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Section 5: Lecture 3
The Optimum Rocket Nozzle
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Rocket Thrust Equation

Thl"l/lSt — m‘/exit + Aexit (pexit o poo)

* Non dimensionalize as Thrust Coefficient

B Thrust mV

= — exit + Aexit (pexit o poo)
F
PA

A 2

throat

throat I)O A

throat
e For a choked throat

. y+1
m 1 Y 2 (r-1) y+1
= — Thrust V. . 2 - A -
A'F, T, \/R [7/‘*'1) Cp= —=—2= 4 + i(pex” P..)
i RA" T, \R \y+1 A" P
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Rocket Thrust Equation conce

y+1

ThruSt exzt y ( 2 j(yl) i Ae (pexit o poo)

A TAZY |

AR
e For 1sentropic flow

1/2
T .
em \/2C T em ,/26‘ T |:1 Texzt :l

0 exit

* Also for 1sentropic flow
Y y—1

& — T2 7=l Texit _ pexit ’
Py I 1
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Rocket Thrust Equation conce

* Subbing into velocity equation
B 1/2

y-1

exit

14

* Subbing into the thrust coefficient equation

- o1 V2
Y
2¢ T, |1- {p ]
exit PO | 7+l
_ Thrust _ i exit | Y [ 2 (r-1) + Aexit (pexit — pw) _
F * ” =
PoA \/TT) R, \7v+1 A P,
[ L_l 12 y+1
= M ’ 2pr 2 (v=1) + Aexit (pexit _ poo)
PO exit Rg y + 1 A* PO
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Rocket Thrust Equation conce

e Simplifying
2Cp’}/: 2¢,y _ 2y 2y°

R c —C, 1_1 Yy —1

g p
7
* Finally, for an isentropic nozzle P, =F
y+l B 7_—1_1/2
Thrust 2 2\ 7 A, . —
CF = I"l/tf — 1— Pevir + e)fklt (pexzt p..)
P A y—1\y+1 P, A P,

as derived last time

* Non-dimensionalized thrust is a function of Nozzle pressure ratio
and back pressure only

MAE 5540 - Propulsion Systems
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First Stage
401 Atlas U Vehicle Naming
Designator Definition
u— Number of Centaur Engines (1 or 2)
| Number of Solid Rocket Boosters (D to 5)
Fairing Usable Diameter (4-m, 5-m)
* Thrust,,, = 4152 kn
* Thrust = 3827 kn
o IspVaC = 3377.8 sec
e AJA, = 36.87
° PO =24.25 Mpa
* Lox/RP-1 Propellants
e Mixture ratio =2.172:1
e Chamber pressure = 25.74 MPa

e Calculate
MAE 5540 - Propulsion Systems v °
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1.231

1.228 A

Specific Heat Ratio

1.216 1

1.213 A

1.210

INtechanicSfedlenospace)

Example: Atlas V 401 S
First Stage

1.225 A

1,242 4

v~ 1.22022

1.219 4

a0 78 100 125 180 178 200 225 240
Chamber Pressure, P (atm)

MAE 5540 - Propulsion Systems
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First Stﬂg@ (cont’d)

e From Lecture 5.2

P, Sealevel --101.325 kpa

Ezac _F;l = |:’/;/le‘/e +(peAe):|_|:r;/le‘/e +(peAe _pslAe)j|: pslAe

4152000,,_,, —3827000,,_,
F_—-F 2 )
Ae — _vac sl — sec sec” 32705 )
D, 101325, , | "
. A 3.2705
A = YA = =0.0870 ,
eit  36.87 "
A
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Compute Isentropic Exit Pressure

e User Iterative Solve to Compute Exit Mach Number

A 1 2 -1 2(r-1)

it — 36,87 = =y -

A Mexit y T 1 2
M. =4.2954

e Compute Exit Pressure

P 24.25-1000
p.. = 0 e — ( 1220122 ):5195 kPa

extt 4 1.220122 - 1

1.220122 -1
+

(1 N y-1 , )(yl] (1 ; 4.29542)
2 exit

MAE 5540 - Propulsion Systems
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LLook at Thrust as function of Altitude
(P..)

 All the pieces we need now

— q1/2

Thrust = yPOA*\/yz_ 1(yi lj(ﬂ) 1- (%fj s A, (Pois — D)
- y=1.220122
F,=24.25,.
Poir =31.95,p,
A = ().087mz
A = 3.2705m2 ]
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Pamb, Pa

Thrust, Knt

Engineering

Look at Thrust as function of Altitude (p,.) onra)

e Thrust increases
With the
logarithmic of
altitude

11
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Exit Pressure has a dramatic
effect on Nozzle performance

I. y
!

Vacuum (Space)

Lift off

Pembdent (Fa)

Large area ratio nozzles
at sea level cause flow
separation, performance
losses, high nozzle
structural loads

er expanded

Bell constrains flow
limiting performance

MAE 5540 - Propulsion Systems 12
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Next: The Optimum Nozzle (1)

A mbient
Chambe Thr?at
7 Supersoni
or i exed
Flow acc. Fowacs. subsupersonic
ng=1 =1 ’ :
fow with wawes
- |(e) Overexpanded |
Ambient
Charmber Thmat -
=1
Flow ace. Flo wacc.l o WFU=s
" \W N
(f) Design condition | - v
Amivent
Chamber
Flow 3cc.
nf=1

[@Underepanded]
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Next: The Optimum Nozzle (2)

LS ’A
J 5

e
Conidal Nozzle Bell Nozzle
\ ‘ Thr ust =m ‘/exlt T Aexit (p exit p oo)

A
‘/exn €Xlt
for gi ) s A
or given
g m 1 Aexzt
— <
})exit A
— both {V,_.,P .} contribute to thrust

A ,
— what AL’;” is "optimal"?

MAE 5420 - Compressible Fluid Flow
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The "Optimum Nozzle"

* Expanding nozzle increases Vexit, but decreases
Pexit -- there is trade-off here

* It can be shown using variational calculus on
the relationships from the previous pages that
the Optimum nozzle performance occurs when

Unfeasible because of the
large weight penalty and
complexity of deployment
mechanisms, also requires
: | that nozzle expand to
"telescoping nozzle" very large area ratios

13
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* Prove that Maximum performance occurs when

exit Is adjusted to give p exit — P 00

A*

14
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Optimal Nozzle
e Show exit 1S a function of F, 0
A p exit
A 1 | 2 ~1
o _ L=
A Mexit N y + 1 2
_ i _
L L 1+ (7 ) M exit2
Mexit V ’}/ + 1 2

MAE 5540 - Propulsion Systems
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M, = [ 2 j ( b ) " _ils e Substitute 1n
y — 1 pexit
B y+1 ~ R
1) (r-1) (=0 Y [
L 1+ (y — 1) 2 P() 14 1 2 PO y
’y + 1 2 7/ - 1 pexit ,y + 1 pexit
Ay -1 T T
y - 1 pexit y - 1 pexit
y+1
(=1 \(r-1)
r+1 P Y y+1 y+1
[ 2 j(?’—l) [ 0 ( 2 (y-1) ( P() y
1 pexzt -
’y il 1 — y + 1 exit

v

/

) VR (2

pexit pexit
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Optlmal NOZZle (cont’d)
y+1 B j/_—l —1/2
(r-1) . . o
CF = Thruft = ’}/ 2 2 ’ 1_ @ 4 + Ae)fklt (pexzt poo)
A y-1{r+l F, A P,
7+l as!
2 \(r-1) P |7
Aexit . ’y + 1 p exit
A 2 (y-1)
- P Y
Yy -1 : —1
pexit

17
MAE 5540 - Propulsion Systems




UtahState : P e
UNTIVERSITY Optlmal NOZZ]G (cont’d)

* Subbing into normalized thrust equation

y+1 y+1

( ]
exit
1)

(v-
Y

pexit

(pexit _poo) —
£

*

y+1 y-1 112 2 =)
Thrust \/ 2 ( 2 J(Vl) I_LQJV s y+1

R A 4 y—-1{y+1 F, 2
7-1 \

v+l r+l

exit (pexiz - poo)

— 12 2 |-
7/\/ 2 ( 2 j(yl)4 1_(ij N 1 y+1
1l v+1 P y+l 2 i (r=1) P
S B TS Y

o - 1
')/—1 y+1 y pexiz
r+l
o PpTE (P]y
(r-1) )7 - P .
y\/—z L—z ) b, 1_(@j +}/ 1 0(_1 |:pextt_pooi|>
-1y +1 R 2 EE |
) -
)
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e Necessary condition for Maxim (Optimal) Thrust
3 Thruft
RA” ) _
apexit
L—i—l
— 7172 [Pem 7
0 2 2\ Do |7 y—1 F, Peic P
E —1( 1} < 1{7] i (-1 PP |ll”
D exit Y Y+ 0 Y ~ 0 0
| [ Pesic 1
F,
L—H
o 7172 [Pem 7
2 2 (}/_1) a pexi, 14 7—1 ])O pexit p°°
_1[ 1} P || 1_(7) " =T el
Y Y+ P exit 0 Y — 0 0
|| Pexic | 7 _1
F,

- 1
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e Evaluating the derivative

r+l
y-1 1/2 (pemj?’
O N[ Peu |7 | 71 By P P |||
apexit PO 27/ (r-1 PO PO
@ - .|
(%)
s y-1-22X o yo1ozler e
Pexit Pm (1+9) [ptl'l_olt] ' N (=1+7) [Pt!::;t ] ! ¥ w
[_1""3']( Pg _H) - Pexs ~ L.v . 1oy 2
r [-l+( LIIL ] v ]PO - [—l+[ Ptlxolt ] - ] Py
Pexit L.y
4 r\J % _ ) s
_14{ ptllolt ] ¥
(Pt:it )-lf-;-:r
¥
(=1+¥ 1 [P::tit J‘-l.,.—ﬁ (-1 +%) (p“it }—l+'tf’" Let’S tl‘y to get
2+ P = - i rid of This term
0 o

-1.
23‘4\/1-(—1’;’“) v Py 20
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UNIVERSITY Optlmal NOZZ1€ (cont’d) T
e Look at the term
(1) | —Fo) T R
_1+[P'r+itJ w [_1 +'ﬁ':| (p;:l‘::t ] > _
2 ¥ Po ] =1+
274\]1 - (—Pt;oit ) Py
Y+l
(pexit ] 7 1
y _ 1 2 PO _ pexit - 1 [
2vP, )| || =0 ] P I (r=1) ]
@ 7 —1 1— P exit 4
£ \ P,
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UNIVERSITY Optlmal NOZZ1€ (cont’d) T
e [Look at the term
( Bring Inside

r+l
(pexit 7 1

7+l Il Il

(pexit)y (pexitjy(pexit 7

(y—l} \s)  \r)R) |
-1 1)

\ (pew] - 1 \ 1_(pexit] 4
F K
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e [Look at the term

) \ Factor Out
2 T T / (r-1)
(pem) ) (pem)y (pem B Peir | 77
y -1 < k, N F, | _ P
2ve, )| [ e 1T (-1 0
) -y W
(pexzt) —1 1_[pexztj
F, F,
7+l s s (r-1)
(pexn] 7 [pm.t\”/ [Pemjy (pmj K
r-1), ul B ) UK F >
2vP, )| | =) I =)
) -y )y
(pexnj _1 (pem] 1
F, F,
— - _ ) 23
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UNIVERSITY Optlmal NOZZ1€ (cont’d) T
e ook at the term
) . Collect
7+l N N -y . Exponents
(pexn) K (pexn K (pexnjy (pem%//
r=1|] Fy L) \ K Ry _
2vP, )| | =0 I =)
v ) -Y
Devir _1 Deir _1
P, P,
v+l v+l
(pexit)y (pexitjy
-1 P P
el O =7 IF . =¢=0 Good!
2YF, =) (r-1)
| 7Y I 4
Pexir _1 Pevir _1
F, F,

24
MAE 5540 - Propulsion Systems




UNIVERSITY Optlmal NOZZ1€ (cont’d)

e and the derivative reduces to

L—I—l
B 7_1—1/2 [pexit 7
7 — P .
a ) 1_(pexlt} _|_y 1 _ 0(_1) _|:ADexzt_AD<><>:|> —
apexit l)() 2/}/ 7/_ })0 PO
— — /1 pexit 4 _ 1
£
v “lew 14w
) (1 4+ Pexit 'I'T (-1 477 Pexit I'T' -
(-1 +%) (ptr;olt ﬁo-) - = ]ﬁ s J-lwz
w [-l +[ p"!’o‘t ] ¥ ] Py - [ 1+[ Pelxoit ] " Po
( Pexit ] %
1% \J = =1y
_1+[ p‘!‘o’t ] ¥

25
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e Find Condition where

INtechanicIedlenospace)

Engineering

) (147 [pt;_lt] 1;-.,- (=147 [p‘!“t J ¥ v
-1+ Bezix _ B= - 2 Tow . Loy 12
( ¥) Po Po ) , [_1_,_[%]--7 ] Po v [—l+[ Pglxoit ] - Py _O
s y J ( Pt!:l:oit ] T_l _
_l+[ P‘!Ioit ] T
Pexir. _ P | _ g p =p| C0n.d1t1on for Optimality
F, F, (maximum Isp)

MAE 5540 - Propulsion Systems
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Optimal Thrust Equation

. 2 2 \r-1)
Thrust,, =YFA ( ]
y+1

Vol 5 = T s forces...p,.. = p..
— Y
| () 2) -

27
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Rocket Nozzle Design Point

.2 2 -1
Thrust,, =YFA ( ]
y+1

Vol 5 = . = forces...p,.. = Pp..
— Y
V= (2" -

28
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Atlas V, Revisited

e Re-do the Atlas V plots for Optimal Nozzle
1.e. Let

2\ P, 2
Aexit _ y +1 Po

X 5 = . = forces...p,.. = Pp..
— Y
G

29
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Atlas V, Revisited conca)

e ATLAS V
First stage is
Optimized for
Maximum

performance
At~ 3k altitude

Pamb, Pa

[ [
[ T TTT
N
[ [
L
NI T
NG P
I I N O M WAL
L TSN P
——

1
0.1 1.0 0.0 100.0
H, km

7000 ft.

1.

H, km

30
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universiTY  How About Space Shuttle T
SSME
Per Engine (3)
e Thrust,,. = 2100.00 kn
* Thrust, = 1670.00 kn
i IspVaC = 452.55sec
e A /A, ="77.52
e Lox/LH2 Propellants
* v=1.196

MAE 5540 - Propulsion Systems
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universiTY  How About Space Shuttle e

SSME (cont’d)
* SSME s
= Optimized for
: Emmmmany | Voximum
£ IR performance
s
SN L Altitude
~ 40,000 1t
' =
==ttt .
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universiTY  How About Space Shuttle e
SSME (cont’d)

" Opti mum NOZZIQ " (cont'd)

- Exit Velocity

Exit YELOCITY, FT/SEC

17000 —

16500 — _
Telescoping nozzle
16000 —

12300 —

13000 —

ft
Vexit ’ Sec 14500 —

14000 — nominal SSME exit velocity

] 0000 100000 150000

altitude , ft

33
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universiTY  How About Space Shuttle e
SSME (cont’d)

"Optimum NOZZIQH (concluded)
e Isp

550 —
Telescoping nozzle Isp

a00 — Mean value

/

450 — ~1.2% ir‘l‘crease irﬁsp'/

I.. ., sec

sp »

nominal SSME Isp curve

530 —| | | I
] S0000 100000 150000

altitude , ft

34
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universiTY  How About Space Shuttle e

SRB
Per Motor (2)
* Thrust,,. = 1270.00 kn
* Thrust =1179.00 kn
* L. = 267.30 sec
e A/A. ="7.50
* P, = 6.33 Mpa

* PABM (Solid) Propellant

e v=1.262480

35
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SRB (cont’d)

* SRB 1s
Optimized for
Maximum
performance

At <1k altitude

Pamb, Pa

~ 3280 ft.

. _| | I - — .

L]
13350.0-
1525.0- ¥
1500.0- ~ -
1475.0- .
1450.0-
1425.0- |
1400.0-
1Z275.0-
1Z250.0-
1225.0-
1Z00.0-
12735.0-
1230.0-
1225.0-
1200.0-

1175.0-]
(R u]

Thrust, Knt

H, km

36
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Solve for Design Altitude of Given Nozzle

y+1 7+l

2 -1 P 7
Aexit _ }/+1 P

— — = rewrite...as

VG | D

(y-1) ] y+1 y+1

- 2
P.. A y+1 P..

MAE 5540 - Propulsion Systems 77
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Solve for Design Altitude of Given Nozzle

(cont’d)
r+l
Factorout | Pw |’
K,
i -y , y+1 y+l
2 f)O 4 1 (Aexit j 2 (}/—1) f)O 4 _ O
y-1)|{ p. A y+1 r.)
v+l i (y-1 y+1
2 P v 0 ! 1 (Aexzt )2 2 (v=1) _
y—1){ F, p.. A y+1 -
[ y+1 (y-1) y+1 | y+1

) (E) (%)

38
MAE 5540 - Propulsion Systems




utahstate IMeclianicallsdg
U N l V E R S I T Y Engineering

Solve for Design Altitude of Given Nozzle

(cont’d)

Simplify

3
MAE 5540 - Propulsion Systems ’
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Solve for Design Altitude of Given Nozzle

(cont’d)

 Newton Again?

e No ... there 1s an easier way

e User Iterative Solve to Compute Exit Mach Number

A 1 2 -1 2(r-1)
Lo _ 3687 = =y, -
A M Yy +1 2

exit

M, =4.2954

exit

MAE 5540 - Propulsion Systems 0
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Solve for Design Altitude of Given Nozzle

(cont’d)
e Compute Exit Pressure
5
P 1+ — 30t |
pexit — Lo ( y ] = ( PO S)(I?‘SSOS]OSISSSI) — 5506 kPa
1 po 52°1-1000
(1 + yz exitz) '
e Set
pexit — poo

opt

41
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Solve for Design Altitude of Given Nozzle

(cont’d)

e Table look up of US 1977 Standard Atmosphere
or World GRAM 99 Atmosphere

Pamb, Pa

1I:II:II:I

0.0 1|:||:| 5|:||:|
H, km

42
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Space Shuttle Optimum Nozzle?

"telescoping nozzle"

p. =2.76144 kPa —

Unfeasible because of the
large weight penalty and

) [ }..
i %, “complexity of deployment | At 80kft

mechanisms, also requires D = 2 76144 kPa

that nozzle expand to
very large area ratios

) 1] |

MAE 5540 - Propulsion Systems

P :
0 _ 18.9x10 63
p. 2.76144

What is A/A* Optimal for SSME
at 80,000 ft altitude (24.384 km)?

44.3

1.196 — 1 0.5
2 ( 18900 ) 1.196 1 —
1.196 — 1 | \2.76144

5.7592

43
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Space Shuttle Optimum Nozzle? <o

P, 18.9x10
pi 276144 6844.3 What is A/A* Optimal for SSME

_ _ at 80,000 ft altitude (24.384 km)?

NV (Pojy_l _ 57592 | At 80kft
R p_ =2.76144 kPa

p. =2.76144 kPa —

1.196 + 1

(( 2 )(1+1.196—1(5.75922)))2(1.196—1)
1.196 + 1 2

5.7592

= 340.98

MAE 5540 - Propulsion Systems (Orlglnally 717.52) 44
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Space Shuttle Optimum Nozzle? <o

P, 18.9x10
pi 276144 6844.3 What is A/A* Optimal for SSME

_ _ at 80,000 ft altitude (24.384 km)?

NV (Pojy_l _ 57592 | At 80kft
R p_ =2.76144 kPa

p. =2.76144 kPa —

1.196 + 1

(( 2 )(1+1.196—1(5.75922)))2(1.196—1)
1.196 + 1 2

5.7592

= 340.98

MAE 5540 - Propulsion Systems (originally 77.52) 45
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Space Shuttle Optimum Nozzle? <o

A 1 o) ( y - 1) ;-1 | What is A/A* Optimal for SSME
YRy (7+ 1)(1+ 5 M 2) at 80,000 ft altitude (24.384 km)?

At 80Kk ft
= 340.98 p. =2.76144 kPa

e Compute Throat Area

2
(2_6) T 005297 m
100/ 4

> Aexit=18.062 m*—>4.8 (15.7 ft) meters in diameter
As opposed to 2.286 meters for original shuttle

46
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Space Shuttle Optimum Nozzle? <o

Now That’s Ugly!

SPACE SHUTTLE (side view)

84 m
28 fi.

liquid external tank thrust  liquid
hydrogen attachment oxygen |
|
47 m - 155 ft.

e So What are the Alternatives?
MAE 5540 - Propulsion Systems
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Optimal Nozzle Summary

Ambient Exit Pressure Ambient
Pressure Equals Pressure
Oblique Ambient
Shock Al Exit Pressure
Flow Separation Greater Than
Region Ambient
Pressure
Plume Plume
Boundary Boundary Plume
YT e Boundary

(a) Bell Nozzle at Sea Level: (b) Bell Nozzle at Optimum Altitude: (c) Bell Nozzle at High Altitude:
the exhaust plume is the exhaust plume is the exhaust plume continues
"pinched" by high ambient column-shaped producing to expand past the nozzle
air pressure, reducing its maximum efficiency. exit reducing efficiency.
efficiency.

Credit: Aerospace web
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UNIVERSITY Optlmal Nozzle Summary (cont'd)

 Thrust equation Thrust = r;sz

can be re-written as

-

exit

F

p exit

1/2

T Aexit (pexit o poo)

r-1
jy

+ Aexit (pexit _ poo)

5

|

exit

y+1

i

y+1
. (r-1)
Thrust = yPA 2 ( 2 ]y
y—1\y+1
y+1
2 \(r-1)
exit __ y +1
and A 0
y -1 \

MAE 5540 - Propulsion Systems

|

£
p exit

(r-1)

14

-1
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Optimal Nozzle Summary cona

* Eliminating A_,;, from the expression

-

y+1 y-172 Doic -
2 ( 2 (7/—1) 1_[@]}/ +y_1 _ PO _|:]9exil‘_poo:|>
2y (r=1) P, P

Thrust = yP,A"
y—1{y+1 P, -l
1 (pem 7 1

P,, 7, driven by combustion process, only p, is effected by nozzle

* Optimal Nozzle given by a(Thmsr)

RA
— O = pexit — poo "
apexit o’

50
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Optimal Nozzle Summary cona

e Optimal Thrust (or thrust at design condition)

y+1 r-1
* 2 2 (}/—1) Y
Thrust,, = YR A -] L=
V y-1{r+l £

y+1 r+l

2 -1 P )7
Aexit _ y +1 Po

0 5 = . = forces...p,.. = Pp..
— Y
G
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Optimal Nozzle Summary conciudes)

e Optimum nozzle configuration for a particular mission
depends upon system trades involving

performance, thermal issues, weight, fabrication,
vehicle integration and cost.

http://www.k-makris.gr/RocketTechnology/

Nozzle_Design/nozzle_design.htm 5 2
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"The Linear Aerospike

... Which leads us to

the ... real alternative Roc ket E n g i ne "

Engines fill base,
reducing drag

W
MAE 5540 - Propulsion Systems
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e cnglheoring
JRivERSIT - A New Nozzle Shape

and add fmel injectors
2 2

) O
Hz 1{{}_ i (];nl“u'il;;':} El]l:nhustinn}?2 A2
el

A
o Throat

P, Turbine Exhaust
Nozzle l J l
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university ] inear Aerospike Rocket Engine

Nozzle has same effect as telescope nozzle
Lift off Vacuum (Space)

I::Iambient %) Pambient (Pa)
Closed-Wake ‘
Base Pressure

(Pp = f (Pa))

' cowlLip

Pw (Ave)=Pa
(Altitude
Compensating)

' Open-Wake
Inner . :
Plume Base Pressure

Boundary B (Pb=f(Pa))

Subsonic

Recirculation
Zone

Plume 1 Air Flow

Boundary Recompression

Shock Wave

F=F +F +F * Aerospike's flow unconstrained,
Thruster = © Ramp * ° Base allows best performance

Fnuster = €05 0 (MVexit + Aexit (Pexit - P,. ))

A
Framp = j B (Pramp - P, )} dA
FEase = AEasa (PEasn - P:.:. )
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CRIVERSITY Wave reflections from a free boundary

_____________ (cont’d)

¥ P < P.
PN :

@ N P> < D
N

expansion wave —
P N_ Ps=D.>D,

DN\

/ Compression wave
N

AN

. 3 ™~

Reflection of an expansion
Wave Incident on Constant
Pressure Boundary

Waves Incident on a Free Boundary reflect in an Opposite manner; Shock wave
Compression wave reflects as expansion wave, expansion wave
reflects as compression wave

56
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UNIVERSITY | inear Aerospike Rocket Engme

(cont'd) »

0
Hz}r 3 _Thruster CumhumnHﬂr 2

| (multlple) Chamber

Low Altitude Aerodynamics

Nozzle
Thruster __ Compression Wave N
Q- ----- Expansion Wave . | Hase
® Thmster flow discharges o @amp
P E“'—ggﬂ?ﬂg} e Expansion waves tum flow asdally
@ Famp curves, huns flow axdally (at
low altitudes)

# Tming causes coOMpIession wave
- - from (1) to (2) - nozzle pressue
- i IncIeases
Nozzle 2 a Compression wave reflects off
= boundary cansing expansion waves
# Flow ciosses expansion waves in i2)
- nozzle pressure declreases
@ Famp continues to curve and hun
flow
@ Process repeats (2) to (3)

t

.ﬂvem,-gwa nozzle presswre > P, therefore no losses or
separation, therefore large ares rabio nozzle can be
I | I wsed, enabling BETO

1
Distance Along Hozzle
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Linear Aerospike Rocket Engine

(cont'd)
High Altitude Aerodynamics iz, W
'H' 2 Thruster 32
P G- (iltiple)  (penstion
T_hruste;r_‘_#___ ““__ \ Throat
F= Boundaryat — s
TR . High .n.lt:?:u:le
—.;‘;;':"} -"-l_--h mmmmmmm Base
- _-|-ll.-|_ll_.\‘ . . 1 -
- = "t o Thiuster flow discharges fo ram
Huzzzli:?}"h-h,_: far = !
E_;'S_;__-_"i-_{ e Expansion waves tum flow
=i azxdally
@ Mo compression waves exdst - all
flow huming done by expansion
Waves
P..,...a" & Mozzle behaves likes a bell

—
Distance Along Nozzle
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SlipStream effects

e,

Fhy /Tl Slipstieam
CEERn Boundary
, o Still air
Nozzle = Houidary
Base =
Nozzle Still air .

Wall . Slipstream
Pressure V /\
E:,:: ------ ) 'I'1 : :: -':.i'l- - - - '-'-5'-"-\'

Distance ﬂ';lung Nozzle

MAE 5540 - Propulsion Systems

H, 1&[_’3.#, Thruster
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Linear Aerospike Rocket Engine

(concluded)

m2
0
':3ulmlllustiuln}[2 N2
Chamber

m/2

(multiple)

\"Base

& Al steamming, over cowl lowers
local pressure -
P Lol = Pifiniey

@ Exhaust phune expands beyond
still air case

@ Expansion and compression
wave systemns move aft from still
Air case

@ Resulting recompression
Delays Nozzle separation

Bottom Line is that the Linear
Aerospike engine realizes about
50% of thetheoretical Isp gains
offeredby the Telescoping nozzle
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Performance Comparison

IDEAL NOZZLE (NO LOSSES) -

» Although less than Ideal
The significant Isp recovery
7 4 of Spike Nozzles offer significant

[ iesissee | advantage

HIGH-AREA-RATIO
AEROSPIKE NOZZLE

¢NOZZLE THRUST COEFFICIENT

/
/SEA-LEVEL / (VACUUM)
/

. /‘ OPERATING RANGE ——\o!

SEA LEVEL (VACUUM)
be————— OPERATING RANGE ——-‘Y-

Lol N ST R
VI 100 200 %0 S0 1000 2000 400!

PRESSURE RATIO (p _/p,)

60
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- A shodK wave to adapt pressure
(oo of exhaust to Pa.

e Shadowgraph flow
visualization of an
ideal isentropic spike at

(a) low altitude and
(b) high altitude conditions

[from Tomita et al, 1998]

Credit: Aerospace web

61
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Linear Aerospike Engine
Comparison to SSME

Credit Rocketdyne

RS-2200: (Venture-Star)
Manufacturer: Boeing Rocketdyne

Weight: 8000 1bs.

Max Thrust: 520,000 Ibf (Liftoff)
564,000 1bf (Space)

Isp: 420 sec (Liftoff)
460 sec (Space)

Mean Isp: 453.3

SSME: (Shuttle (Bltélk la)

Manufacturer: Boeing Rocketdyne

Weight: 7,480 1bs.

Max Thrust: 418,660 1bf (Liftoff)
512,950 Ibf (Space)

Lsp: 360 sec (Liftoff)
452.4 sec (Space)

Mean Isp: 437.0

3.7% better performance
~52% of the theoretical telecoping

Nozzle Isp gains
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Computational Example

e Conventional Nozzle, Hybrid Motor, Nitrous Oxide/HTPB
5.7:1 mixture ratio Input data

Isentropic
Output parameters

(] 4.000000

» Low expansion ratio nozzle: A _ ./A*=6.50

exit

(] 6500000

* Operating @ 70,000 ft altitude

° I, = 24791 sec

(12523

¢ e

63
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» Aerospike Nozzle, Hybrid Motor, Nitrous Oxide/HTPB

274.35 sec

5.7:1 mixture ratio, A

/A*=6.50

exit

e Operating @ 70,000 ft altitude --> ISp =

Aerospike Nozzle Design by Method of Characteristics

X|&/g.l

—

[ | 1

-8

— Aerospike Nozzle Data

Thruster exit area ratio [Leiint] 1.25 Chamber termperature 3012.435
Aerospike expansion ratio [Aelat] 5.5 Chamber pressure 5.B9E+6
Ratio of specific heats for exhaust 1.252 Aerospike thrust [ 53E+6
Gaz constant of exhaust [Rogas) 32056 Famp baze radius [Rhase] 0.
Aerospike pressure ratio [PoPa) 197 .2 CF - Thrust coefficient n.635
Thruster internal circular radius [Ral 0.3 CF - “acuum thrust coefficient N .EBE2
Fadius to lip of cowl [Re] a3 Izp - Specific Impulse [274 55
Aerospike length from origin [Lnozzle] 1.75 lzp - Yacuum specific impulse 784

y
o 3
Loz A TION

Plot Types—
{* Contours

{7 Fix) verses x

{7 Fix) werses PR

INTechanicSledrenospace)

Computational Example «conra

Engineering

Length [M], Pressure [MTHM"2], Temperature [K], Thrust [MT]

- Plot Contours
-]

256
)

LEVELS

* 10.1% increase
in specific impulse

3.0

=
D

1.0
Plot Progress

64

Contour plot complete
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universiTy  Computational Example conra) B
* Truncated Aerospike Nozzle, Hybrid Motor, Nitrous Oxide/HTPB
5.7:1 mixture ratio, A__,/A"=6.50

« Operating @ 70,000 ft altitude > ISp = 266.29 sec

Aerospike Nozzle Design by Method of Characteristics B ;IE]
X &lgd BOD
— Aerospike Nozzle Data
Thruster exit area ratio [Aeifot 1.25 Chamber temperature 3012435 S -
e " Oer g
Aerozpike expansion ratio [Aefit] 5.5 Chamber prezsure 5.G9E+6 Diata ﬂ
Ratio of specific heats for exhaust 1.252 Aerozpike thrust M 493E+E LOCATION
Gaz constant of exhaust [Roas) 32056 Ramp baze radiuzs [Rhase] 0.223 Plot T
Aerospike pressure ratio [PoiPa) 197 .2 CF - Thrust coefficient M.595 & %urﬂﬁﬁress
Thruster internal circular radius [Ra) 0.3 CF - %acuum thrust coefficient n.E15 € Friivarans s
Radius to lip of cowl [Re] ] lzp - Specific Impulse [AEE .23 ) Fx) verses PR
Aerospike length from origin [Lnozzle] 065 lzp - Yacuum specific impulse [269.55
~— Plot Contours —— Length [M], Pressure [MTM2], Temperature [K], Thrust [MT]
I
256 lI
LEVELS

* So even with a truncated
spike we have a 7.1% increase
in specific impulse

]
2.551 @I

= nn
" PiPc
& Tme
" RRc

1.0
Plot Progress

65

- | | Cortour plat complete

i




UtahState MechanicSleadrenoSpac e
U N I V E R S l T Y Engineering

Advantages of Aerospike High Expansion Ratio Experimental
Nozzle

* Truncated aerospike nozzles can be as short as 25% the length of a conventional
bell nozzle.

— Provide savings in packing volume and weight for space vehicles.

* Aecrospike nozzles allow higher expansion ratio than conventional nozzle for a
given space vehicle base area.

— Increase vacuum thrust and specific impulse.

e For missions to the Moon and Mars, advanced nozzles can increase the thrust and
specific impulse by 5-6%, resulting in a 8-9% decrease in propellant mass.

* Lower total vehicle mass and provide extra margin for the mass inclusion of other
critical vehicle systems.

* New nozzle technology also applicable to RCS, space tugs, etc...

66
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Spike Nozzle ... Other advantages

» Higher expansion ratio for smaller size
AREA RATIO = 36:1

INJECTOR Cg EFFICIENCY =98.3% (ALT)
OMBUSTION
INJECTOR
COMBUSTION INJECTOR INJECTOR
CHAMBER
COMBUSTION COMBUSTION
THROAT CHAMBER CHAMSER

THROAT
THROAT

Dp/DT =1.3
NOZZLE LENGTH = 100% NOZZLE LENGTH = 74.2% NOZZLE LENGTH = 414% NOZZLE LENGTH = 41.4%
OVERALL LENGTH = 100% OVERALL LENGTH = 78% OVERALL LENGTH = 51% OVERALL LENGTH = SI1%

OVERALL DIAMETER = 1I00% OVERALL DIAMETER =100% OVERALL DIAMETER = 105% OVERALL DIAMETER = 102.5%

s 2y INJECTOR COMBUSTION
COMBUSTION CHAMBER
CHAMBER
INJECTOR b= Dp - THROAT
P “ i
R-F ¥ H-F !
Op/0y=5 Dp/D, = 10
NOZZLE LENGTH = 249 NOZZLE LENGTH = 14.5%
OVERALL LENGTH = 21% OVERALL LENGTH= 12 %
OVERALL DIAMETER =130 % OVERALL DIAMETER = 194 %
Credit: Aerospace web 67
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Spike Nozzle ... Other advantages cora

e Higher expansion ratio for smaller size II

"IR——

Credit: Aerospace web

68
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Spike Nozzle ... Other advantages cora

 Thrust vectoring without Gimbals

Level flight Pitch up Pitch down

Credit: Aerospace web
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Spike Nozzle ... Disadvantages,

eDisadvantages:

*Cooling: The central spike experiences far greater heat fluxes

than does a bell nozzle. This problem can be addressed by truncating
the spike to reduce the exposed area and by passing cold cryogenically-
«cooled fuel through the spike. The secondary flow also helps to cool the
scenterbody.

Manufacturing: The aerospike is more complex and difficult
*to manufacture than the bell nozzle. As a result, it is more costly.

*Flight experience: No aerospike engine has ever flown in a rocket
«application. As a result, little flight design experience has been gained.

MAE 5540 - Propulsion Systems 0
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The LASRE Flight Experiment

Linear Aerospike SR-71 Experiment (LASRE) * F“ht test Of a 20% X'Q:_; model
| with single linear-aerospike
rocket engine

NASA DFRC
Circa 1998
» Tests intended to demonstrate
engine effectiveness and
measure plume interactions

* Model was instrumented with
6-DOF load-cell balance and
extensive surface pressure matrix

Reflection Flane

* Tests performed for flight
conditions varying from
Mach 0.6 to Mach 2.0

* Linear Aerospike Engine
Never Successfully Fired
In Flight

' - 7
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Full Scale Test of RS-2200
Rocket Engine

- July 12, 2001
NASA Stennis Space Center
Louisana

e Slip Stream
Effects on Nozzle
Plume Still never
measured In-Flight

* Buuuut .... the
Aerospike is Still a
Viable Option in the
toolbox for creating the

500 sec Isp engine
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So Let’s Go Test One!

Primary flow
acts on nozzle
producing
thrust

Toroidal chamber
Annular throat

Secondary

Nozzle base flow acts

on base,
lnne.x _ producing
free-jet ! thrust
boundary \ 74 3

Outer _ ggajaw
freejet —— T
boundary
':}:m;ng Subsonic
2 recirculating
flow

Credit: Aerospace web
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