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Appendix A

Algorithm of resolution

Algorithm 1: Numerical solving of the differential equations

Result: Calculation of the trajectory of the rocket
initialization;
for i=2:length(Time vector) do
if first stage then
Calculation of velocity;
if gravity turn has not started then
| Flight path angle = /2 ;
else
‘ Calculation of flight path angle;
end
Calculation of height;
Calculation of mass;
Calculation of range;
Interpolation of pressure, density, gravity and speed of sound at a given height;
if there is flow detachment then
‘ Recalculation of parameters and thrust coefficient reckoning;
else
‘ Calculation of thrust coefficient;
end
Calculation of rocket’s Mach number;
Calculation of drag coefficient and drag;
Calculation of thrust and specific impulse;
Calculation of acceleration;
Calculation of dynamic pressure;

else
‘ Calculations of the second stage follow the same procedure as those of the first;
end

end




Appendix B

MATLAB code

clear all; clc
%% Information
%Author: Roger Verges Eiras

%Director: Josep Oriol Lizandra i Dalmases

%Bachelor's Final Thesis MATLAB CODE

%Project name: Study and Evaluation of the Performance of a
Multistage

%Solid—Propellant Rocket Vehicle, Including Atmospheric Ascent

%and Orbital Insertion

%Course 2020—2021

% US STANDARD ATMOSPHERE (1976 MODEL) CHARACTERIZATION

h = linspace(0,230000,75001); % height vector [m]

disp('Characterizing the atmosphere... ')

%US standard atmosphere function
[T, P, rho, g, c] = US_Standard(h);

% Pressure in function of height
figure (1)

plot (h/1000, P)

grid minor;

title ('Pressure in function of height','interpreter', 'latex');
xlabel ('Height [km]','interpreter', 'latex');
ylabel ('Pressure [atm]','interpreter', 'latex');

xlim ([0 220]);
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% Gravity in function of height
figure (2)

plot (h/1000, g)

grid minor;

title ('Gravity in function of height', "interpreter','latex');
xlabel ('Height [km]','interpreter', 'latex');

ylabel ('Gravity [$\frac{m}{s"2}$]"', K "interpreter', 'latex');
xlim ([0 220]);

% Density in function of height

figure (3)

plot (h/1000, rho)

grid minor;

title ('Density in function of height', "interpreter','latex');

xlabel ('Height [km]','interpreter','latex');
ylabel ('Density [$\frac{kg}{m"3}$]',"interpreter', 'latex');
xlim ([0 220]);

% Temperature in function of height
figure (4)

plot (h/1000, T)

grid minor;

title ('Temperature in function of height',K 'interpreter','latex');
xlabel ('Height [km]','interpreter','latex');

ylabel ('Temperature [K]','interpreter', 'latex');

xlim ([0 220]);

disp( 'Atmosphere characterized')

%0 CHAMBER CHARACTERISTICS AND DATA

Ru = 8.314; % ldeal gas constant

pc = 100; % Combustion chamber pressure [atm]

% ANALYSIS OF NUMBER OF STAGES

disp('Analysing effect of number of stages...')

n=[1 2 3 4 5 lel2];

budget_characteristic=0:0.001:7;

structural_ratio=0.075;

for i=1l:length(budget_characteristic)

for j=1l:length(n)

if (budget_characteristic(i)>5 && n(j)==2)
lambda_total (i,]j)=0;
else

lambda_total (i,]j)=((exp(—budget_characteristic(i)/(n(j)))—..
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structural_ratio)/(l—structural_ratio))™n(j);
end
end
end

% Plot of the results

figure

semilogy (budget_characteristic ,lambda_total)

ylim ([0.001 1.1]);

yticklabels ({ '0.001','0.01', '0.1","'1"});

legend ('l Stage', '2 Stages','3 Stages','4 Stages','5 Stages',

'$\infty$ Stages',6 'interpreter',6 'latex');
xlabel ('$\Delta v / $Su_e$','interpreter','latex');
ylabel ('$\lambda_x$','interpreter', 'latex');

grid on; grid minor;
title ('Final budget depending on total payload ratio and stages, $\
epsilon=0.075%"', "interpreter ', 'latex ')

disp('Analysis of number of stages completed')

96/ CEARUN ANALYSIS
disp('Analysizing the choice of propellant...")
%Case 1. Oxidizer NH4CLO4. Data extracted from NASA — CEARUN analysis

fuel _weight_ CLO4=[1 5 10 15 20 25 30 35 40];

gamma_gas_propellant_.CLO4=[1.1682 1.1457 1.1337 1.1313 1.1348..
1.144 1.1562 1.1671 1.1977];

MW _propellant_CLO4=[27.360 27.279 27.016 26.354 25.472..
24.403 23.223 22.044 21.026];

Temperature_.CLO4=[2916.61 3278.69 3557.99 3700.48 3731.77..
3655.96 3490.65 3256.38 2851.43];

%Case 2. Oxidizer NH4NO3. Data extracted from NASA — CEARUN analysis.
fuel _weight NO3=[1 5 10 15 20 25 30 35 40];
gamma_gas_propellant_NO3=[1.1474 1.1368 1.1333 1.1383 ..

1.1501 1.1658 1.1835 1.2021 1.2126];
MW _propellant_.NO3=[22.384 22.395 22.142 21.667 21.039 ..

20.331 19.600 18.881 18.214];
Temperature_NO3=[3233.54 3432.66 3563.16 3585.79 3520.34 ..

3389.59 3215.59 3012.11 2781.93];

for i=1l:length(fuel_weight_.CLO4)
% Specific gas constant NH4CLO4 case

R_specific_propellant_.CLO4 (i) = Ru/(MW _propellant_CLO4(i)/1000);
% Characteristic velocity NH4CLO4 case
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c_characteristic_propellant_ CLO4 (i) = sqrt(R_specific_propellant_CLO4
(i)...
* Temperature_CLO4(i))/(sqrt(gamma_gas_propellant_.CLO4(i))...
/(1+(gamma_gas_propellant_.CLO4 (i)—1)/2) " ((
gamma _gas_propellant _CLO4(i)...
+1)/(2%(gamma_gas_propellant_.CLO4(i)—-1))));
% Specific gas constant NH4NO3 case
R_specific_propellant_NO3 (i) = Ru/(MW_propellant_NO3(i)/1000);
% Characteristic velocity NH4CLO4 case
c_characteristic_propellant_NO3 (i) = sqrt(R_specific_propellant_NO3(i
* Temperature NO3(i))/(sqrt(gamma_gas_propellant_ NO3(i))...
/(1+(gamma_gas_propellant_NO3(i)—1)/2) " ((gamma_gas_propellant_NO3
(i)...
+1)/(2%(gamma_gas_propellant_NO3(i)—1))));
end

% Plot of the results
figure
sgtitle ('CEARUN — NASA results')

subplot (4,1,1)

plot (fuel_weight CLO4, gamma_gas_propellant_CLO4 ,fuel_weight_ NO3,..
gamma_gas_propellant_NO3)

ylim ([1.1 1.25]);xlim ([1 40]);

grid on; grid minor;

title ('Coefficient of adiabatic expansion of the gas vs \% fuel

weight',"interpreter', '"latex');

legend ('Using $NH_4CIO_4%','Using $NH.4NO3$',6 "interpreter',K 'latex',
'location', 'best')

ylabel ('$\gamma$',6 'interpreter','latex')

subplot (4,1,2)

plot (fuel_weight CLO4, MW _propellant_CLO4 , fuel_weight NO3 , ...
MW _propellant_NO3)

ylim ([15 30]);xlim ([1 40]);

title ('Molecular Weight vs \% fuel weight', 'interpreter', 'latex"')

ylabel ('SWV \; [g/mol]$"', 'interpreter','latex ')

grid on; grid minor;

subplot (4,1,3)

plot (fuel_-weight_.CLO4 , Temperature_.CLO4 , fuel_weight_NO3 , ...
Temperature_NO3)

ylim ([2500 4000]);xlim ([1 40]);

title ('Chamber temperature vs \% fuel weight', 'interpreter', 'latex"')

grid on; grid minor;

xlabel ('"\% Fuel (expressed in total weight)','interpreter','latex')
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ylabel ('$T_c \;[K]$ "', "interpreter', 'latex')

subplot (4,1,4)
plot (fuel_weight . CLO4 ,c_characteristic_propellant_.CLO4 ,

fuel _weight_NO3 ,c_characteristic_propellant_NO3)
ylim ([1200 2000]);xlim ([1 40]);

title ('Characteristic velocity vs \% fuel weight','interpreter','
latex ')

grid on; grid minor;

xlabel ('"\% Fuel (expressed in total weight)', 'interpreter','latex')

ylabel ('$c_x \;[m/s]$"', "interpreter','latex")

disp('Propellant analysed and selected')

%/ ROCKET AND NOZZLE DATA
disp('Initial calculations...")

%From CEARUN ANALYSIS

MW = 21.039/1000; % Gas molar mass [kg/mol]

Tc = 3520.34; % Combustion chamber temperature [K]

gamma_gas = 1.1501; % Coefficient of adiabatic expansion of the
gas

%Rocket data

m0_1 = 120e3; % Initial mass (non—optimized case) [kg]
m0_2 = 6le3; % Initial mass (optimized case) [kg]
pl = 3e3; % Payload [kg]

%optimized — non optimized first stage quantity [%]
cases=[65 60];

mO0_stage2_1=(m0_1—pl)*((100—cases(2))/100)+pl; % Initial mass.
Second stage[kg]

mO_stage2_2=(m0_2—pl ) *((100—cases(1))/100)+pl; % Initial mass.
Second stage[kg]

m0_stage3.2=(m0_2—pl)x((100—90) /100)+pl; % Initial mass.

Third stage[kg]

tbsl = 120; % Burning time 1 stage 1 [s]
tbs2 = 280; % Burning time 1 stage 2 [s]
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tbslprima = 115; % Burning time 2 stage 1 [s]
tbs2prima = 172; % Burning time 2 stage 2 [s]
tbs3prima = 113; % Burning time 2 stage 3 [s]
tb = tbsl+tbs2; % Total burning time [s]

prop-massl_1 = (m0_1—pl)*cases(2)/100—(m0_1—pl)*cases(2)/100%0.075; %
Propellant mass 1 stage 1 [kg]

prop_massl_2 = (m0_2—pl)*cases(1)/100—(m0_2—pl)*cases(1)/100%0.075; %
Propellant mass 1 stage 1 [kg]

prop_-mass2_.1 = (m0_1—pl)*((100—cases(2))/100)—(m0_1—pl)*((100—cases

(2))/100)%0.075; % Propellant mass stage 2 [kg]
prop-mass2_2 = (m0-2—pl)*((90—cases(1))/100)—(m0_2—pl)*((90—cases (1))
/100)%0.075; % Propellant mass stage 2 [kg]

prop_-mass2_3=(m0_2—pl)*((75—cases(1))/100)—(m0_2—pl)*((75—cases (1))
/100)%0.075; % Propellant mass stage 3 [kg]

mflow_lstagel = prop_massl_1/tbsl; % Mass flow rate stage 1[kg/s

]

mflow_lstage2 = prop_mass2_1/tbs2; % Mass flow rate stage 2[kg/s

]

mflow_2stagel = prop_massl_2/tbslprima; % Mass flow rate stage 1[kg/s

]

mflow_2stage2 = prop_mass2_2/tbs2prima; % Mass flow rate stage 2[kg/s

]

mflow_2stage3 = prop_mass2_3/tbs3prima; % Mass flow rate stage 3[kg/s

]

S = 25; % Vehicle reference area
[m2]

theta_nozzle=[12 16 21.592]; % Half angle of the
nozzle

eta_nozzle=(1+cos(deg2rad(theta_nozzle)))/2;% Efficiency of the
nozzle

% Numerical solving parameters. Time increment
deltaT = 0.01;
t = linspace(0,tb,tb/deltaT);
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%% INITIAL CALCULATIONS

% Specific gas constant
R_specific = Ru/MW,

% Characteristic velocity
c_characteristic = sqrt(R_specificxTc)/(sqrt(gamma_gas)/...
(1+(gamma_gas—1)/2) "((gamma_gas+1)/(2x(gamma_gas—1))));

% Area of the throat of the nozzle At
Atl_stagel = mflow_lstagelxc_characteristic/(pcx101325);
Atl_stage2 = mflow_lstage2xc_characteristic/(pc*101325);

% Area of the throat of the nozzle At

At2_stagel = mflow_2stagelxc_characteristic/(pcx101325);
At2_stage2 = mflow_2stage2xc_characteristic /(pc*101325);
At2_stage3 = mflow_2stage3xc_characteristic/(pcx101325);

% Flow parameter
m_-1 = sqrt(gamma_gas) /(1+(gamma_gas—1)/2) “((gamma_gas...
+1)/(2%(gamma_gas—1)));

%/ RELATION OF AREAS STUDY

Ae_At_study=[6:1:400];

for i=l:length(Ae_At_study)

% Exit mach

[Mestudy(i)] = Exit-Mach_study(gamma_gas, Ae_At_study(i));

% Pressure at the exit of the nozzle
pestudy (i)= pc/(l+(gamma_gas—1)/2xMestudy(i)"2)"(gamma_gas/(gamma_gas
-1));

% Exhaust velocity

u_exhauststudy (i)=sqrt(((2*gamma_gas)/(gamma_gas—1))*xR_specificxTc
*(1—...

(pestudy(i)/pc) " ((gamma_gas—1)/gamma_gas)));

end

% Plot of the results

figure

plot (Ae_At_study, u_exhauststudy)
grid on; grid minor;

title ('Exhaust velocity vs relation of areas','

interpreter','latex')




Final Bachelor Thesis - Annexes

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola Superior d’Enginyeries Industrial,
Aeroespacial i Audiovisual de Terrassa

&

ylabel ('Exhaust velocity [$m/s$]','interpreter', 'latex');
xlabel ('Relation of areas','interpreter',6 'latex');

xlim ([6 400]);

xticks ([6 50 100 150 200 250 300 350 400])

%% EXIT MACH AT THE END OF THE NOZZLE

Ae_At=[20 40 68]; %Exit area — throat area ratio

%Exit mach calculation
for i=1l:length (Ae_At)

[Me(i)] = Exit_Mach (gamma_gas, Ae_At(i));

% Thrust coefficient — void conditions

cFov(i) =

(2/(gamma_gas+1)) " ((gamma_gas+1)/(2*(gamma_gas—1)) ) *...

(gamma_gas*Me(i)+1/Me(i))/(sqrt(l+(gamma_gas—1)/2«Me(i)"2));

% Exit pressure
pe(i) =

%exhaust velocity

pc/(1+(gamma_gas—1)/2xMe(i)"2) " (gamma_gas/(gamma_gas—1));

u_exhaust(i)=sqrt(((2xgamma_gas)/(gamma_gas—1))*R_specificxTcx(1—...
(pe(i)/pc) " ((gamma_gas—1)/gamma_gas)));

end
disp('Initial calculations
%% TRAJECTORY RECKONING

% Vectors definition

h_rocketl = zeros(length(t), 1);
gammal = zeros(length(t),1);

vl = zeros(length(t),1);
al = zeros(length(t),1);
ml = zeros(length(t),1);
F1 = zeros(length(t),1);
cF1 = zeros(length(t),1);
t_flight=zeros(length(t),1);

ql=zeros(length(t),1);
ispl=zeros(length(t), 1);
M_flightl = zeros(length(t),1);
c.dl= zeros(length(t),1);
xl=zeros(length(t),1);
pal=zeros(length(t),1);
Dl=zeros(length(t),1);

reckoned ')

[non—optimized case]

Height of the rocket [m]

Flight path angle [rad]

Velocity of the rocket [m/s]
Acceleration of the rocket [m/s”2]
Mass of the rocket [kg]

Thrust of the rocket [N]
Thrust coefficient
Flight time [s]
Dynamic pressure
Specific impulse
Mach number
Drag coefficient
Range [m]
Ambient pressure
Drag [N]

[Pa]

[Pa]
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%initial conditions
vi(1l) = 0;
h_rocketl (1) = 0;
alpha = 0;
F1(1)=1646000;
al(1l)=3.2;
ml(1)=m0.1;
gammal(l) = pi/2;
x1(1)=0;
g(1)=9.80665;

R_e = 6371e3;
c.d1(1)=0.15;
t_flight (1)=0;
ql(1)=0;
ispl(1)=310;

%Latitude of Cape Canaveral, Florida , USA
latitude=deg2rad (28.396837);

disp('Numerical solving of the differential equations regarding the
non—optimized rocket, please wait...")

% Trajectory characterization
for i=2:length(t)

%flight time
t_flight(i)=t(i);

if t_flight(i)<tbsl

%velocity of the rocket depending on time (with Earth rotation)
vli(i) = vl(i—1)+al(i—1)*deltaT +464xcos(latitude)/length(t);

%Flight path angle depending on time

%Gravity turn does not start until certain time passes

if t_flight(i)<11.28

%The first time steps are devoted to vertical flight (gamma = 90 deg)

gammal(i) = pi/2;

else

%After some time (arbitrary), a subtle change in the flight path
angle is introduced

if gammal(i—1)—pi/2

gammal(i) = pi/2—-0.025;

else

%Flight path angle depending on time

gammal(i) = gammal(i—1)+(((F1(i—=1)/ml(i—1))xsin(alpha)—(g-h_1(i—1)—vl
(i—=1)"2/...

10
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(h_rocketl(i—1)+R_e))*cos(gammal(i—1)))/(vl(i—1)))xdeltaT;
end
end

%rocket height depending on time
h_rocketl (i) = h_rocketl(i—1) + v1(i—1)xsin(gammal(i—1))xdeltaT;

%rocket mass depending on time
ml(i) = ml(i—1) — mflow_lstagelxdeltaT;

%Range of the rocket depending on time
x1(i) = x1(i—1)+(R_.e/(R_e+h_rocketl (i—1)))*vl(i—1)xcos(gammal(i—1))=x
deltaT;

%Ambient pressure interpolation depending on rocket height
pal(i) = interpl(h(:), P(:), h_rocketl(i));

%Flow detachment analysis (employing Summerfield criterion)
if pe(l) < (0.4xpal(i))

%|f detachment of the flow occurs
Me_primal (i) = sqrt(2/(gamma_gas—1)x*((...
pc/(0.4xpal(i))) " ((gamma_gas—1)/gamma_gas)—1));

m_Mel (i) = sqrt(gamma_gas)*Me_primal(i)/(1+...
(gamma_gas—1)/2xMe_primal(i)"2)"((gamma_gas+1)/(2*(gamma_gas—1)));

AeAt_primal (i) = m_.1/m_Mel(i);

cF_v_primal (i) = (2/(gamma_gas+1)) " ((gamma_gas+1)/(2*(gamma_gas...
—1))) *(gamma_gasxMe_primal (i )+1/Me_primal(i))/(sqrt(1+..
(gamma_gas—1)/2xMe_primal(i)"2));

%Thrust coefficient depending on local ambient pressure (with
detachment)

cF1(i) = eta_nozzle(l)*(cF_v_primal(i) — pal(i)/pcxAeAt_primal(i));

else

%Thrust coefficient depending on local ambient pressure

cF1(i) = eta_nozzle(1)*(cF_v(1) — (pal(i)/pc)*xAe At(1l));

end

%lnterpolation of different atmospheric parameters depending on
rocket height
%Density

rho_h_1(i) = interpl(h(:), rho(:), h_rocketl(i));
%Gravity

11




UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola Superior d’Enginyeries Industrial,
Aeroespacial i Audiovisual de Terrassa

Final Bachelor Thesis - Annexes

g-h_1(i) = interpl(h(:), g(:), h_rocketl(i));
%Speed of sound
c.h_1(i) = interpl(h(:), c(:), h_rocketl(i));

%Rocket Mach number depending on velocity and speed of sound
M_flightl(i) = v1(i)/c_-h_1(i);

%Rocket drag coefficient depending on Mach number
if M_flightl(i)<=0.6

c.d1(i) = 0.15;

elseif (0.6<M_flightl(i) & & M_flightl(i)<=1.1)
c.dl(i) = —4.32«M_flightl (i) 3+11.016%xM _flight1(i)"2—8.5536%...
M _flightl (i)+2.24952;

elseif (1.1<M_flightl(i)&& M _flightl(i)<=1.3)
c.d1(i) = —M_flight1(i)"(2)+2.2«M_flight1 (i) —0.79;
elseif (1.3 < M_flightl(i)&& M_flightl(i)<= 50)
c.d1(i) = 0.16769+0.17636/(sqrt (M_flightl (i)"2—1));
else

c.dl(i) = 0.16769;

end

% Computation of drag depending on density, velocity and drag

coefficient
D1(i) = (1/2)xrho_h_1(i)*vl(i)"2%Sxc_d1(i);

%Thrust value depending on thrust coefficient and stage

characterization
F1(i) = cF1(i)*pcx101325%xAtl_stagel;

%Specific impulse of the rocket
ispl(i)=F1(i)/(mflow_1stagel*9.81);

%Acceleration of the rocket
al(i) = (F1(i)*cos(alpha)-D1(i))/ml(i)—g-h_1(i)*sin(gammal(i));

%Dynamic pressure
ql(i) = 0.5%xrho_h_1(i)*vl(i)"2;
%second stage

else

%flight time
t_flight(i)=t(i);

%velocity of the rocket depending on time (with Earth rotation)
vi(i) = vi(i—1)tal(i—1)*deltaT;

12
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%Flight path angle depending on time

gammal(i) = gammal(i—1)+(((F1(i—=1)/ml(i—1))*sin(alpha)—(g_h_1(i—1)—vl
(i—1)"2/...

(h_rocketl(i—1)+R_e))*cos(gammal(i—1)))/(vl(i—1)))*deltaT;

%rocket height depending on time
h_rocketl (i) = h_rocketl(i—1) + vl1(i—1)xsin(gammal(i—1))xdeltaT;

%rocket mass depending on time
ml(i) = mO_stage2_.1 — mflow_lstage2x*t(i—(length(t)*tbsl/th—1));

%Range of the rocket depending on time
x1(i) = x1(i—1)+(R_.e/(R_e+h_rocketl (i—1)))*vl(i—1)xcos(gammal(i—1))=x
deltaT;

%Ambient pressure interpolation depending on rocket height
pal(i) = interpl(h(:), P(:), h_rocketl(i));

%Flow detachment analysis (employing Summerfield criterion)
if pe(l) < (0.4xpal(i))

%lf detachment of the flow occurs
Me_primal (i) = sqrt(2/(gamma_gas—1)x*((...
pc/(0.4xpal(i))) " ((gamma_gas—1)/gamma_gas)—1));

m_Mel (i) = sqrt(gamma_gas)*xMe_primal(i)/(1+...
(gamma_gas—1)/2xMe_primal(i)"2)"((gamma_gas+1)/(2*(gamma_gas—1)));

AeAt_primal (i) = m_.1/m_Mel(i);

cF_v_primal (i) = (2/(gamma_gas+1)) " ((gamma_gas+1)/(2*(gamma_gas...
—1))) *x(gamma_gasxMe_primal (i )+1/Me_primal(i))/(sqrt(1+..
(gamma_gas—1)/2xMe_primal(i)"~2));

%Thrust coefficient depending on local ambient pressure (with
detachment)

cF1(i) = eta_nozzle(1l)*(cF_v_primal(i) — pal(i)/pc*xAeAt_primal(i));

else

%Thrust coefficient depending on local ambient pressure

cF1(i) = eta_nozzle(1)*(cF_v(1) — (pal(i)/pc)*xAe_At(1l));

end

%lnterpolation of different atmospheric parameters depending on
rocket height

%Density

rho_h_1(i) = interpl(h(:), rho(:), h_rocketl(i));

%Gravity

13
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g-h_1(i) = interpl(h(:), g(:), h_rocketl(i));
%Speed of sound
c.h_1(i) = interpl(h(:), c(:), h_rocketl(i));

%Rocket Mach number depending on velocity and speed of sound
M_flightl(i) = v1(i)/c_-h_1(i);

%Rocket drag coefficient depending on Mach number
if M_flightl(i)<=0.6

c.d1(i) = 0.15;

elseif (0.6<M_flightl(i) & & M_flightl(i)<=1.1)
c.dl(i) = —4.32«M_flightl (i) 3+11.016%xM _flight1(i)"2—8.5536%...
M _flightl (i)+2.24952;

elseif (1.1<M_flightl(i)&& M _flightl(i)<=1.3)
c.d1(i) = —M_flight1(i)"(2)+2.2«M_flight1 (i) —0.79;
elseif (1.3 < M_flightl(i)&& M_flightl(i)<= 50)
c.d1(i) = 0.16769+0.17636/(sqrt (M_flightl (i)"2—1));
else

c.dl(i) = 0.16769;

end

% Computation of drag depending on density, velocity and drag
coefficient
D1(i) = (1/2)xrho_h_1(i)*vl(i)"2%Sxc_d1(i);

%Thrust value depending on thrust coefficient and stage
characterization
F1(i) = cF1(i)*pcx101325%xAtl_stage2;

%Specific impulse of the rocket
ispl(i)=F1(i)/(mflow_1lstage2%9.81);

%Acceleration of the rocket
al(i) = (F1(i)*cos(alpha)-D1(i))/ml(i)—g-h_1(i)*sin(gammal(i));

%Dynamic pressure

ql(i) = 0.5%xrho_h_1(i)*vl(i)"2;
end

end

disp('Non—optimized rocket computed!')

% Vectors definition [Optimized case]
h_rocket2 = zeros(length(t),1);
gamma2 = zeros(length(t),1);

v2 = zeros(length(t),1);

a2 = zeros(length(t),1);
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m2 = zeros(length(t),1);
F2 = zeros(length(t),1);
cF2 = zeros(length(t),1);
t_flight=zeros(length(t),1);

q2=zeros(length(t),1);
isp2=zeros(length(t), 1);
M_flight2 = zeros(length(t),1);
c.d2= zeros(length(t),1);
x2=zeros(length(t),1);
pa2=zeros(length(t) , 1);
D2=zeros(length(t),1);

%initial conditions

v2(1) = 0;

h_rocket2 (1) = 0;

alpha = 0;

F2(1)=1157000;

a2(1)=4.42;

m2(1)=m0.2;

gamma2(1l) = pi/2;

x2(1)=0;

g(1)=9.80665;

R_e = 6371e3;

c.d2(1)=0.15;

t_flight (1)=0;

q2(1)=0;

isp2(1)=300.1;

%Latitude of Cape Canaveral, Florida , USA
latitude=deg2rad (28.396837);

disp('Numerical solving of the differential equations regarding the
optimized rocket, please wait...")

% Trajectory characterization
for i=2:length(t)

%flight time
t_flight(i)=t(i);

if t_flight(i)<tbslprima

%velocity of the rocket depending on time (with Earth rotation)
v2(i) = v2(i—1)+a2(i—1)xdeltaT +464xcos(latitude)/length(t);

%Flight path angle depending on time
%Gravity turn does not start until certain time passes
if t_flight(i)<7.79
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%The first time steps are devoted to vertical flight (gamma = 90 deg)

gamma2(i) = pi/2;

else

%After some time (arbitrary), a subtle change in the flight path
angle is introduced

if gamma2(i—1)=—pi/2

gamma2(i) = pi/2—-0.025;

else

%Flight path angle depending on time

gamma2(i) = gamma2(i—1)+(((F2(i—1)/m2(i—1))x*sin(alpha)—(g-h_2(i—1)—v2
(i—=1)"2/..

(h_rocket2(i—1)+R_e))*cos(gamma2(i—1)))/(v2(i—1)))*deltaT;

end
end

%rocket height depending on time
h_rocket2(i) = h_rocket2(i—1) + v2(i—1)xsin(gamma2(i—1))x*deltaT;

%rocket mass depending on time
m2(i) = m2(i—1) — mflow_2stagelxdeltaT;

%Range of the rocket depending on time
x2(i) = x2(i—1)+(R_.e/(R_e+h_rocket2 (i—1)))*v2(i—1)xcos(gamma2(i—1))=*
deltaT;

%Ambient pressure interpolation depending on rocket height
pa2(i) = interpl(h(:), P(:), h_rocket2(i));

%Flow detachment analysis (employing Summerfield criterion)
if pe(2) < (0.4xpa2(i))

%Ilf detachment of the flow occurs

Me_prima2 (i) = sqrt(2/(gamma_gas—1)x*((...
pc/(0.4xpa2(i))) " ((gamma_gas—1)/gamma_gas)—1));

m_Me2 (i) = sqrt(gamma_gas)*Me_prima2(i)/(1+...
(gamma_gas—1)/2«Me_prima2(i)"2) " ((gamma_gas+1)/(2x(gamma_gas—1)));

AeAt_prima2 (i) = m.1/m-Me2(i);

cF_v_prima2 (i) = (2/(gamma_gas+1)) "((gamma_gas+1)/(2*(gamma_gas...
—1)))*(gamma_gas*xMe_prima2(i)+1/Me_prima2(i))/(sqrt(1+..
(gamma_gas—1)/2xMe_prima2(i)"2));
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%Thrust coefficient depending on local ambient pressure (with
detachment)

cF2(i) = eta_nozzle(2)*(cF_v_prima2(i) — pa2(i)/pcxAeAt_prima2(i));

else

%Thrust coefficient depending on local ambient pressure

cF2(i) = eta_nozzle(2)*(cF_v(2) — (pa2(i)/pc)*Ae_At(2));

end

%lnterpolation of different atmospheric parameters depending on
rocket

%height

%Density

rho_h_2(i) = interpl(h(:), rho(:), h_rocket2(i));

%Gravity

g-h_2(i) = interpl(h(:), g(:), h_rocket2(i));

%Speed of sound

c_h_2(i) = interpl(h(:), c(:), h_rocket2(i));

%Rocket Mach number depending on velocity and speed of sound
M_flight2 (i) = v2(i)/c-h_2(i);

%Rocket drag coefficient depending on Mach number
if M_flight2(i)<=0.6

c.d2(i) = 0.15;

elseif (0.6<M_flight2(i) && M _flight2(i)<=1.1)
c.d2(i) = —4.32«M_flight2(i)"34+11.016%xM _flight2(i)"2—8.5536%...
M _flight2(i)+2.24952;

elseif (1.1<M_flight2(i)&& M_flight2(i)<=1.3)
c.d2(i) = —=M_flight2(i)"~(2)+2.2xM_flight2(i)—0.79;
elseif (1.3 < M_flight2(i)&& M_flight2(i)<= 50)
c.d2(i) = 0.16769+0.17636/(sqrt (M_flight2(i)"2-1));
else

c.d2(i) = 0.16769;

end

% Computation of drag depending on density, velocity and drag

coefficient
D2(i) = (1/2)*rho_h_2(i)*v2(i)"2%Sxc_d2(i);

%Thrust value depending on thrust coefficient and stage
characterization

F2(i) = cF2(i)*xpcx101325%xAt2_stagel;

%Specific impulse of the rocket
isp2(i)=F2(i)/(mflow_2stagel*x9.81);

%Acceleration of the rocket
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a2(i) = (F2(i)*cos(alpha)-D2(i))/m2(i)—g-h_2(i)*sin(gamma2(i));

%Dynamic pressure
q2(i) = 0.5%xrho_h_2(i)*v2(i)"2;

%second stage
else if t_flight(i)>=tbslprima && t_flight(i)<(tbslprima+tbs2prima)

t_flight (i)=t(i);

%velocity of the rocket depending on time (with Earth rotation)
v2(i) = v2(i—1)+a2(i—1)xdeltaT +464xcos(latitude)/length(t);

%Flight path angle depending on time
gamma2(i) = gamma2(i—1)+(((F2(i—=1)/m2(i—1))*sin(alpha)—(g_h_2(i—1)—v2

(i—=1)"2/..
(h-rocket2(i—1)+R_e))*cos(gamma2(i—1)))/(v2(i—1)))*deltaT;

%rocket height depending on time
h_rocket2(i) = h_rocket2(i—1) + v2(i—1)xsin(gamma2(i—1))x*deltaT;

%rocket mass depending on time
m2(i) = mO_stage2_2 — mflow_2stage2*t(i—(length(t)*tbslprima/tb—1));

%Range of the rocket depending on time
x2(i) = x2(i—1)+(R_e/(R_e+h_rocket2(i—1)))*v2(i—1)*xcos(gamma2(i—1))x
deltaT;

%Ambient pressure interpolation depending on rocket height
pa2(i) = interpl(h(:), P(:), h_rocket2(i));

%Flow detachment analysis (employing Summerfield criterion)
if pe(3) < (0.4xpa2(i))

%I|f detachment of the flow occurs

Me_prima2 (i) = sqrt(2/(gamma_gas—1)x((...
pc/(0.4xpa2(i))) " ((gamma_gas—1)/gamma_gas)—1));

m_Me2 (i) = sqrt(gamma_gas)*Me_prima2(i)/(1+...
(gamma_gas—1)/2xMe_prima2(i)"~2) " ((gamma_gas+1)/(2x(gamma_gas—1)));

AeAt_prima2 (i) = m_1/m_Me2(i);

cF_v_prima2 (i) = (2/(gamma_gas+1)) " ((gamma_gas+1)/(2*(gamma_gas...
—1)))*(gamma_gas*Me_prima2(i)+1/Me_prima2(i))/(sqrt(1+..
(gamma_gas—1)/2xMe_prima2(i)"2));
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%Thrust coefficient depending on local ambient pressure (with
detachment)

cF2(i) = eta_nozzle(3)*(cF_v_prima2(i) — pa2(i)/pc*xAeAt_prima2(i));

else

%Thrust coefficient depending on local ambient pressure

cF2(i) = eta_nozzle(3)*(cF_v(3) — (pa2(i)/pc)*xAe_At(3));

end

%lInterpolation of different atmospheric parameters depending on
rocket

%height

%Density

rho_h_2(i) = interpl(h(:), rho(:), h_rocket2(i));

%Gravity

g.-h2(i) = interpl(h(:), g(:), h_rocket2(i));

%Speed of sound

c-h_2(i) = interpl(h(:), c(:), h_rocket2(i));

%Rocket Mach number depending on velocity and speed of sound
M_flight2(i) = v2(i)/c_-h_2(i);

%Rocket drag coefficient depending on Mach number
if M_flight2(i)<=0.6

c.d2(i) = 0.15;

elseif (0.6<M_flight2(i) && M_flight2(i)<=1.1)
c.d2(i) = —4.32xM _flight2(i)"3+11.016xM _flight2(i)"2—8.5536%...
M_flight2(i)+2.24952;

elseif (1.1<M_flight2(i)&& M_flight2(i)<=1.3)
c.d2(i) = -=M_flight2(i)"(2)4+2.2«M_flight2(i)—0.79;
elseif (1.3 < M_flight2(i)&& M_flight2(i)<= 50)
c.d2(i) = 0.16769+0.17636/(sqrt(M_flight2(i)"2-1));
else

c.d2(i) = 0.16769;

end

% Computation of drag depending on density, velocity and drag

coefficient
D2(i) = (1/2)xrho_h_2(i)*v2(i)"2%xSxc_d2(i);

%Thrust value depending on thrust coefficient and stage
characterization

F2(i) = cF2(i)*pcx101325%xAt2_stage2;

%Specific impulse of the rocket
isp2(i)=F2(i)/(mflow_2stage2x9.81);
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%Acceleration of the rocket
a2(i) = (F2(i)xcos(alpha)=D2(i))/m2(i)—g-h_2(i)*sin(gamma2(i));

%Dynamic pressure
q2(i) = 0.5%rho_h_2(i)*v2(i)"2;

else
% Third stage

%flight time
t_flight(i)=t(i);

%velocity of the rocket depending on time (with Earth rotation)
v2(i) = v2(i—1)4+a2(i—1)xdeltaT +464xcos(latitude)/length(t);

%Flight path angle depending on time
gamma2(i) = gamma2(i—1)+(((F2(i—=1)/m2(i—1))x*sin(alpha)—(g-h_2(i—1)—v2

(i=1)"2/..
(h_rocket2(i—1)+R_e))*cos(gamma2(i—1)))/(v2(i—1)))*deltaT;

%rocket height depending on time
h_rocket2 (i) = h_rocket2(i—1) + v2(i—1)*sin(gamma2(i—1))xdeltaT;

%rocket mass depending on time

m2(i) = mO_stage3_2 — mflow_2stage3*t(i—(length(t)=*(tbslprima+
tbs2prima)/th—1));

%Range of the rocket depending on time

x2(i) = x2(i—1)+(R-e/(R-e+h_rocket2(i—1)))*v2(i—1)*cos(gamma2(i—1))x
deltaT;

%Ambient pressure interpolation depending on rocket height
pa2(i) = interpl(h(:), P(:), h_rocket2(i));

%Flow detachment analysis (employing Summerfield criterion)
if pe(3) < (0.4%pa2(i))

%I|f detachment of the flow occurs

Me_prima2 (i) = sqrt(2/(gamma_gas—1)x((...
pc/(0.4xpa2(i))) " ((gamma_gas—1)/gamma_gas)—1));

m_Me2 (i) = sqrt(gamma_gas)*Me_prima2(i)/(1+...
(gamma_gas—1)/2xMe_prima2(i)"~2)"((gamma_gas+1)/(2*(gamma_gas—1)));

AeAt_prima2 (i) = m_1/m_Me2(i);
cF_v_prima2 (i) = (2/(gamma_gas+1)) "((gamma_gas+1)/(2*(gamma_gas...
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—1)))*(gamma_gasxMe_prima2(i)+1/Me_prima2(i))/(sqrt(1+...
(gamma_gas—1)/2xMe_prima2(i)"~2));

%Thrust coefficient depending on local ambient pressure (with
detachment)

cF2(i) = eta_nozzle(3)*(cF_v_prima2(i) — pa2(i)/pcxAeAt_prima2(i));

else

%Thrust coefficient depending on local ambient pressure

cF2(i) = eta_nozzle(3)*(cF_v(3) — (pa2(i)/pc)*xAe_At(3));

end

%lnterpolation of different atmospheric parameters depending on
rocket height

%Density

rho_h_2(i) = interpl(h(:), rho(:), h_rocket2(i));
%Gravity

g-h_2(i) = interpl(h(:), g(:), h_rocket2(i));
%Speed of sound

c.h_2(i) = interpl(h(:), c(:), h_rocket2(i));

%Rocket Mach number depending on velocity and speed of sound
M _flight2 (i) = v2(i)/c_h_2(i);

%Rocket drag coefficient depending on Mach number
if M_flight2(i)<=0.6

c.d2(i) = 0.15;

elseif (0.6<M_flight2(i) && M_flight2(i)<=1.1)
c.d2(i) = —4.32xM_flight2(i)"3+11.016xM_flight2(i)"2—8.5536%...
M_flight2(i)+2.24952;

elseif (1.1<M_flight2(i)&& M_flight2(i)<=1.3)
c.d2(i) = —-M_flight2(i)"(2)4+2.2«M_flight2(i)—0.79;
elseif (1.3 < M_flight2(i)&& M_flight2(i)<= 50)
c.d2(i) = 0.16769+0.17636/(sqrt (M _flight2(i)"2-1));
else

c.d2(i) = 0.16769;

end

% Computation of drag depending on density, velocity and drag

coefficient
D2(i) = (1/2)xrho_h_2(i)*v2(i)"2xSxc_d2(i);

%Thrust value depending on thrust coefficient and stage
characterization

F2(i) = cF2(i)*pcx101325%xAt2 _stage3;

%Specific impulse of the rocket
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isp2(i)=F2(i)/(mflow_2stage3x9.81);

%Acceleration of the rocket
a2(i) = (F2(i)xcos(alpha)-D2(i))/m2(i)—g-h_2(i)*sin(gamma2(i));

%Dynamic pressure

q2(i) = 0.5xrho_h_2(i)*v2(i)"2;
end
end

end

disp('Optimized rocket computed!"')
disp('Calculations are finished!")

% %cd depending on Mach number
% figure

% plot (M_flight, c.d)

% grid on; grid minor;

% title ('Drag coefficient depending on Mach number', '

interpreter ',

latex ') ;
% xlabel ('Mach number', 'interpreter ', 'latex');
% ylabel ('Drag coefficient',6 "interpreter ', 'latex');
% xlim ([0 7]); ylim ([0 0.5])
%PLOTS OF THE PERFORMANCE OF THE ROCKET
figure
%velocity of the rocket depending on time
subplot (3,3,1)
plot (t_flight ,v1/1000,t_flight ,v2/1000)
grid on; grid minor;
title ('Velocity','interpreter','latex');
xlabel ('Time [s]"',"interpreter', "latex');
ylabel ('Velocity [km/s]','interpreter', 'latex');
ylim ([0 8]);

%Mach number of the rocket depending on time
subplot (3,3,2)

plot (t_flight ,M_flightl ,t_flight ,M_flight2)
grid on; grid minor;

title ('Mach number', "interpreter', 'latex');
xlabel ('Time [s]','interpreter',K 'latex');
ylabel ('Mach number','interpreter', 'latex');

%Flight path angle of the rocket depending on time
subplot (3,3,3)
plot (t_flight ,rad2deg(gammal),t_flight ,rad2deg(gamma2))
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grid on; grid minor;

title ('Flight path angle','interpreter', 'latex');
xlabel ('Time [s]','interpreter', 'latex');
ylabel ('Angle path [deg]','interpreter', 'latex');

%height of the rocket depending on time

subplot (3,3,4)

plot (t_flight ,h_rocketl/1000,t_flight ,h_rocket2/1000)
grid on; grid minor;

title ('Height','interpreter', 'latex');
xlabel ('Time [s]',"interpreter', 'latex');
ylabel ('Height [km]',K '"interpreter', 'latex');

ylim ([0 220])

%Range of the rocket depending on time
subplot (3,3,5)

plot (t_flight ,x1/1000,t_flight ,x2/1000)
grid on; grid minor;

title ('Range','interpreter', 'latex');

xlabel ('Time [s]','interpreter',K 'latex');

ylabel ('Range [km]', K 'interpreter', 'latex');

legend ('Non—optimized', 'Optimized','interpreter', 'latex')

%Acceleration of the rocket depending on time
subplot (3,3,6)

plot (t_flight ,al/g(1),t_flight ,a2/g(1))

grid on; grid minor;

title ('Gravitational force equivalent','interpreter', 'latex');
xlabel ('Time [s]','interpreter', 'latex');
ylabel ('G-force','interpreter','latex');

%Mass of the rocket depending on time
subplot (3,3,7)

plot (t_flight ,m1/1000,t_flight ,m2/1000)
grid on; grid minor;

title ('Mass','interpreter', 'latex');
xlabel ('Time [s]','interpreter', 'latex');
ylabel ('Mass [t]"',"interpreter', "latex');

%Dynamic pressure of the rocket depending on time
subplot (3,3,8)
plot (t_flight ,q1/1000,t_flight ,q2/1000)
grid on; grid minor;
I |

title ('Dynamic pressure','interpreter'

,latex ') ;
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xlabel ('Time [s]"',"interpreter'

ylabel ('Dynamic pressure [$kPa$]',
ylim ([0 35]);

,'latex ') ;
"interpreter','latex');

%Specific impulse of the rocket depending on time
subplot (3,3,9)

plot (t_flight ,ispl, t_flight ,isp2)

grid on; grid minor;

title ('Specific impulse','interpreter', 'latex');

xlabel ('Time [s]"',"interpreter', "latex');

ylabel ('Specific impulse [s]','interpreter', 'latex');

ylim ([290 370])

% ORBITAL INSERTION

% Earth gravitational standard parameter
mu_earth=3.986004418%10"14; %[m~3/s"2]
% Target final velocity

Final _Budget=sqrt(mu_earth /(R_e+200%10"3)); %[m/s]

% Semi—major axis
a=(2/(h_rocket2(end)+R_e)—v2(end) "2/ mu_earth)”—1; %[m]

% Radius at periapsis of the final orbit
r_p=h_rocket2(end)+R_e; %[m]

% Radius at apoapsis of the final orbit
r_a=2%a—r_p; %o[m]

% Eccentricity of the final orbit
e=(r_a—r_p)/(r-a+r_p);

% Semi—minor axis of the final orbit
b=axsqrt(l—e”2); %[m]

% True anomaly [from 0 to 360 degrees]
theta=linspace (0,2%pi,1500); %[ rad]

% Orbital insertion
xx=axcos(theta);
yy=bxsin (theta);

% ldeal orbit
xxcirc=(200000+R_e)*cos(theta);
yycirc=(200000+R_e)xsin (theta);
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% Earth
xxearth=cos(theta);
yyearth=sin (theta);

% Plot of the orbit characterization
figure

plot (xx/R_e,yy/R_e,'b")

hold on

plot (xxcirc/R_e,yycirc/R_e,'r")
plot (xxearth ,6yyearth,K 'k")

fill (xxearth,yyearth,6 'c')

xlabel ('Distance (Earth radius)','interpreter', 'latex')
ylabel ('Distance (Earth radius)','interpreter', 'latex')
title ('Final orbit characterization','interpreter','latex');
xlim ([=1.05 1.05])

ylim ([—=1.05 1.05])

axis equal

legend ('Final orbit','ldeal orbit',"Earth surface', "Earth',..

interpreter','latex','location', 'best"')

%/ FUNCTIONS

%US standard atmosphere characterization function
function [T, P, rho, g, c] = US_Standard(h)

%The present function aims at assessing the Temperature, Pressure,
%Density , Gravity force and sound velocity at a given altitude,
%according to US Standard atmosphere (1976)

% Data

gamma_air =1.4; % Adiabatic expansion coefficient
g 0 = 9.80665; % Gravity [m/s"2]

R_e = 6371e3; % Radius Earth [m]

R = 287; % ldeal Gas constant [J/(kg K)]
% Temperature gradient [K/m] / constants

lambda (1) = —6.5/1000; % 0 — 10999

lambda(2) = 0; % 11000 — 19999

lambda(3) = 1/1000; % 20000 — 31999

lambda(4) = 2.8/1000; % 32000 — 46999

lambda(5) = 0; % 47000 — 50999

lambda(6) = —2.8/1000; % 51000 — 70999

lambda(7) = —2/1000; % 71000 — 85999

lambda (8) = O0; % 86000 — 90999

Tc = 263.1905; % 91000 — 110000 [K]
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A = —76.3232; % 91000 — 110000

a = —19942.0; % 91000 — 110000

lambda (9) = 12/1000; % 110000 — 120000

T_inf = 1000; % 120000 — 1000000 (K]
LAMBDA = 0.01875; % 120000 — 1000000

% Vectors
%Definition of vectors to optimize the matlab code

T =zeros(1,length(h)); % Temperature [K]

P =zeros(1,length(h)); % Pressure [atm]

rho =zeros(1,length(h)); % Density [kg/m"3]

g =zeros(1,length(h)); % Gravity [m/s”2]

c =zeros(1,length(h)); % Sound velocity [m/s]

% Calculations
for i = 1l:length(h)

%Depending on the height, different properties are found
if h(i)<11000
T.0 = 288.15;
T(i) = T0 + h(i)xlambda(1);
PO =1;
P(i) = P.Ox(T(i)/T-0)"(—g-0/(Rxlambda(1)));
rho.0 = 1.225;
rho(i) = rho_0%(T(i)/T-0)"(—1—g_0/(lambda(1)*R));

elseif h(i)>=11000 && h(i)<20000
T_11 = 288.15 + 11000%lambda(1);
T(i) = T.11;
P11 = P.0x(T.11/T.0)"(—g-0/(Rxlambda(1)));
P(i) = P_.11xexp(—g-0/(R«T_11)«(h(i)—11000));
rho_11 = rho_0%(T_11/T.0)"(—1—g-0/(lambda(1)*R));
rho(i) = rho_1lxexp(—g-0/(R+«T_11)*(h(i)—11000));

elseif h(i)>=20000 && h(i)<32000
T(i) = T_11 + lambda(3)*(h(i) — 20000);
P20 = P_1lxexp(—g.0/(R«xT_11)%(20000—11000));

P(i) = P.20%(T(i)/T-11)"(—g-0/(Rxlambda(3)));
rho_20 = rho_11xexp(—g-0/(R*T_11)%(20000—11000));
rho(i) = rho_20%(T(i)/T-11)"(—1—g-0/(lambda(3)*R));

elseif h(i)>=32000 & h(i)<47000
T_32 = T_.11 +lambda(3)*(32000—20000);
T(i) = T32 + (h(i) — 32000)*lambda(4);
P32 =P 20%(T32/T_11)"(—g_0/(Rxlambda(3)));
P(i) = P32x(T(i)/T-32)"(—g-0/(R«lambda(4)));
rho.32 = rho_20#(T_32/T_11)"(~=1—g.0/(lambda (3)*R)) ;
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rho(i) = rho_32%(T(i)/T-32)"(—1—g-0/(lambda(4)*R));

elseif h(i)>=47000 && h(i)<51000
T_47 = T_32 +(47000—32000)*lambda (4);
T(i) = T.47;

P47 = P_32%(T_47/T.32)"(—g_0/(R«lambda(4)));

P(i) = P_ 47*exp( g 0/(RxT_47)x(h(i)—47000));

rho_ 47 = rho 32%(T_47/T_32)"(—1—g_0/(lambda(4)*R));
rho(i) = rho_47xexp(—g-0/(RxT_47)«*(h(i)—47000));

elseif h(i)>=51000 && h(i)<71000
T(i) = T_47 +(h(i) — 51000)*lambda(6);
P51 = P 47xexp(—g_0/(RxT_47)%(51000—47000));
P(i) = P51x(T(i)/T_-47)"(—g-0/(Rxlambda(6)));
rho_51 = rho_47xexp(—g_0/(R+*T_47)%(51000—47000)) ;
rho(i) = rho 51x(T(i)/T_47)"(—1—g_0/(lambda(6)*R));

elseif h(i)>=71000 && h(i)<84900

T_71 = T_47 + (71000—51000)*lambda(6);
T(i) = T_-71 4+ (h(i) —71000)*lambda (7);
P71 = P.51#(T_71/T.47)"(—g.0/(R¢lambda(6))):

0/(R«lambda(7)));
(—1—g_0/(lambda(6)*R));
(—1—g_0/(lambda (7)*R));

(
P(i) = P71x(T(i)/T-71)"(—g-
rho 71 = rho 51«(T_71/T_47)"
rho(i) = rho 71%(T(i)/T_71)"

elseif h(i)>=84900 && h(i)<91000
T_85 = T_71 + (84900—71000)*lambda(7);
P85 = P_71%(T_85/T_71)"(—g_-0/(Rxlambda(7)));
T(i) = T.85;

P(i) = P_85xexp(—g-0/(R*T_85)*(h(i)—84900));
rho_85 = rho_71%(T_85/T_.71)"(—1—g_0/(lambda(7)*R));
rho(i) = rho_85%exp(—g-0/(R*T_85)*(h(i)—85000));

elseif h(i)>=91000 && h(i)<110000
T91 = T.85;

P91 = P_85%exp(—g.0/(R+T_85)%(91000—84900)) :
P(i) = P_9lsexp(—g.0/(R*xT_91)*(h(i)—91000)):
T(i) = Tc+A*(1—((h(i)—91000)/(a))"2)"(1/2);
rho_91 = rho_85xexp(—g_0/(R*T_85)%(91000—85000)) ;
rho(i) = rho_91xexp(—g-0/(RxT_91)x(h(i)—91000));

elseif h(i)>=110000 && h(i)<120000

T_110 = TctA#(1—((110000—91000)/(a))"2) " (1/2):
P.110 = P_91xexp(—g.0/(R+T_91)%(110000—91000)):
T(i) = T_110+lambda (9)*(h(i)—110000);

P(i) = P_110x(T(i)/T-110)"(—g-0/(R*lambda(9)));
rho_110 = rho_91%exp(—g-0/(R*T_91)%(110000—-91000));
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rho(i) = rho_110%(T(i)/T-110)"(—1—g-0/(lambda(9)*R));

elseif h(i)>=120000 && h(i)<1000000
T_120=T_110+lambda (9) #(120000—110000) ;

P_120 = P_110%(T-120/T_-110)"(—g-0/(R*lambda(9)));
nu=(h(i)—120000)/1000; %parameter

T(i) = T_inf—(T_inf—T_120)*exp(—LAMBDAxnu);

P(i) = P_120xexp(—g-0/(R*T_120)*(h(i)—120000));

rho.120 = rho_110#(T_120/T_110)"(~1—g_0/(lambda (9)*R));
rho(i) = rho_120xexp(—g-0/(R*xT_120)*(h(i)—120000));

else %Higher heights than 1000 km

T(i)=T_inf;

P_1000=P_120%exp(—g_0/(R*T_120) *(1000000—120000)) ;

P(i) = P.1000%exp(—g.0/(R¥T_inf)(h(i)—1000000));
rho_1000 = rho_120*exp(—g-0/(R*T_-120)%(1000000—120000));
rho(i) = rho_1000xexp(—g-0/(RxT_inf)x(h(i)—1000000));

end
g(i) = g 0x(Re/(Re + h(i)))"2;
y c(i) = sqrt(gamma_airxR«T(i));
end

%Exit Mach reckoning (depending on gamma and relation of areas)
function [Me] = Exit_Mach(gamma_gas, Ae_At)

%The present function aims at assessing the Mach number at the exit
%of the nozzle depending on the gamma of the gas and the relation of

areas

syms Me ; %Definition of Me as a variable
low=0.1; %Lower end of the calculation
up=20; %upper end of the calculation
tol=10e—9; %Convergence tolerance

n=ceil (log ((up—low)/tol)/log(2)); %Number of iterations to achieve
convergence

f=—Ae_At+ (2/(gamma_gas+1)) " ((gamma_gas+1)/(2x(gamma_gas—1)))x*...
(1/Me)*(1+(gamma_gas—1)%x0.5xMe"2) " ((gamma_gas+1) /(2*x(gamma_gas—1)));
f=inline(f);

for i=1:n

Me=(low+up) /2;

if f(low)x*f(Me)<0

up=Me;
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else
low=Me;
end

end

end

%Exit Mach reckoning (depending on gamma and relation of areas)
function [Mestudy] = Exit_Mach_study(gamma_gas, Ae_At_study)

%The present function aims at assessing the Mach number at the exit
%of the nozzle depending on the gamma of the gas and the relation of

areas
syms Mestudy ; %Definition of Me as a variable
low=0.1; %Lower end of the calculation
up=20; %upper end of the calculation
tol=10e—9; %Convergence tolerance

n=ceil (log ((up—low)/tol)/log(2)); %Number of iterations to achieve
convergence

f=—Ae_At_study+ (2/(gamma_gas+1)) " ((gamma_gas+1)/(2x(gamma_gas—1)))x

(1/Mestudy ) *(1+(gamma_gas—1)*0.5%x Mestudy "2) " ((gamma_gas+1) /(2x(
gamma_gas—1)));

f=inline(f);

for i=1Ll:n

Mestudy=(low+up) /2;

if f(low)x*f(Mestudy)<0

up=Mestudy;

else

low=Mestudy;

end

end

end
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Appendix C

Elaboration of budget plots

% SETUP

close all; clc; clear all;

%% Information
%Author: Roger Verges Eiras

%Director: Josep Oriol Lizandra i Dalmases

%Bachelor's Final Thesis MATLAB CODE

%Project name: Study and Evaluation of the Performance of a
Multistage Solid—Propellant Rocket Vehicle, Including Atmospheric
Ascent and Orbital Insertion

%Course 2020—2021

%0 ACADEMIC FEES

figure

x = [62 203 35];

pie (x)

legend ('Theoretical developments', 'Research and evaluation',
'Documentation', 'interpreter','latex ')

%% LAUNCHING PROCESS

% Non—optimized case

figure

y = [6.837 12 3 1 1.2 1.25];

pie (y)

legend ('Propellant','Structure','Engines','Payload integration',
'Separation of stages', 'Operation of the mission', ...

interpreter ', 'latex')
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% Optimized case

figure
z = [3.388 6.1 45 1 2.4 1.25];
pie (z)

legend ('Propellant','Structure','Engines','Payload integration'
'Separation of stages', 'Operation of the mission'
"interpreter','latex ')

31




	Algorithm of resolution
	MATLAB code
	Elaboration of budget plots

