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Thermal Rocket Exhaust Velocity

+ Exhaust velocity is ]
y=1
2y RT Y
Ve _ V _O 1_(pe)
V—l M Po

where

M = average molecular weight of exhaust

. Joules
N = universal gas const.= 8314.3 -
mole"K
Yy =ratio of specific heats =1.2
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Ideal Thermal Rocket Exhaust Velocity

* Ideal exhaust velocity is

Voo 2y ?R_TO
“ \Ny-1 M

» This corresponds to an ideally expanded
nozzle

» All thermal energy converted to kinetic
energy of exhaust

* Only a function of temperature and
molecular weight!
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Thermal Rocket Performance

* Thrust is
I = mve + (pe - pamb)Ae

- Effective exhaust velocity

T =tic = c=V,+(p, = pyu) = (Isp =i)
m

- Expansion ratio
1 1 y-1

ﬁ_(?""l)ﬁ(l?e); y+11 (pe)T
Ae 2 pO \')/—1 p()
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Nozzle Design

. Pressure ratio pg/pe=100 (1470 psi-->14.7 psi)

. Pressure ratio pg/pe=1000 (1470 psi-->1.47 psi)

. Difference between sea level and ideal vacuum V,

y-l
V, _ i (&) y
Ve,ideal ‘ pO
. Isp’vacuum:455 sec --> ISP,S|:333 secC
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Solid Rocket Motor
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From G. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Solid Propellant Combusion Characteristics

Burming rale, in.Jjsec
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From G. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Solid 6rain Configurations
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From G. P. Sutton, Rocket Propulsion Elements
(5th ed.) John Wiley and Sons, 1986
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Short-6rain Solid Configurations

il ,I;,Il.l m
f :I'|I|III|.|'i|I|I!I|'IIiIII
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From G. P. Sutton, Rocket Propulsion Elements (5th ed.)
John Wiley and Sons, 1986

=" Finocyl (case bonded)

Spherical (case bonded) with slots and eylinder
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Advanced Grain Configurations

Single grain, Boost-sustain-boost,

From G. P. Sutton, Rocket Propulsion Elements

with different burning areas
(all radial burning)

(5th ed.) John Wiley and Sons, 1986
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Liquid Rocket Engine

with its pumps and lines installed. The basic engine
structure is built up from a series of hollow tubes (right).

A completed J-2 rocket engine (left),
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‘Liquid Propellant Feed Systems

Oxidizer Fuel
tank tank
Fump Turbine Fump
L Gaz .
Jenarakor Malve

=

Thruzt chamber

[a] Pump-fed racket
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Pressurization System Analysis
Adiabatic Expansion of Pressurizing Gas

w pg,Ong = pg,ngy + p|‘/|y

Known quantities:

Pg,0=Initial gas pressure

Pg,f=Final gas pressure

Initial Final P =Operating pressure of

propellant tank(s)
V| =Volume of propellant tank(s)

| Solve for gas volume V
@/ UNIVERSITY OF Rocket Propulsion

M ARYL AND Launch and Entry Vehicle Design




Boost Module Propellant Tanks
* Gross mass 23,000 kg
— TInert mass 2300 kg
— Propellant mass 20,700 kg
— Mixture ratio NoO4/A50 = 1.8 (by mass)

N>Oy4 tank
— Mass = 13,310 kg
~ Density = 1450 kg/m3
- Volume = 9.177 m3 --> rgppore=1299 m

Aerozine 50 tank
— Mass = 7390 kg

— Density = 900 kg/m3
~ Volume = 8.214 m3 --> rgypone=1252 m
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‘Boost Module Main Propulsion

Total propellant volume V| =17.39 m>

Assume engine pressure pp = 250 psi
Tank pressure p| = 1.25%pq = 312 psi
Final GHe pressure Pg.f = 75 psi + p| = 388 psi
Initial GHe pressure Pg.0 = 4500 psi

Conversion factor 1 psi = 6892 Pa
Ratio of specific heats for He = 1.67

Ny ,1.67 Ny, 1.67 , I\ 167
(4500 psz)Vg = (388 psz)Vg +(312 psz)(17.39 m )
V9 =3.713 m"° _—
Ideal gas: T=300°K --> _ pg,OM
3 . IOHe - mT
p=49.7 kg/m> (300 psi = 31.04 MPaq) Mp=185.1 kg 0
MG; UNIVERSITY OF Rocket Propulsion
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Space Shuttle OMS Engine
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Turbopump Fed Liquid Rocket Engine
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.Sample Pump-fed Engine Cycles
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Gas Generator Cycle Engine
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SSME Engine Cycle
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.Liquid Rocket Engine Cutaway
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From &. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Injector Concepts
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'Solid Rocket Nozzle (Heat-Sink)

Tungsten throat —

- Carbon-cloth phenolic
Graphite ..,\"‘-u. 2
I.I-I‘-_' - - — L n
Carbon-cloth / ““ e T, oSilica phenolic :
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‘ From &. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Ablative Nozzle Schematic

Before Typical Derechion of combustion _
operation temperatures gas flow ~Hot combustion gas
during Relatively cool gas

speration layer - mostly pyrolysis
gases, some hguids
1000°C : 1 Porous char iayer
{usually black carbon)
Virgin \ _
ablative Heaﬂlnﬂn |mn'?;| I::fEﬂE!'ai'EE
material gas and hguids

Undisturbed matenal
weall

Metal wall 222777

From &. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Active Chamber Cooling Schematic
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Boundary Layer Cooling Approaches
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From G. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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. Hybrid Rocket Schematic

Gas generator "= Injector

From &. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Hybrid Rocket Combustion

' I
Ouidizer Temperature profile
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_ From G. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Thrust Vector Control Approaches

Gimbal or | Small control Turbine exhaust -
hinge kel vanes ; thrust chambers gas control Side injectian
Q |
|
i
o o
'& E} '
1 | 1" ‘ﬁ
{Illlr'.‘.r. {TD O DT} 1 ! o I
Universal jpint |  Four rofating Two or mare Gimbal on Secondary flud
suspension | heat resistant gimballed turbine exhaust inpection on
| aerodynamic | auxiliary nozzle one side only |
i vanes in jet | thrust chambers :

From 6. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Apollo Reachon Com‘r'ol System Thrusters
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| Monomethylhyrazine
valve

—~ 5. 25—t

Low density molded insulation

’

9.75
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Titanium cover

Space Shuttle Primary RCS Engine

Columbium chamber with disilicide coating (0.003 n. thick}

Nozzle cut off
at angle to fit
vehicle contour

: - — 7 ——— |
'! _.-"f -"}f ” " II H\. ﬂ in.
— i - ™ ia

\ = # E\.

v
.

.-:; . —l :

" Nitrogen—t3

© tetroxide
/ yalve

Electrical junction box

Chamber pressure transducer
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Leak detection device
2 Propellant valves

Injector design
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0.039 oxidizer dia.
0.041 fuel dia.

From G. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Monopropellant Engine Design
b
W Propeilant Propedlant injector

. diffuser screens
o, e
) i 20.30 mesh granules
H‘Q{ { IF-"" iridurmn-aluming catalyst
i

£0:1 nozzle, radiabon cooled

S L3
Poraus dize N :"_fr‘_:u :*%_:J ' ,-.?:_.’__,.'
Etched micraonfice
Showeer head
' From &. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Cold-gas Propellant Performance

Theoretical
Molecular Density“ Specific Impulse
Propellant Mass (Ib/ft) (sec)
Hydrogen 2.0 1.21 296
Helium 4.0 2.37 179
Methane 16.0 12.10 114
Nitrogen 28.0 17.37 80
Air 28.9 19.3 74
Argon 399 27.60 57
Krypton 83.8 67.20 39
Freon 14 88.0 60.01 35
Carbon dioxide 44 ) Liquid 67

“At 3500 psia and 0°C.

From G. P. Sutton, Rocket Propulsion Elements (5th ed.) John Wiley and Sons, 1986
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Nuclear Thermal Rockets

Fission Core

(heating) * Heat propellants by
passing through nuclear
reactor

+ Isp limited by
temperature limits on
reactor elements (~900
sec for H2 propellant)

* Mass impacts of reactor,
shielding

* High thrust system

22222/

Inlet

(working fuel) Exit Nozzle
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