Mech aniCalladrie oS hac e,
UtahState AITEEEEEE
UNIVERSITY

Section 5: Lecture 3
The Optimum Rocket Nozzle

P.<P,

Not in Anderson

MAE 5420 - Compressible Fluid Flow




UtahState

UNIVERSITY

MechiGniCallGRe oS pac: e,
Engineering

Nozzle Flow Summar

Supersonic

or aéxed

U BSUOETSOmc
Tow with waves

A mbient

A mbient

| A mbient
Chamber
. Flow decalerating =1
ﬁ;o{::acceleratmg =1 > — a)
: |(e) Overexpanded |
[@) Subsomic flow] - | -
‘ B Theoat
| A mpient gaps
Chamber fhmat ——
=1
/ Flowd =1
- wdec. =
e, T @™ % b)
[(b) Flow jusi choled] - ,|
A mbient
Chamber
M= )
Flow ace
o - C
- [¢c) Shock in nozzle| | -
A mbient
Chamber Fhoat "
=1
=1
Flow ace. Flaw a0, d)
=1 =1 ¥ >

- |(d) Shock atexit|

MAE 5420 - Compressible Fluid Flow

Exit )
Disfance down the nozzle




MechaniCallG e oS pac e,
Engineering

UtahState

T Next: The Optimum Nozzle (1)

Phavs

Baurriary

. [(@Underexpanded

Pambiens (Fa) A Tbient
Charnbe i’hn:at
7 Supersoni
; or & exed
Ol ique Flow 3cc. Flow 3cc. sub/supersomis
Slack nf=1 a1 v :
= ST Tow wilth nawes
gﬂzmlbn 2 SIS : :
nGion : :
~|(e) Overexpanded | -
Ambient
Chamber Thoat —
=1
Flow ace. Flow ace. o WFU=s
=t T ® \be » —»
- [(® Design condition| - *
Amivent
Chamber
P |10 =Py \
Flow 3cc.
nf=1

MAE 5420 - Compressible Fluid Flow



Stephen Whitmore

Stephen Whitmore

Stephen Whitmore


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

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"?
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Rocket Thrust Equation

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

e Non dimensionalize as

Thrl/tSt _ m‘/exit 4 Aexit (pexit o poo)
])()Athroat ])()Athroat Athroat I)O

e For a choked throat

. +1
m _ 1 |y[_2 | Thrust 'V |y ([ 2 (zj) A, (Do — P..)
A* PO TO Rg _ Vexit 4 1 exit oo

RA" T, \R\y+1 A" P
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Rocket Thrust Equation conce

y+1

Thrust V.. |v [ 2 -1 + A, (Peis = D)
RA™ T, \R, *

y+1) A K
e For 1sentropic flow

Thrust
P’Zf = C, — "Thrust Coefficent"

0

1/2
Vexit = \/2Cp [Toexit _ Texit] = \/2CpTOm-, |:1 — h:l

1,

exit

e Also for isentropic flow

_ Y r-1
& — E r= > Texit — p exit !
pl | 71 - TOexit })O
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Rocket Thrust Equation conce

* Subbing into velocity equation
B 1/2

}/_—1
— — / pexit !
‘/ex” B \/sz |:TO exit - TeXit] o ZCPTO exit 1 - PO |
e Subbing into the thrust equation
— L_l —1/2
Y
2CpTO | 1_(pexit )
exit })0 . y+1
ThruSt ! y 2 (y—l) Aexit (pexit _ poo)
% — ~ ~ + k —
DA JT, R\y+1 A P,
— L_l =1/2 7
1_ pexit ! chy 2 (y—l) + Aexit (pexit B poo)
PO xit Rg 7/ + 1 A* PO
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Rocket Thrust Equation conce

e Simplifying

Thrust
) — = C,. — "Thrust Coefficent"
2Cp’}/ _ 2cp)/ _ 2y _ 2y PA
R, ¢,—c, 1_1 Yy —1
4
e Finally, for an isentropic nozzle P =P
v+l [ y-17V2
Thrust _ 2 2 - - Do |7 . A (p..—p.)
PA y—1\y+1 P, A P,

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

MAE 5420 - Compressible Fluid Flow
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First Stage

QO] fzy et Namin

‘ T— Number of Centaur Engines (1 or 2)
Number of Solid Rocket Boosters (D to 5)

Fairing Usable Diameter (4-m, 5-m)

* Thrust,,.
* Thrust

* ISpvac

. AJA,

o P 0

* Lox/RP-1

= 4152 kn
= 3827 kn
= 337.8 sec
= 36.87
= 25.7 Mpa
Propellants

e ¥V =1.220122

MAE 5420 - Compressible Fluid Flow
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First Stﬂg@ (cont’d)

e From Homework 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

MAE 5420 - Compressible Fluid Flow 10
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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
b 25.7-1000
O (1= 55.06 kPa

p exit =

( 1.220122 -1
1+

4.29542)
2
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LLook at Thrust as function of Altitude
(P..)

 All the pieces we need now

— q1/2

y+1 r-1
. 2 2 - p... |7
= 1— el A : T
Thrl/tSt '}/POA \/7/_1(7/4—1] ( R) j + exzt(pexzt poo)
- y=1.220122
P, =257,
pexit — 55'06kPa
A" =0.087
A, =3.2705

12
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_Look at Thrust as function of Altitude (p,.) wonca

e Thrust increases
logarithmically
with altitude

Pamb, Pa

Thrust, Knt

13
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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 5420 - Compressible Fluid Flow ka
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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

MAE 5420 - Compressible Fluid Flow b
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* Prove that Maximum performance occurs when

exit Is adjusted to give p exit — P 00

A*

16
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Optimal Nozzle

e Show exit 1S a function of P 0

A p exit

> |8
|
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+ |
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Il
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Optlmal NOZZle (cont’d)

M = [zj(”o)y_lé e Substitute in
. /}/_1 pexit
- y+l _y+l
1) =0 (=0 Y [
2 1+(}/—1) 2 R7 2 P\
y+1 2 7/_1 pexit ’y+1 pexit
Ay ) ol T
T (X N % Y
y_l pexit y_l pexit

Y+l P\ y+1 v+l
Pexit o

’}/+1 y+1 exit

G 2] VG2

pexit pexit

v
<

/
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Optlma NOZZ1€ (cont’d)

1/2

y+1 v-1
Thrust _ y 2 2 |- | —| Peir 4 N At (Ppis = P.2)
PA y—1\y+1 P, A P,
y+1 v+l
2 \(r-1) F |7
exit Y +1 P exit

A o (r-1)

- P Y

y—1 ! —1

pexit

MAE 5420 - Compressible Fluid Flow
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* Subbing into thrust coefficient equation
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y+1 v+l
y+1 y-1 2 2 | Ko7
Thrust _ | 2 (2 o0 (p |7 |, [\7+1 (Pesis = D) _
PA 4 y—1{y+1 P, 2 Vi) P,
y—1 -1
pexit
v+l r+l
7+l 12 L 2 j(“) ( 5 ]7
(y-1) 7 +1 . —
7/ 2 2 4 1_ M + 1 7 _ exit (pexlt poo)>:
GENAL & 2 (2 o 2 p Y ko
- _c
7—1 7"'1 pexiz
7+l
7 712 (Pex,,]y
(r-1) )7 — P .
YJ ) [ ) 1(19_) e ) [p pw}
y-ily+1 R 2y R
%) -
£
20

MAE 5420 - Compressible Fluid Flow




UtahState &=

UNIVERSITY Optlmal NOZZle (cont’d)
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,
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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 22
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e [Look at the term

Pexit -l+-,,-T
[_hw (=)
_1+[Pt:1tJ -

Optlmal NOZZ1€ (cont’d)
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Engineering

2'3"Po
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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

24
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e [Look at the term
e \ Factor Out
&7 = = / (v-1)
(pem) ) (pem)y (pem - Poir |7
Y=\ & LA R | _ P
2y H, =) (r-1)
) |
@ — 1 1 _ pexzt 4
£ F,
rel € il (r-1)
r=1|, F NN F >
2vP, )| | =) I =)
. )
Pesir -1 Pevir 1
Fy P,
P~ : _ _ 25
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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,

26
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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 ] ¥
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Optimal NOZZle (concluded)

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 5420 - Compressible Fluid Flow
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Optimal Thrust Equation

y+1 y—1

) 2 -
Thrust,, =YFA ( ]

) )
_ 0

Yy +1

y+1 y+1

Aexit y+1 P
Vol 5 = T s forces...p,.. = p..
— Y
| G2 (2

P

MAE 5420 - Compressible Fluid Flow 2
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Rocket Nozzle Design Point

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

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

30
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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

31
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e ATLAS V
First stage is
Optimized for
Maximum

performance
At~ Sk altitude

Pamb, Pa

1 1 1 |
0.1 1.0 10.0 100.0
H, km

16,404 ft.

Thrust, Knt
&
S
o

- ==
ZE00.0- ,

1 1 [
010 1.0 10.00 100,00

0
H, km

MAE 5420 - Compressible Fluid Flow 52
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universiTY  How About Space Shuttle
SSME
Per Engine (3)
e Thrust,,. =2100.00 kn
* Thrust, = 1670.00 kn
i IspVaC = 452.55sec
e A /A, =77.52
*P, = 18.96Mpa
e Lox/LH2 Propellants

-)/ =1.196

MAE 5420 - Compressible Fluid Flow
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universiTY  How About Space Shuttle e

SSME (cont’d)

: e SSME 1s

= = Optimized for
: S Gm———— 1oximum
N performance

Emmm ———

L LTSN T Altitude

L N L L

~ 40,000 ft

Thrust, Knt

34
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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

MAE 5420 - Compressible Fluid Flow .
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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

36
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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

o v =1.262480

37
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SSME (cont’d)

* SRB 1s
Optimized for
Maximum

performance
At <1k altitude

Pamb, Pa

10.0-

| S . _ 3280 ft.

0.4 1.0 10.0 100.0
H, km
1550.0—
1
v

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-

11750 - -
(R u] 1.00 10.00

| H, km | 38
WMIAE 5420 - Compressible Fluid Flow
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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 5420 - Compressible Fluid Flow 5
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Solve for Design Altitude of Given Nozzle

(cont’d)
v+l
Factor out [ P ] 4
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.)
y+1[ (y-1 , y+1
2 Y Y A 2 \r-1)
y—1)LF p.. A y+1
[ y+1 (y-1) y+1 | y+1

) (E) (%)

MAE 5420 - Compressible Fluid Flow 0
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Solve for Design Altitude of Given Nozzle

(cont’d)

Simplify

MAE 5420 - Compressible Fluid Flow o
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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 5420 - Compressible Fluid Flow 2
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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

MAE 5420 - Compressible Fluid Flow =
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Solve for Design Altitude of Given Nozzle

(cont’d)

e Table look up of US 1976 Standard Atmosphere
or World GRAM 99 Atmosphere

Pamb, Pa

1I:II:II:I

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

44
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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 5420 - Compressible Fluid Flow

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

45
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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 5420 - Compressible Fluid Flow (originally 77.52) 46
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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

47
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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? g
MAE 5420 - Compressible Fluid Flow
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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 5420 - Compressible Fluid Flow
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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
" Throat

P, Turbine Exhaust
Nozzle J l

50
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Eragmeering

university ] inear Aerospike Rocket Engine

Nozzle has same effect as telescope nozzle

Lift off Vacuum (Space)
(P;)

I::Iambient &

' cowlLip

Pw (Ave)=Pa
(Altitude
Compensating)

Pambient (Pa)
Closed-Wake ‘
Base Pressure

! (Pp » 1 (Pa))
lnner Open-Wake

Subsonic
Recirculation
Zone

} Base Pressure
Plume .
Boundary (Pb=f(Pa))

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:.:. )

MAE 5420 - Compressible Fluid Flow >




UtahState

IMechanic3fedrlenospace)
UNIVERSITY

Engineering

More Aerospike

Primary flow
acts on nozzle
producing
thrust

Toroidal chamber
Annular throat

Secondary

Nozzle base flow acts

on base,
lnne.x _ producing
frec-jet 1 thrust
boundary \ 74 3

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

Credit: Aerospace web
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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...
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Spike Nozzle ... Other advantages cora

e Higher expansion ratio for smaller size II

"IR——

Credit: Aerospace web
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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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Performance Comparison

IDEAL NOZZLE (NO LOSSES) -

HIGH-AREA-RATIO
AEROSPIKE NOZZLE

HIGH-AREARATIO
/eeu NOZZLE

wNOZZLE THRUST COEFFICIENT

/
/SEA-LEVEL / (VACUUM)
/

. /' OPERATING RANGE ——\o!

SEA LEVEL (VACUUM)
be————— OPERATING RANGE ———*f-

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

PRESSURE RATIO (p /p,)
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» Although less than Ideal
The significant Isp recovery

Engineering

of Spike Nozzles offer significant

advantage
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Aerospike on the Moon?

G. Mungas, M. Johnson, D. Fisher, C.
Mungas, B. Rishikoff, (2008) "NOFB
Monopropulsion System for Lunar Ascent
Vehicle Utilizing Plug Nozzle with
Clustered Engines for Ascent Main
Engine", LPS-11-33, 2008 JANNAF
Conference, 6th Modeling and Simulation /
4th Liquid Propulsion / 3rd Spacecraft
Propulsion Joint Subcommittee Meeting

1.00 TR ey - - -
} ,,,, | AT OLSIGN PATSSURE TATIO
x l l .
*- // . .
g 0.95 / W -~ 26 UNIT HLUG CLUSTER MODTL
d [] ANNUCAR PFLLG NOZ2LE
ﬁ — THEORETICAL PERPOIMANCE (DISR(GAINNG
PLUG BASE PRESSURDI JOR ALL EXTEENAY
» 0'90 (XPANSION PLUS NOI2tE Agep/At =2
g S N I
o MAX PYG LINGTIH (Luasx)——]
%085 I . .
a,
>
v 0.80
\ - hadh
J - —iTesa
| | | i | |
075 M " E :
© 01 02 03 04 05 06 07 08 09 10 onopropellant Engine

L/L MAX
Nozzle Coefficient vs. Aerospike Nozzle Length [2]
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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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Optimal Nozzle Summary conta)

 Thrust equation Thrust = r;sz

can be re-written as

-

exit

F

p exit

T Aexit (pexit o poo)

r-1
jy

1/2

+ Aexit (pexit _ poo)

5

|

exit

i

y+1

y+1
. (v-1)
Thrust =yP A 2 ( 2 ]y
y—1\y+1
y+1
2 -1
exit __ y+1
and A 0
y—1 \
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£
p exit

(r-1)

14

-1
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* 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, Y drive by combustion process, only p, is effected by nozzle

* Optimal Nozzle given by a(Thmsr)

RA
— O = pexit — poo "
apexit o’
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e Optimal Thrust (or thrust at design condition)

y+1 y—1

. | 2 2 -1
Thrust,, = YR A ( j
Yy +1

7 _ _

y+1 r+l

Aexit y+1 P
ol 5 = T s forces...p,.. = p..
— Y
| G2 (2

P
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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 62
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