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Cenni sul sistema tecnico Americano
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Cenni sul sistema tecnico Americano
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Lunghezze
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Lunghezze
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Volume secco



Propulsione Aerospaziale – ES PA - astarita@unina.it 9

Massa
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Varie

1𝑠𝑙𝑢𝑔 =
1𝑙𝑏𝑓

𝑓𝑡/𝑠2
=
1𝑙𝑏𝑚 ∙ 𝑔

𝑓𝑡/𝑠2
= 32.17𝑙𝑏𝑚 = 14.593𝑘𝑔

𝑔 = 9.807
𝑚

𝑠2
= 9.807

1
0.3048

𝑓𝑡

𝑠2
= 32.175

𝑓𝑡

𝑠2

𝜌𝑔 =
𝑙𝑏𝑓

𝑓𝑡3
=
𝑔 ∙ 0.45359𝑘𝑔

.3048 3𝑚3 = 𝑔 ∙ 16.02
𝑘𝑔

𝑚3

1𝑝𝑠𝑖 = 1
𝑙𝑏𝑓

𝑖𝑛2
= 1

𝑙𝑏𝑚 ∙ 𝑔

𝑓𝑡2/122
= 4632

𝑙𝑏𝑚

𝑓𝑡 ∙ 𝑠2
= 4632

.45359𝑘𝑔

.3048𝑚 ∙ 𝑠2
= 6895𝑁

1𝐵𝑇𝑈 = 1𝑘𝐶𝑎𝑙
𝑙𝑏𝑚 ∙ 𝑅

𝑘𝑔 ∙ 𝐾
= 1𝑘𝐶𝑎𝑙

.45359

1.8
= 4186.8 ∙

.45359

1.8
𝐽 = 1055.1𝐽

1ℎ𝑝 = 550𝑓𝑡 ∙
𝑙𝑏𝑓

𝑠
= 550 ∙ 0.3048𝑚 ∙ 0.45359 ∙

𝑘𝑔

𝑠
∙ 𝑔 = 745.6𝑊

𝑥𝐹 = (𝑥 + 459.67)𝑅 = (𝑥 + 459.67)/1.8𝐾 = (𝑥/1.8 + 255.37)𝐾

x𝐹 = 𝑥 − 32 /1.8𝐶 = 𝑥 − 32 /1.8 + 273.15 𝐾
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TSFC

Le unità di misura del consumo specifico (TSFC Thrust Specific Fuel

Consumption) sono normalmente:

𝑇𝑆𝐹𝐶 =
ሶ𝑚𝑓

𝐹
=

𝑙𝑏𝑚

ℎ𝑟 ∙ 𝑙𝑏𝑓
=

𝑙𝑏𝑚

3600𝑠 ∙ 1𝑙𝑏𝑚 ∙ 32.17𝑓𝑡/𝑠2
=

1

115830

𝑠

𝑓𝑡

=
1

115830

𝑠

0.3048𝑚
=

1

34305

𝑠

𝑚
=

1

34305

106𝑚𝑔

𝑠 ∙ 𝑘𝑔 ∙ 𝑚/𝑠2
= 28.325

𝑚𝑔

𝑠 ∙ 𝑁

𝑇𝑆𝐹𝐶 =
ሶ𝑚𝑓

𝐹
=

𝑚𝑔

𝑠 ∙ 𝑁
=

𝑔

𝑠 ∙ 𝑘𝑁
=
103𝑚𝑔

𝑠 ∙ 𝑘𝑁
=
10−6𝑘𝑔

𝑠 ∙ 𝑁

Le unità di misura del calorifico del combustibile (fuel heating value)

sono:

𝑄𝑅 =
𝐵𝑇𝑈

𝑙𝑏𝑚
=
1055.1𝐽

𝑙𝑏𝑚
=
1055.1𝑘𝑔 ∙ 𝑚2

𝑙𝑏𝑚 ∙ 𝑠2
=

1055.1
0.30482

𝑓𝑡2

.45359 ∙ 𝑠2
= 25038

𝑓𝑡2

𝑠2

= 25038
0.3048𝑚 2

𝑠2
= 2326.1

𝑚2

𝑠2
= 2326.1

𝐽

𝑘𝑔
= 2.3261

𝑘𝐽

𝑘𝑔
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Problem Fa2.34
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Problem Fa2.34
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Problem MA3.11

𝛹 𝛾,𝑀 =
𝐴∗

𝐴
𝛹∗ = 𝛾𝑀 1 +

𝛾 − 1

2
𝑀2

−
𝛾+1

2 𝛾−1

= 𝛾𝑀𝜓−𝐾

con:

𝜓 𝛾,𝑀 = 1 +
𝛾 − 1

2
𝑀2 𝐾 𝛾 =

𝛾 + 1

2 𝛾 − 1
𝛹∗ = 𝛾

𝛾 + 1

2

−𝐾
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Some data
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Problem 3.1

Il J57-JT3C è stato usato su: B-52, F-100, F-4 Phantom.
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Problem 3.1
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Problem 3.1
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TurboJet con e senza PB
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Problem 3.2

JT3D-3B è stato usato su: B707 e DC8.
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Problem 3.2
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Problem 3.2
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Problem 3.3

JT8D è stato usato su: B727, DC9 e MD80.
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Problem 3.3
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Problem 3.3
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Problem 3.4

JT9D è stato usato su: B747, A310 e 767.
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Problem 3.4
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Problem 3.4
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Problem 3.4

Valutare inoltre il lavoro nei vari stadi del compressore, nella turbina e il

calore scambiato nella camera di combustione.
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TurboFan
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TurboProp
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Prese d'aria ed ugelli

MA4.3

𝐴2/𝐴1 = 2
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Prese d'aria ed ugelli
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Problem MA2.6
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Camera di combustione



Propulsione Aerospaziale – ES PA - astarita@unina.it 37

Camera di combustione

Consideriamo ora la reazione:

H2 +
1

2
O2 ↔ 𝑛H2OH2O + 𝑛H2H2 + 𝑛O2O2 + 𝑛OHOH + 𝑛OO + 𝑛HH

per equilibrare questa reazione si procede inizialmente ad equilibrare le

singole specie ottenendo:

2 = 2𝑛H2O + 2𝑛H2 + 𝑛OH + 𝑛H 1 = 𝑛H2O + 2𝑛O2 + 𝑛OH + 𝑛O
% 1 2 3 4 5 6
Spe={'H2O','H2','O2','OH','O','H'};
Bil=[ 2 2 0 1 0 1 2*1/1.00794;

1 0 2 1 1 0 1*16/15.9994];

%Bilancio stechiometrico
for i=1:Nb

R(i)=sum(Bil(i,1:end-1).*n)-Bil(i,end);
end
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Camera di combustione

Si devono quindi analizzare le sotto reazioni:

●
1

2
O2 ↔ O → 𝐾𝑝1 =

𝑝O

𝑝O2
1/2 =

𝜒O

𝜒O2
1/2 𝑝𝑚

1/2

●
1

2
H2 ↔ H → 𝐾𝑝2 =

𝑝𝐻

𝑝H2
1/2 =

𝜒𝐻

𝜒H2
1/2 𝑝𝑚

1/2

●
1

2
H2 +

1

2
O2 ↔ OH → 𝐾𝑝3 =

𝑝𝑂𝐻

𝑝H2
1/2

𝑝O2
1/2 =

𝜒𝑂𝐻

𝜒H2
1/2

𝜒O2
1/2

● H2 +
1

2
O2 ↔ H2O → 𝐾𝑝4 =

𝑝H2O

𝑝H2𝑝O2
1/2 =

𝜒H2O

𝜒H2𝜒O2
1/2 𝑝𝑚

−1/2

% 1 2 3 4 5 6
Spe={'H2O','H2','O2','OH','O','H'};
Rea=[ 0 0 -0.5 0 1 0;

0 -0.5 0 0 0 1;
0 -0.5 -0.5 1 0 0;
1 -1 -0.5 0 0 0];

for i=1:Nr
ind=Rea(i,:)~=0;
R(Nb+i)=K(i)-prod(chi(ind).^Rea(i,ind))*p^sum(Rea(i,ind));

end
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Camera di combustione

function R=Reazione (n,p,K,Rea,Bil)
R=0*n;
n=abs(n);

%Bilancio stechiometrico
Nb=size(Bil,1);
for i=1:Nb

R(i)=sum(Bil(i,1:end-1).*n)-Bil(i,end);
end

% costanti
chi=n/sum(n);
Nr=size(Rea,1);
for i=1:Nr

ind=Rea(i,:)~=0;
R(Nb+i)=K(i)-prod(chi(ind).^Rea(i,ind))*p^sum(Rea(i,ind));

end
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Camera di combustione

% H2O2
% 1 2 3 4 5 6
Spe={'H2O','H2','O2','OH','O','H'};
Rea=[ 0 0 -0.5 0 1 0;

0 -0.5 0 0 0 1;
0 -0.5 -0.5 1 0 0;
1 -1 -0.5 0 0 0];

Bil=[ 2 2 0 1 0 1 2*1/1.00794;
1 0 2 1 1 0 1*16/15.9994];

n= [ 4 .1 0.1 .1 .1 .1];
p=20*1.013;
K=[0.489778819 0.587489353 1.445439771 5.152286446];
options = optimset('Display','off','TolX',1e-18,'TolFun',1e-18);
n2=fsolve(@Reazione, n,options ,p,K,Rea,Bil);
fprintf('csi= ');fprintf('%.3g ',n2/sum(n2));

T(K) 1

2
O2 ↔ O

1

2
H2 ↔ H

1

2
H2 +

1

2
O2 ↔ OH H2 +

1

2
O2 ↔ H2O

3500 -0.310 -0.231 0.160 0.712

4000 0.170 0.201 0.233 0.238

Logaritmo in base 10 delle cosanti d'equilibrio Kp
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Camera di combustione

This appendix (ceaThermoBuild) explains the format for data contained

in the file thermo.inp (app. D). Equations (1) to (3) are repeated here

for convenience:

ҧ𝑐𝑝
ത𝑅
= 𝑎1𝑇

−2 + 𝑎2𝑇
−1 + 𝑎3 + 𝑎4𝑇 + 𝑎5𝑇

2 + 𝑎6𝑇
3 + 𝑎7𝑇

4

തℎ

ത𝑅𝑇
= −𝑎1𝑇

−2 + 𝑎2
ln 𝑇

𝑇
+ 𝑎3 + 𝑎4

𝑇

2
+ 𝑎5

𝑇2

3
+ 𝑎6

𝑇3

4
+ 𝑎7

𝑇4

5
+ 𝑏1

1

𝑇
ҧ𝑆

ത𝑅
= −𝑎1

𝑇−2

2
− 𝑎2𝑇

−1 + 𝑎3 ln 𝑇 + 𝑎4𝑇 + 𝑎5
𝑇2

2
+ 𝑎6

𝑇3

3
+ 𝑎7

𝑇4

4
+ 𝑏2
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Camera di combustione

Si dimostra che per una generica reazione chimica:

ln 𝐾𝑝 =෍
തℎ

ത𝑅𝑇
−

ҧ𝑆

ത𝑅

−𝑟

dove r è il coefficiente stechiometrico della reazione.

Per esempio:

●
1

2
O2 ↔ O → 𝐾𝑝1 =

𝑝O

𝑝O2
1/2 =

𝜒O

𝜒O2
1/2 𝑝𝑚

1/2

ln 𝐾𝑝1 =
തℎ

ത𝑅𝑇
−

ҧ𝑆

ത𝑅
𝑂2

1
2

+
തℎ

ത𝑅𝑇
−

ҧ𝑆

ത𝑅
𝑂

−1
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Camera di combustione
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Camera di combustione

La funzione (LeggiFileCea.m) risolve il problema della lettura dei file di

testo restituendo una struttura con i seguenti campi:

NInt: 2
WM: 18.0153
DH0: -241826
TInt: [2×2 double]
Esp: [2×7 double]
DH1: [2×2 double]
a: [2×7 double]
b: [2×2 double]
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Camera di combustione
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Camera di combustione
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Camera di combustione
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Camera di combustione
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Camera di combustione
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Camera di combustione

function [cp_R H_RT S_R]=TermoCea(T,S)
% Con R =8314.5 J/kmole K
% cp=cp_R*R [J/kmole K]
% H*H_RT*R*T [J/kmole]
% S=S_R*R [J/kmole K]
% G=S_R*R*T [J/kmole]

%Verifica intervallo di temperature
if T<S.TInt(1,1) |T>S.TInt(:,:)

error ('Temperture outside limits')
end
%Trova l'indice dell'intervallo di temperature
for i=1:S.NInt

if T<S.TInt(i,2)
ic=i;
break;

end
end
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Camera di combustione

function [cp_R H_RT S_R]=TermoCea(T,S)
...

●
ҧ𝑐𝑝
ത𝑅
= 𝑎1𝑇

−2 + 𝑎2𝑇
−1 + 𝑎3 + 𝑎4𝑇 + 𝑎5𝑇

2 + 𝑎6𝑇
3 + 𝑎7𝑇

4

cp_R=sum(S.a(ic,:).*T.^S.Esp(ic,:));

●
ഥℎ

ത𝑅𝑇
= −𝑎1𝑇

−2 + 𝑎2
ln 𝑇

𝑇
+ 𝑎3 + 𝑎4

𝑇

2
+ 𝑎5

𝑇2

3
+ 𝑎6

𝑇3

4
+ 𝑎7

𝑇4

5
+ 𝑏1

1

𝑇

dum=S.Esp(ic,:)~=-1;
dum1=S.a(ic,dum)./(S.Esp(ic,dum)+1).*T.^S.Esp(ic,dum);
dum2=S.a(ic,~dum)*log(T)/T;
H_RT=(sum(dum1)+sum(dum2)+S.b(ic,1)/T);

●
ҧ𝑆

ത𝑅
= −𝑎1

𝑇−2

2
− 𝑎2𝑇

−1 + 𝑎3 ln 𝑇 + 𝑎4𝑇 + 𝑎5
𝑇2

2
+ 𝑎6

𝑇3

3
+ 𝑎7

𝑇4

4
+ 𝑏2

dum=S.Esp(ic,:)~=0;
dum1=S.a(ic,dum)./(S.Esp(ic,dum)).*T.^S.Esp(ic,dum);
dum2=S.a(ic,~dum)*log(T);
S_R=(sum(dum1)+sum(dum2)+S.b(ic,2));
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Camera di combustione

function [T2n n2]=ReazioneTP(T2,T1,n,n1,p,Rea,Bil, S)
Tf=298.15;R=8314.5;
NSpe=numel(S);
for i=NSpe:-1:1

[cp_R(i) H_RT(i) S_R(i)]=TermoCea(T1,S(i));
end
H1=H_RT*R*T1;
for i=NSpe:-1:1

[cp_R(i) H_RT(i) S_R(i)]=TermoCea(T2,S(i));
end
H2=H_RT*R*T2;
cpm2=(H2-[S(:).DH0]*1000)/(T2-Tf);
K=exp(sum((H_RT-S_R).*-Rea,2));

options = optimset('Display','off','TolX',1e-18,'TolFun',1e-18);
n2=fsolve(@Reazione, n,options ,p ,K ,Rea, Bil);
chi2=n2/sum(n2);
ntot2=sum(n2);
cpmm2=sum(chi2.*cpm2);
T2n=Tf-(sum(n2.*[S(:).DH0]*1000)-sum(n1.*H1))/(ntot2*cpmm2);
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Camera di combustione

% H2O2Cea.m
clear
% 1 2 3 4 5 6
Spe={'H2O','H2','O2','OH','O','H'};
Rea=[ 0 0 -0.5 0 1 0;

0 -0.5 0 0 0 1;
0 -0.5 -0.5 1 0 0;
1 -1 -0.5 0 0 0];

Bil=[ 2 2 0 1 0 1 2*1/1.00794;
1 0 2 1 1 0 1*16/15.9994];

n= [ 4 .1 0.1 .1 .1 .1];
n1 =[ 0 1 0.5 0 0 0];

T1=298.15;
%T1=350;
T2 =3000;
p=20*1.013;
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Camera di combustione

% H2O2Cea.m
...

NSpe=numel (Spe);

for i=NSpe:-1:1
S(i)=LeggiFileCea(strcat(Spe{i},'.txt'));

end
% T e p assegnati
[~, n2 ]=ReazioneTP(T2,T1,n,n1,p,Rea,Bil, S);
fprintf('csi= ');fprintf('%.4g ',n2/sum(n2));

% adiabatica p assegnato
FunErr=@(T2) ReazioneTP(T2,T1,n,n1,p,Rea,Bil, S)-T2;
options = optimset('Display','off','TolX',1e-18,'TolFun',1e-18);
T2=fsolve(FunErr,T2,options );
%T2=fzero(FunErr,T2,options );
[T2 n2 ]=ReazioneTP(T2,T1,n,n1,p,Rea,Bil, S);
fprintf('csi= ');fprintf('%.3g ',n2/sum(n2));
fprintf('\nT2=%g \n', T2);
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Camera di combustione

https://cearun.grc.nasa.gov/

Dove hp -> adiabatica e p assegnata. tp -> T e P assegnate
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Camera di combustione
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Camera di combustione
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Camera di combustione
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Camera di combustione

Input data

prob case=58965686 tp
p(atm) = 20
t,k= 3500

reac
name O2 wt%= 88.89
name H2 wt%= 11.11

output trace=1e-5
only H H2O O H2 O2 OH
end
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Camera di combustione

Reazione a T=3500K

REACTANT WT.FRAC (ENERGY/R),K TEMP,K DENSITY EXPLODED FORMULA
N: O2 0.888900 0.000000E+00 0.00 0.0000 O 2.00000
N: H2 0.111100 0.000000E+00 0.00 0.0000 H 2.00000

THERMODYNAMIC PROPERTIES

P, BAR 20.265
T, K 3500.00
RHO, KG/CU M 1.0802 0
H, KJ/KG 109.77
U, KJ/KG -1766.33
G, KJ/KG -57863.7
S, KJ/(KG)(K) 16.5638

M, (1/n) 15.511
(dLV/dLP)t -1.05824
(dLV/dLT)p 2.0240

Cp, KJ/(KG)(K) 12.9454
GAMMAs 1.1254
SON VEL,M/SEC 1453.0

MOLE FRACTIONS

*H 4.7764-2
*H2 1.3220-1
H2O 6.4164-1
*O 2.2364-2
*OH 1.1429-1
*O2 4.1743-2
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Camera di combustione

Input data

prob case=44623075 hp p(atm)=20
phi=1
reac
fuel H2 wt%= 100.0 t,k= 298.15
oxid O2 wt%= 100.0 t,k= 298.15
output short

output trace= 1e-5
only H H2O O H2 O2 OH
end
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Reazione adiabatica

REACTANT WT FRACTION ENERGY TEMP
(SEE NOTE) KJ/KG-MOL K

FUEL H2 1.0000000 0.000 298.150
OXIDANT O2 1.0000000 0.000 298.150
O/F= 7.93668 %FUEL= 11.189834 R,EQ.RATIO= 1.000000 PHI,EQ.RATIO=
1.000000

THERMODYNAMIC PROPERTIES

P, BAR 20.265
T, K 3491.86
RHO, KG/CU M 1.0804 0
H, KJ/KG 0.00000
U, KJ/KG -1875.66
G, KJ/KG -57941.0
S, KJ/(KG)(K) 16.5932

M, (1/n) 15.479
(dLV/dLP)t -1.05735
(dLV/dLT)p 2.0110

Cp, KJ/(KG)(K) 12.8800
GAMMAs 1.1253
SON VEL,M/SEC 1452.8

MOLE FRACTIONS

*H 4.7123-2
*H2 1.3352-1
H2O 6.4615-1
*O 2.1406-2
*OH 1.1194-1
*O2 3.9854-2
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Compressori MA9.12
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Turbine MA9.35
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MA Example 3.3

Consider both a two-stage vehicle and a three-stage vehicle for the launch of

the 900-kg (2000-lbm) payload. Each stage uses a liquid H2 -O2 chemical

rocket (C ¼ 4115 m/s, 13,500 ft/s), and the DV total of 14,300 m/s (46,900 ft/s)

is split evenly between the stages. Suppose 𝛿 = 𝑚𝑠𝑡𝑟/𝑚0 = 0.03.

Mattingly example 3.7

The space shuttle main engine (SSME) operates for up to 520 s in one

mission at altitudes over 100 miles. The nozzle expansion ratio 1 is 77:1, and

the inside exit diameter is 2.30m. Assume a calorically perfect. We want to

calculate the following:

● Characteristic velocity 𝑐∗

● Mass flow rate of gases through the nozzle.

● Pressure at which the nozzle is “on-design.”

● Pressure at which the nozzle is just separated

(assume separation occurs when pa>3.5 pr3).

● Thrust coefficient 𝐶𝐹, specific impulse and thrust

for p0=0, ps.

Ae/Ag 77
De 2.298 m
g 1.25
pt 2.068E+07 Pa

Tt 4083 K 
R 602.6 J/kgK

M2 5.092
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Farokhi problem 12.2

A solid rocket motor has a design chamber pressure of 10 MPa, an

end-burning grain with n = 0.4 and ሶ𝑟 = 3cm/s at the design chamber

pressure and design grain temperature of 15C. The temperature

sensitivity of the burning rate is 𝜎p= 0.002∕C, and chamber pressure

sensitivity to initial grain temperature is 𝜋K=0.005∕C. The nominal

effective burn time for the rocket is 120 s, i.e., at design conditions.

Calculate:

● the new chamber pressure and burning rate when the initial grain

temperature is 75C;

● the corresponding reduction in burn time Δtb in seconds.
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Farokhi problem 12.20

Consider a scramjet in a Mach 6 flight. The fuel for this engine is

hydrogen with QR=120,000kJ∕kg. The inlet uses multiple oblique shocks

with a total pressure recovery following MIL-E-5008B standards for M0

> 5, i.e.,

𝜋𝑑 =
800

𝑀0
4 + 935

The combustor entrance Mach number is M2=2.6. Use frictionless,

constant-pressure heating, i.e., p4= p2, to simulate the combustor with

combustor exit Mach number M4= 1.0. All component parameters and

gas constants are shown in the schematic drawing below. Calculate:
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Farokhi problem 12.20

(a) Inlet static temperature ratio T2/T0

(b) combustor exit temperature T4 in K

(c) fuel-to-air ratio f

(d) nozzle exit Mach number M10

(e) nondimensional ram drag Dram/p0A1 (note that A0= A1)

(f) nondimensional gross thrust Fg∕ p0A1

(g) fuel-specific impulse Is in seconds

(h) combustor area ratio A4/A2

(i) nozzle area ratio A10/A4

(j) thermal efficiency

(k) propulsive efficiency


