Mattingly example 3.3

Consider both a two-stage vehicle and a three-stage vehicle for the launch of the 900-kg
(2000-Ibm) payload. Each stage uses a liquid H2 -O2 chemical rocket (C = 4115 ml/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 § = mg,-/my = 0.03.

MPayLoad 900 #Stadi 1 2 3

C 4115 Dv 14,300 7,150 4,767 m/s

DV 14300 mpay 900 900 900 kg

8 = mg,- /Mg [ 0.03 MR 0.03096 0.1760 |0.3140
lambda |9.590E-04 |0.1460 |0.2840
m01 938,465 6,166 3,169 kg
mstrl 28,154 185 95 kg
mp1l 909,411 5,081 2,174 kg
m02 42,250 11,159 |kg
mstr2 1,267 335 kg
mp2 34,816 7,655 kg
mO03 39,291 | kg
mstr3 1,179 kg
mp3 26,953 | kg

Mono stadio

mo = my, + mp =My, + Myg,, + Mgy

m m m
MR=—L 1="2P% -5  MR=146

mg my my
omp 1 _AV. 14300
AV =——Ccln—=cln— > MR =¢ ¢ =¢ 4115 = (0.0310
my MR

m m

A=—Y - MR -2 = MR —6 = 0.0310 —.03000 = 1.- 1073
mgy my

_ Mpay  Mpgy  Mygy, 900

Mo = = yR_s= & = 1.103 - 200 10° kg

e ¢ —§
Mgy = 6My = 0.0300 - 900 - 10% = 27.0 - 103 - kg
m, = my(1 — MR) = 900 - 103(1 — 0.0310) = 872 - 10® - kg

Due stadi

Stadio finale (1)

AV _,. ms _ 1 _AV 14300
—=—-—cln—=cln— > MR = e 2c = ¢ 24115 = (0.1760
2 my MR

m m
A=—LY - MR ——% = MR — 6 = 0.1760 — .03000 = 0.1460

my my




_ Mpay _ Mpay _ Mpay 900

M1 =" T YR—6 A 01460
e 2c —§

Mgery = OMgy = 0.0300 - 6,160 = 185 - kg
my; = mgy (1 — MR) = 6,160(1 — 0.1760) = 5,080 - kg

= 6,160 - kg

_ Mpay2 _ Mpay _ Mpay _ 6160
Mpay2 = Moy = Moy = 1 e _<_A_‘f 6>2—0.1460—42.200-kg
e 2¢ —

Mgiry = OMgy = 0.0300 - 42.20.0 = 1266kg
Myy = Mo (1 — MR) = 42,200(1 — 0.1760) = 34.800 - kg

Tre stadi
Procedendo in modo analogo si costruisce la tabella.



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 gas with the following properties:

Ae/Ag |77

De 2.298 m

y 1.25

pc 2.068E+07 | Pa

Tt 4083 K

R 602.6 J/kgK
M2 5.092

We want to calculate the following:

1) Characteristic velocity c*

LYol 025 o v+l 225
y 125 S 2(y-1) 05
-1 .25
1/)=1+TM2 I.|J*=1+T=1.125 LIJ=]/1WIIJ_K
P* =1.25-1.125"*> = 0.736
e 3.14 A 4.15
Ae = Z De2 = T 2302 =4.15- mz Ath = A_eAe = 7 = 0.0539 - mz

m
a; = \/yRTt =+V1.4-602.6 - 4080 = 1752 T

A a 1752 m
Pcfth _ Gt _ 2% _53g0.7

m, W 0736 s

*

2) Mass flow rate of gases through the nozzle.
. PARYT pcAwm  2.070-107 -0.0539 kg
m= = = — 66 P—

a; c* 2380 S

3) Pressure at which the nozzle is “on-design.”
-1
v, =1+ TMZ2 =1+ 0.125-5.092 = 4.24
1 1
Py, = pPp k =2.068-107 - 424702 = 15.11 - kPa

4) Pressure at which the nozzle is just separated (assume separation
occurs when pa>3.5 pr3).

ps =Py -3.5=15.11-3.5=529"kPa

5) Thrust coefficient Cg, specific impulse and thrust for po=0, ps.



) (r+1)
C. = myV, + (p2 — Po)A> | 2y? ( 2 )(V—l) 1 (&)kl + (p2 — Po)ﬁ

F - y+1 Pe pe  Am

pcA th Y — 1

.25
21252/ 2 \z5 (P2 — Po) (P2 — Po)
= —_ -1 _— = —_———
Cr j —% (2.25) [1—4.24"1]+ - 77 = 1.819 + - 77

15.11
Po=0 Cr=1819+———77=1.875

2.070 - 104

F N-s
— =¢*Cp =2380-1.875 = 4468 - ——
m kg
L __F 468
ST go, 981 S

_528 ¢ =18194 20979280 L g
Po = 22 F= = 2.068-10¢ ' T

F N:s
— =¢"Cr =2380-1.875 =3990 - ——
m kg

F 3990
I —_ —

= = = 407 -
s~ gom,  9.81 s




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 7 = 3cm/s at the design chamber pressure and design grain temperature of
15C. The temperature sensitivity of the burning rate is g, = 0.002/C, and chamber
pressure sensitivity to initial grain temperature is mxy = 0.005/C. The nominal effective burn
time for the rocket is 120 s, i.e., at design conditions.

Calculate

(a) the new chamber pressure and burning rate when the initial grain
temperature is 75C;

167 C1/6p
w=3() =3,
AT =T, T, =75—-15=60-C
Ap = PeyTigAT = 10 - 0.005 - 60 = 3 - MPa
Py = Pt +Ap = 10 + 3 = 13 - MPa
¢ = ap? rz'p=r'1(p£)n=3-1.30-4=3.33~%

Pc1

X X cm
fy = T2, (1 + 0,AT) = 3.33(1 + 0.002 - 60) = 3.73 '

(b) the corresponding reduction in burn time At, in seconds.
h =7ty =3-120 =360 cm
h 360

tbzzazm:9655 Atb:tbl_tb2:120_965:2355



Farokhi problem 12.20

Consider a scramjet in a Mach 6 flight. The fuel for this engine is hydrogen with
Qr=120,000kJkg. The inlet uses multiple oblique shocks with a total pressure recovery
following MIL-E-5008B standards for M, > 5, i.e.,

800
Mg + 935
The combustor entrance Mach number is M, = 2.6. Use frictionless, constant-pressure
heating, i.e., p, = p,, to simulate the combustor with combustor exit Mach number

M, = 1.0. All component parameters and gas constants are shown in the schematic
drawing below.

® ® ©
( Liqui(;i hydrogen j) i

— L — M;=26 M4-1o

My=6.0
To=-30°C
}47 Inlet 4>‘«Combustora'<— Nozzle —»

Ty =

@u@w

Ye=1.4 Yo=1.3 ¥,=1.25
oo = 1004 J/kg-K  Cpp= 1146 Jikg - chn—1285 Jkg - K
P2=Pa4 =0.80
M, =0.75 P1o Po

Calculate

(@) Inlet static temperature ratio T, /T,

y—1 04 y+1 24

kO:T: ﬁ20286 Kozmzﬁzii.OO
y—-1 03 y+1 23

kb = T = 1—3 = 0231 Kb m E = 383
y—1 025 y+1 225

k, = = 1zm- 0200 K, = - 05 - 4.50

m

To=27315-30=243-K  ao=V14-0286- 1004243 =313 - —
m
Vo = Moag = 6313 = 1878 —

~1
1/)=1+TM2 - Py=1+02-62=820 P, =1+02-2.6%=235
= =—2=—"_=349 T,=—T,=349-243=848-K
To T To ¥y  2.35 S

Ty, = ,T, = 2.35 - 848 = 1993 - K



1

1 1 — 1

Pro _ lp(’;o = 8.200286 = 1567 Pez _ z/)(’)“’ = 2.350.286 = 19.84
Po P2

__ 800 _ 80 _ ..
" MEY935 6% +935
P2 _ P2 PraPro _ 1567 - 0.359 — 984
Po  DPt2Pto Po 19.84 .
Pz PP _ o P _ 3591567 = 563
Po  Pto Po Po

(b) combustor exit temperature T4 in K

Dalla conservazione della massa e dal bilancio della QM supponendo p, = py, Y2 = Y4 =
Y», R, = R4, = R, e trascurando gli effetti viscosi si ha:

yppVA _ypVA _ ypMA
Yp a? a

p2MyA;  paMiAy  p2=ps E _ MA,
a,  a, T, M,A,

Se la pressione e costante sulla superfice del volume di controllo e gli effetti viscosi sono
trascurabili (spinta trascurabile), I'equazione di bilancio della QM si riduce a:

e =1+ f)m, m=pVA=

pViAy, = mVy, = mV, = pViA, - V=V,

T. a a, V. M T.
A2 T2 06 5 2 -0262=676
Tz a, a2V4_ M4_ TZ

Sostituendo nella relazione precedente si trova anche il rapporto delle aree:
Ty, M, M,A, Ay M
_——=— = - i S
T, M, M,A, A, M:

T, ,
To=7 T, = 26% 848 = 5730K

—1
Y=1+——M> - P =1+015-1=115
Tpo = Y, T, = 1.15- 5731 = 6590 - K

(c) fuel-to-air ratio f
MeQrnp = MoCpp[(1 + Tea — Tea]  —

QM 7, 120.106- 275 _g500
Cop 4 1146

Mentre il libro suppone che:

_Ta-T, 5730847 _ . .
/= Qb 199.106. 075
Cob 1146




(d) nozzle exit Mach number M4,

Pu _PesP2_ f, P2
Po PaPo ' Do

1
= 1.150231 - 28.4 = 52.0

1
% = l;_”ﬂn =52.0-0.80 = 41.6 = lpfg - Py =41.6%% = 2.11
0 0

2 / 2
M1°_j(¢1°_1)vn—1 = [L1155z =298

TlO = = =
lplO lplO 2.11

m
VlO == M10a10 = 2.98 . 1001 ES 2980 . ?

m
= 3120 az0 = V1.25-0.20 - 1285 - 3120 = 1001 - —

(e) nondimensional ram drag D,,,,/PoA1 (note that A, = A,)
Dyam _ myVy _ PoVs Ay
Pod1  Pody PoA1

= y.MZ =14-36 =50.4

(f) nondimensional gross thrust F,/pyA;
Ey  toVio (14 PpoVodiVie  Ye(1+ )MV 1.4-1.062-6-2980
PoA1 - PoA1 - Po41 B Qo B 313 -
F, _ Fy—Dram
PoA1 B PoA1

= 84.9 —50.4 = 34.5

(g) fuel-specific impulse Is in seconds
L E,  mo[(1+ f)Vio— Vo]  1.062-2980 — 1878

= - = 2110 -
ST mrgo Fritode 0.0621 - 9.81 s

(h) combustor area ratio A, /A,
A, M?

=—==26%*=6.76
A, M2

(i) nozzle arearatio A;y/A4

PaMyA, _ P10M10410 N @ _ PaMy\/Tio — 284 1 /3120 — 703
VT2 vT1o Ay P10M10\/74 2.98,5730

(j) thermal efficiency

_AKE (14 HVe® —VE]  (1.062 - 2980% — 18782)/2  2.950 - 10°
Meh = ~p~ = 2f Qx ~ T 0.0621-120-105  7.450 - 106

= 0.396

(k) propulsive efficiency



2E,V,
_ FV, Ty @+ Vg — VoIV, (1.062 - 2980 — 1878)1878

T AKE T [(A+ V2 -Vv2]  2.970-10¢ 2.970 - 106
= 0.820

Mp



