parameters are

also needed. The code is an adaption of Professor Sigurd Skogestad’s code

published on his web page [36].

function [ Z, RHO, V ] = SRK(x,T,P,Phase,compData )

% This is a remake of Andreas Linhart and Sigurd Skogestads

% implementation of the SRK-EOS and is adapted for specialization project

% fall 2015.

%Author: Torstein Bishop, Department of Chemical Engineering, NTNU. Fall

%2015.
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% IN: molefraction of mixture (x), Pressure (P) [Pa], Temperature [K],

% phase of mixture and various component data (Tc,Pc, CP, w).

%OUT: Compressibility, Z, and density, rho, [kg/m3].

% Checking for number of components and gathering compData

NC = length(x);

%Checking for consistent mole fractions

if NC == 1 && sum(x) <1

disp('Inconsistent mole fractions')

end

%Here: SRK binary interaction parameters set to zero

kinteraction=zeros(NC,NC);

% initialize

% liquid=1;vapor=2; Not sure if this part is needed

R = 8.314; % [J/K*mol]

Pc=compData.Pc; %Critical Pressure

Tc=compData.Tc; %Critical Temperature

w=compData.w; % Acentric factor

ZRA=0.29056-0.08775*w; % Rackett compressibility factor.

Cp=compData.Cp;

Tref=compData.Tref; % Reference temperature

Mm=compData.Mm/1000; % Molar mass for the components

% Calculating important parameters needed to solve system

Tre=T./Tc;

Pre=P./Pc;

m=0.480+1.574.*w-0.176.*w.ˆ2;

a=(1+m.*(1-Tre.ˆ0.5)).ˆ2;

Ap=0.42747.*a.*Pre./Tre.ˆ2;

Bp=0.08664.*Pre./Tre;
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% Start calculations

% Binary a's:

Ab=zeros(NC,NC);

for i=1:NC

for j=1:NC

Ab(i,j)=(Ap(i)*Ap(j))ˆ0.5;

end

end

% Mixture a and b

A=0;

for i=1:NC

for j=1:NC

A=A+x(i)*x(j)*Ab(i,j)*(1-kinteraction(i,j));

end

end

B=0;

for i=1:NC

B=B+x(i)*Bp(i);

end

% Solve cubic equation to find compressibility Z = P*V/(R*T)

Zall=roots([1 -1 A-B-Bˆ2 -A*B]);

% use real roots only

Zreal=[];

for i=1:3

if isreal(Zall(i))==1

Zreal=[Zreal Zall(i)];

end

end

%disp(Zreal)

% Select right root depending on phase

if strcmp(Phase,'liquid')
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Z=min(Zreal);

elseif strcmp(Phase,'vapor')

Z=max(Zreal);

else

disp('error in specifying phase')

end

% Density (more precisely: molar volume)

MM = 0;

if strcmp(Phase,'liquid')%Correct liquid SRK-volume using Peneleoux...

%correction

c=0;

for i=1:NC

c=c+x(i) * (0.40768 * (0.29441 - ZRA(i)) * (R * Tc(i)) / (Pc(i))) ;

end

V = ((Z * R * T / P)- c);

for i = 1:NC % Loop to calculate average Molar Mass

MM = MM + x(i)*Mm(i);

end

RHO = MM/V;

else % vapor

V = Z * R * T / P;

for i = 1:NC % Loop to calculate average Molar Mass

MM = MM + x(i)*Mm(i);

end

RHO = MM/V; %Calculating the density

end

end
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E.4 Optimization

By using the script for the optimization, Appendix E.4.1, the system is op-

timized. The optimization script calls the cost function, Appendix E.4.2,

which is minimized while the constraints given by the constraint function,

Appendix E.4.3, are satisfied. The script that calculates the performance

of the system for a fixed flow rate is given in Appendix E.4.4.

E.4.1 Main Script

The Optimization script optimizes the system by minimizing the cost func-

tion, given in Appendix E.4.2, while satisfying the system constraints,

given in Appendix E.4.3.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% This is the main script for the optimization procedure. It calcukates

%

% the initial values and calls on the fmincon function for the

%

% optimization procedure. Fmincon will in addition call the cost function %

% and the constraint fucntion. The flow split is also called uppon.

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

clc

clear all
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addpath('Deliquidizer')

addpath('GLCC')

tic

q in = [220:1:280]/3600;%265/3600; %Inlet flow rate to system [m3/s]

xg in = [0.4:0.01:0.6];%0.5; %Inlet gas volume fraction

L U = 2.5; %Length upper part of GLCC [m]

L L = 2.5; %Length lower part of GLCC [m]

R G = 0.1016; %GLCC radius [m]

Dim.Ls=5;%1.5; %Separator length [m]

Dim.Li = 1; %Length of inlet pipe [m]

Dim.Lt = Dim.Ls/2;%0.75; %Length of upper part of the separator [m]

Dim.Lb = Dim.Ls/2;% 0.75; %Length of lower part of the separator [m]

Dim.theta = 27; %Inclination angle of inlet pipe [degrees]

Dim.Rs=0.1016;%0.075; %Separator radius [m]

Dim.Ds = Dim.Rs*2; %Separator diameter [m]

Dim.D in = 0.2032; % Diameter of inlet pipe [m]

Dim.A in = pi*(Dim.D in)ˆ2/4;%0.4 %Cross-sectional area of inlet pipe [m2]

Dim.A is = 0.25*Dim.A in;%0.1; %Cross-sectional are of inlet slot [m2]

Dim.D is = 2*sqrt(Dim.A is/pi); % Diameter of inlet pipe slot [m]

GLCC Param = [L L,L U,R G]; %Parameter vector for GLCC

L D = 1.5;% Length of GLCC [m]

R Do = 0.075; %Deliquidizer radius [m]

R Di = sqrt(4/5)*R Do; %Radius for gas-extraction pipe [m]

Deliq Param = [L D,R Do,R Di]; %Paramter vector for deliq

CostG = 2;%0.30; %Cost of gas [$/m3]

CostO = 1;%313; %Cost of oil [$/m3]31.2

x=zeros(length(q in),length(xg in),8); %Array of state values

exitflag=zeros(length(q in),length(xg in)); %Matrix for the exitflag

Cost1=zeros(length(q in),length(xg in)); %Matrix of the cost
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%output = zeros(length(q in),length(xg in));

options =optimset('Algorithm','sqp','Display','off');

A = [];b=[];Aeq=[];beq=[];%Empty linear ineguality and equality constraints

%% Calculating the density of the methane gas

% Filling in component data needed to calculate the density of the gas

% found from The properties of Gases and Liquids fifth edition.

compData.Pc = 45.99e5; % [Pa], Critical Pressure

compData.Tc = 190.56; % [K], Critical Temperature

compData.w = 0.011; % Acentric factor

compData.Cp = 0; % Not used in any calculations yet

compData.Tref = 273.15; % [K]

compData.Mm = 16.043; % [g/mol] Methane molar weight

P = 50e5; % [Pa] Pressure in separation system

T = 50+273; % [K] Assumed temperature in separation system

y = 1; % Assume only methane in gas phase

% Calling SRK-EOS for density calculations

[Z, RHO] = SRK(y, T, P, 'vapor', compData);

rhog=RHO; %kg/mˆ3, density for gas

rhoo=857;%881; %kg/mˆ3, density for oil

RHO = [rhog,rhoo]; %Vector of densities.

%% Optimalization proceedure

count = 0;

for i = 1:length(q in)

for j =1:length(xg in)

%Flow split calculations

[q t, q b, x ot, x gb]=Flow Split3(q in(i), xg in(j), RHO, Dim);
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[xg LPOGLCC(i,j),xo HPOGLCC(i,j), ~, ~, q LPOGLCC(i,j), q HPOGLCC(i,j)]=...

GLCC comb(q t,q b, x ot, x gb, q in(i),xg in(j),Dim,RHO,1);

xg HPOGLCC(i,j) = 1-xo HPOGLCC(i,j);

%Defining the upper and lower bounds

lb = [0.6;0;zeros(6,1)]; %Vector of lower bounds

ub = [0.95;R Di;zeros(6,1)]; %Upper bounds vector

for k=3:length(ub) %Filling in the rest of the ub

if mod(k,2) == 0; %Even numbers = gas fractions

ub(k) = 1;

else % Even numbers = flows

ub(k) = q in(i);

end

end

%Checking for entrainment

if x ot==0 && x gb==0

x(i,j,:)=0;

Cost1(i,j)=0;

disp('No entrainment')

else

%Value of initial conditions

x0 = [0.8;1E-4*R Di; 0.8*q LPOGLCC(i,j);xg LPOGLCC(i,j);...

0.2*q LPOGLCC(i,j);xg LPOGLCC(i,j);q HPOGLCC(i,j);...

xo HPOGLCC(i,j)];

p = [q LPOGLCC(i,j);q HPOGLCC(i,j);xg LPOGLCC(i,j);...

xg HPOGLCC(i,j)]; %Parameter vector
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[x(i,j,:),Cost1(i,j),exitflag(i,j),output(i,j)] = fmincon(...

@(x)Cost Func(x,CostG,CostO),x0,A,b,Aeq,beq,lb,ub,...

@(x)Opt Constraints(x,p,Deliq Param),options);

if exitflag(i,j)==1 | | exitflag(i,j)==2

x0 = squeeze(x(i,j,:));

end

end

count = count + 1

end

end

Cost2 = -1*Cost1; %To get the maximum cost

%% Plots

FSvecqin = squeeze(x(:,11,1)); %Vector of the flow splits for xg in=0.5

Q = q in*3600;

figure (1)

set(gcf,'PaperPositionMode','auto')

plot(Q, FSvecqin,'b','LineWidth',1.5)

axis([220 280 0.90 0.96])

xlabel('Inlet flow rate,\it q {in}\rm [mˆ{3}/h]','FontSize',12)
ylabel(' Flow Split,\it FS {opt}','FontSize',12)

% CostVecqin = Cost2(:,11)*3600; %Vector of the cost [$/h] fo xg in = 0.5

%

% figure (2)

% set(gcf,'PaperPositionMode','auto')

% plot(Q,CostVecqin)

% xlabel('Inlet flow rate,\it q {in}\rm [mˆ{3}/h]','FontSize',12)
% ylabel('Gas profit [$/h]','FontSize',12)

%
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xg LPOoutqin = squeeze(x(:,11,4)); %Vector for gas in LPO out xg in=0.5

xg HPOoutqin = squeeze(x(:,11,8)); %Vector for gas in HPO out xg in=0.5

xo HPOoutqin = 1 - xg HPOoutqin;

figure(3)

set(gcf,'PaperPositionMode','auto')

subplot(1,2,1)

plot(Q,xg LPOoutqin,'b','LineWidth',1.5)

xlabel('Inlet flow rate,\it q {in}\rm [mˆ{3}/h]','FontSize',12)
ylabel('\it \alpha {LPO,S}','FontSize',14)
axis([220 280 0.90 1])

subplot(1,2,2)

plot(Q,xo HPOoutqin,'b','LineWidth',1.5)

xlabel('Inlet flow rate,\it q {in}\rm [mˆ{3}/h]','FontSize',12)
ylabel('\it \alpha {o,HPO,S}','FontSize',14)
axis([220 280 0.75 1])

FSvecxgin = squeeze(x(46,:,1));% Flow split for qin=265

figure (4)

set(gcf,'PaperPositionMode','auto')

plot(xg in, FSvecxgin,'b','LineWidth',1.5)

axis([0.4 0.6 0.90 0.96])

xlabel('\it \alpha {in}','FontSize',14)
ylabel(' Flow Split,\it FS {opt}','FontSize',12)

xg LPOoutxgin = squeeze(x(46,:,4)); %Gas in LPO out at qin=265

xg HPOoutxgin = squeeze(x(46,:,8)); %Gas in HPO out at qin=265

xo HPOoutxgin = 1 - xg HPOoutxgin;

figure(5)

set(gcf,'PaperPositionMode','auto')

subplot(1,2,1)
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plot(xg in,xg LPOoutxgin,'b','LineWidth',1.5)

xlabel('\it \alpha {in}','FontSize',14)
ylabel('\it \alpha {LPO,S}','FontSize',14)
axis([0.4 0.6 0.90 1])

subplot(1,2,2)

plot(xg in,xo HPOoutxgin,'b','LineWidth',1.5)

xlabel('\it \alpha {in}','FontSize',14)
ylabel('\it \alpha {o,HPO,S}','FontSize',14)
axis([0.4 0.6 0.75 1])

%Plotting the fractions from unoptimized case

xg LPODL UnOpt = load('xg LPODL UnOpt.mat');

xg HPOout UnOpt = load('xg HPOout UnOpt.mat');

xg LPODL Unxgin = xg LPODL UnOpt.xg LPODL(46,:); %qin = 265

xo HPOout Unxgin = 1-(xg HPOout UnOpt.xg HPOout(46,:)); %qin = 265

xg LPODL Unqin = xg LPODL UnOpt.xg LPODL(:,11); %xgin = 0.5

xo HPOout Unqin = 1-xg HPOout UnOpt.xg HPOout(:,11); %xgin = 0.5

figure(6)

set(gcf,'PaperPositionMode','auto')

subplot(1,2,1)

plot(Q,xg LPODL Unqin,'r','LineWidth',1.5)

xlabel('Inlet flow rate,\it q {in}\rm [mˆ{3}/h]','FontSize',12)
ylabel('\it \alpha {LPO,S}','FontSize',14)
axis([220 280 0.90 1])

subplot(1,2,2)

plot(Q,xo HPOout Unqin,'r','LineWidth',1.5)

xlabel('Inlet flow rate,\it q {in}\rm [mˆ{3}/h]','FontSize',12)
ylabel('\it \alpha {o,HPO,S}','FontSize',14)
axis([220 280 0.75 1])
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figure(7)

set(gcf,'PaperPositionMode','auto')

subplot(1,2,1)

plot(xg in,xg LPODL Unxgin,'r','LineWidth',1.5)

xlabel('\it \alpha {in}','FontSize',14)
ylabel('\it \alpha {LPO,S}','FontSize',14)
axis([0.4 0.6 0.9 1])

subplot(1,2,2)

plot(xg in,xo HPOout Unxgin,'r','LineWidth',1.5)

xlabel('\it \alpha {in}','FontSize',14)
ylabel('\it \alpha {o,HPO,S}','FontSize',14)
axis([0.4 0.6 0.75 1])

toc

E.4.2 Cost Function

The function Cost Fuc contains the cost function of the optimization prob-

lem and is minimized by the main script.

function [ C ] = Cost Func(x,CostG,CostO )

%This function contains the cost function for the optimization procedure

xg LPODL = x(4);

q LPODL = x(3);

q HPOout = x(7);

xg HPOout = x(8);

%C = -(CostG*xg LPODL*q LPODL + CostO*(1-xg HPOout)*q HPOout);

C = -(CostG*xg LPODL + CostO*(1-xg HPOout));

%C = (1-xg LPODL) - xg LPODL;

end
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E.4.3 Constraints

The Opt Constraints function determines the the equality and inequality

constraints for the optimization problem. It include all the model equa-

tions as well as any additional inequality constraints that are explicitly

set.

function [C,Ceq] = Opt Constraints( x1,p,Deliq Param)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% This function calculates the non-linear equality and inequality

%

% constraints for the optimization. It calls on the functions RK4,

%

% RK4 GLCC, swirl sep2 deliq, GLCC LowerPart Governing,

%

% GLCC UpperPart Governing, Deliquidizer and GLCC2.

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

FS = x1(1); %Deliq flow split

rin D = x1(2); %Droplet inlet in deliquidizer

q LPOGLCC = p(1); %LPO flow out of GLCC

q HPOGLCC = p(2); %HPO flow out of Deliq

xg LPOGLCC = p(3); %GVF out of LPO in GLCC

xg HPOGLCC = p(4); %GVF out of HPO in GLCC
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%% Deliquidizer

L D = Deliq Param(1);

R Do = Deliq Param(2);

R Di = Deliq Param(3);

q LPODL = q LPOGLCC*FS; %LPO in deliq

q HPODL = q LPOGLCC - q LPODL; %HPO in deliq

ta=(pi*R Diˆ2*L D)/q LPODL;

h D=ta/10;%Amount of steps

in D=[q LPOGLCC,R Do,R Di,xg LPOGLCC,ta,rin D,FS];

[T,X]=RK4(@swirl sep2 deliq,[0 ta],rin D,h D,in D);

rout D = X(end,1);

[xg LPODL,xg HPODL]=DeLiquidizer(q LPOGLCC,xg LPOGLCC,FS,rin D,...

Deliq Param);

%% Oil product

q HPOout = q HPODL + q HPOGLCC; %Oil stream out of separation system

xg HPOout = (xg HPOGLCC*q HPOGLCC + xg HPODL*q HPODL)/q HPOout;%outlet GVF

%% Constraints

Eq = [q LPODL;xg LPODL;q HPODL;xg HPODL;q HPOout;xg HPOout] - x1(3:8);

%Eq = [q LPOGLCC;xg LPOGLCC;q HPOGLCC;xg HPOGLCC;q LPODL;xg LPODL;...

% q HPODL; xg HPODL; q HPOout; xg HPOout]-x1(5:14);

Ceq = [(R Di-rout D)/R Di;Eq];
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C = [];

end

E.4.4 Combined Separation System

The script Combined calculates the performance of the separation system

for a fixed flow split, which is used as a comparison towards the perfor-

mance of the optimized system.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Author: Torstein Bishop

%

% Department of Chemical Engineering, NTNU. Spring 2016.

%

%

%

% A script that runs the combined system to generate values that can be

%

% compared to the values from the optimized values.

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

clc

clear all

addpath('Deliquidizer')

addpath('GLCC')

tic

%% Parameters for GLCC

Dim.Ls=5;%1.5; %Separator length [m]

Dim.Li = 1; %Length of inlet pipe [m]

Dim.Lt = Dim.Ls/2;%0.75; %Length of upper part of the separator [m]
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Dim.Lb = Dim.Ls/2;% 0.75; %Length of lower part of the separator [m]

Dim.theta = 27; %Inclination angle of inlet pipe [degrees]

Dim.Rs=0.1016;%0.075; %Separator radius [m]

Dim.Ds = Dim.Rs*2; %Separator diameter [m]

Dim.D in = 0.2032; % Diameter of inlet pipe [m]

Dim.A in = pi*(Dim.D in)ˆ2/4;%0.4 %Cross-sectional area of inlet pipe [m2]

Dim.A is = 0.25*Dim.A in;%0.1; %Cross-sectional are of inlet slot [m2]

Dim.D is = 2*sqrt(Dim.A is/pi); % Diameter of inlet pipe slot [m]

%% Calculating the density of the methane gas

% Filling in component data needed to calculate the density of the gas

% found from The properties of Gases and Liquids fifth edition.

compData.Pc = 45.99e5; % [Pa], Critical Pressure

compData.Tc = 190.56; % [K], Critical Temperature

compData.w = 0.011; % Acentric factor

compData.Cp = 0; % Not used in any calculations yet

compData.Tref = 273.15; % [K]

compData.Mm = 16.043; % [g/mol] Methane molar weight

P = 50e5; % [Pa] Pressure in separation system

T = 50+273; % [K] Assumed temperature in separation system

y = 1; % Assume only methane in gas phase

% Calling SRK-EOS for density calculations

[Z, RHO] = SRK(y, T, P, 'vapor', compData);

rhog=RHO; %kg/mˆ3, density for gas

rhoo=857;%881; %kg/mˆ3, density for oil

RHO = [rhog,rhoo]; %Vector of densities.

%% Calculations

q in = [220:1:280];%265/3600; %Inlet flow rate to system [m3/s]

xg in = [0.4:0.01:0.6];%0.5; %Inlet gas volume fraction
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FS = 0.8;

q t = zeros(length(q in),length(xg in)); %Empty q t matrix

q b = zeros(length(q in),length(xg in)); %Empty q b matrix

x ot = zeros(length(q in),length(xg in)); %Empty x ot matrix

x gb = zeros(length(q in),length(xg in)); %Empty x gb matrix

count = 0;

n = 1;

for i = 1:length(q in)

for j = 1:length(xg in)

% GLCC

[q t(i,j), q b(i,j), x ot(i,j), x gb(i,j)]=Flow Split3(q in(i)/3600 ...

,xg in(j), RHO, Dim);

[xg LPOGLCC(i,j),xo HPOGLCC(i,j),GR(i,j),Esplit(i,j),q LPOGLCC(i,j),q HPOGLCC(i,j)]...

=GLCC comb(q t(i,j),q b(i,j), x ot(i,j), x gb(i,j), ...

q in(i)/3600,xg in(j),Dim,RHO,n);

xg HPOGLCC(i,j) = 1-xo HPOGLCC(i,j);

% Deliquidizer

[xg LPODL(i,j),xg HPODL(i,j),GRDL(i,j),EsplitDL(i,j),qenDL(i,j)]...

= swirl func3 deliq(xg LPOGLCC(i,j),q LPOGLCC(i,j),FS);

q LPODL(i,j) = q LPOGLCC(i,j)*FS;

q HPODL(i,j) = q LPOGLCC(i,j) - q LPODL(i,j);

% Oil product

q HPOout(i,j) = q HPODL(i,j) + ...

q HPOGLCC(i,j); %Oil stream out of separation system
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xg HPOout(i,j) = (xg HPOGLCC(i,j)*q HPOGLCC(i,j) +...

xg HPODL(i,j)*q HPODL(i,j))/q HPOout(i,j);%outlet GVF

count = count + 1

end

end


