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Section 9 Lecture 1: Supersonic Flow
Through Systems of Multiple Shockwave

e Anderson,
Chapter 4 pp. 152-164

MAE 5420 - Compressible Fluid Flow
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* What if we keep engine flow path supersonic to
minimize stagnation pressure loss?

* How do we keep the Inflow supersonic?

Shock boundary
layer interactions \

Thrust

Vehicle ™~ O
bow-shock ) - o

Isolator shock train—/ \\_ e —
Fuel injection stag

Nozzle I

Inlet ‘ Isolator | Combustor

e Series of very weak (highly oblique) shockwaves
and expansion shocks keep the flow supersonic
throughout the engine

MAE 6530 - Propulsion Systems I1 10
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Geometry of a Shock Wave: Reflected
From a Solid Boundary

ARERRAAREEERR R R

Forses

B, #B, ¢NotBilliards ... Why?

MAE 5420 - Compressible Fluid Flow
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Example 1

ARERRAAREEEERR AR R

Forses

e Find [3,, ®,M;
2{M12 sin® () — 1}

e Example Calculation

— t 0 - /
M, =3.6 an(0) tan(,B)[2+M12 [7""005(2:3)]}
0 =20° 0 2(3,6251112 (%)34.1102)—1) —9()°
v=1.4 T (tan (&) 34.1102)) (2+3.62 (1.4+ cos (&2-34.1102))) -

MAE 5420 - Compressible Fluid Flow :
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EXample 1 (cont’d)

ARERRAAEEEEERRRR R R

@
7777777
e Solve for B B 2{Mzsin2(ﬂ)—1}
S tan(6) = tan(,B)[Z +1M12 [}/+cos(2,3)ﬂ '
w 2 (3.62 sin2 (%) 34.1102) _ 1) o0
n (tan (ﬁ) 34.1102)) (2 +3.62 (1.4 + cos (%) 2-34.1102)))

B,=34.1102°

MAE 5420 - Compressible Fluid Flow
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EXample 1 (cont’d)

ARERRAAEEEEERRRR R R

®
[
e M,.= M, sin B, =3.6sin (l 34.1102) =2.0188
180
e Normal Shock Solver-->
0.574168
M,n =2.3552

M,n=0.574168 — M, =

sin(8,-) sin (ﬁ) (34.1102 - 20) )

MAE 5420 - Compressible Fluid Flow
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EXample 1 (cont’d)

ARERRAAEEEEERRRR R R

Forser s

0-B-M solver, for M, = 2.3552 and 6, = 20°,

---> [, =45.0534° ——> D =45.0534°-20°=25.0534°

(M,n) 5, = 2.35525in(45.0534) = 0.649303

(Mzn)ﬁz 0.649303 _ 15333

M.= -
Y sin(B,-0)  sin (ﬁ) (45.0534—20))

MAE 5420 - Compressible Fluid Flow
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Example 1 cora)
ARERRAAREEERRR R R

* 20° >0,

Detached Shockwave!

MAE 5420 - Compressible Fluid Flow

Beta, deg.

theta, deg.
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Example 1 (cont’d)
o e e

@

"Mach reflection"

7777777

MAE 5420 - Compressible Fluid Flow
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2-D Ramyjet Inlet Example

D ////
e sl

—>
M,=4.0 normal M < 1 —>
1 shockwave —_—

Oblique

ﬁshockwave

\m\%\\&\\\\\\\\\\\\\ M<1

normal
shockwave

MAE 5420 - Compressible Fluid Flow
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Ramjet design

* So ... we put a spike in front of the inlet
3. IGHIHON

e ——

1.INTAKE

* How does this spike Help?

* By forming an Oblique
Shock wave ahead of the inlet

it Actually the J-85 engine on the
SE-71 i1s a turbojet . but you get the picture

MAE 5420 - Compressible Fluid Flow
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Thermodynamic Efficiency of Ideal Ramjet

e Net Work Available --> work perform by system in step 4
minus work required for step 1-2

* Net heat input --> heat input during step 3 (combustion)
- heat lost in exhaust plume

Ramjet Engine
(Credit Narayanan Komerath, Georgia Tech)

«— Diffuser Burner |-|— Nozzle—

Step 1-2 Step 3 Step 4

A !

MAE 5420 - Compressible Fluid Flow H
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Thermodynamic Efficiency of

Ideal Ramjet (cont’d)
* Ideal Cycle Efficiency(1]) = (Net work output)/(Net heat input}

NeﬂfVork :(hA—hB)‘l'(hc _hp)

m
Net Heat Input
. = (hc - hB)
m
( Ramjet Engine )

(Credit Narayanan Komerath, Georgia Tech)

Burner |-|— Nozzle—

Step 3 Step 4

«— Diffuser

Step 1-2

12
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Thermodynamic Efficiency of
Ideal Ramj et (cont’d)

e I[deal Cycle Efficiency = (Net work output)/(Net heat input }

Net Work
_ m _(hA_hB)+(hC_hD)_ _(hD_hA)
n= — =1
Net Heat Input (hc ~ hB) (hc ~ hB)
m
( Ramjet Engine )

(Credit Narayanan Komerath, Georgia Tech)

Burner |...|_ Nozzle—
Step 3 Step 4

«— Diffuser

Step 1-2

13
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CRIVERSITY. Thermodynamic Efficiency of
Ideal Ramjet (cont’d)

* Assume ... Cp,i; ~ Cp_ogues

C

(
\ p products
(
\

T,-C, T, )
TB)

n=1-

c T.-C

P air P products

| =

Ramjet Engine
(Credit Narayanan Komerath, Georgia Tech)

Burner |-|— Nozzle—

Step 3 Step 4

«— Diffuser

Step 1-2

(<
TD _ C P air TA

\ p products

\

’

P air

TC o TB

C

\ p products

Y
A

Engineering

14




CRIVERSITY Thermodynamic Efficiency of

Ideal Ramjet (cont’d)

* For simplicity ... let ... Cpy: ~ Cppoquers

( C )

TD_ P air TA
77::1—\ Cr /=1—(TD_TA)
( C, - —T\ (TC_TB)

C B

\Cpproduct Y,

15
MAE 5420 - Compressible Fluid Flow
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Ideal RamJEt (cont’d)
e From C-->D flow 1is 1sentropic ...
1 ( Ramjet Engine )
y; (Credit Narayanan Komerath, Georgia Tech)
T P 7
D D
TC P C
«—— Diffuser Burner |...|_ Nozzle—
Step 1-2 Step 3 Step 4
A s
( r-1 h
P D Y TA TB
I, 1,1, > T
C B - C
L\ 1,7 )\ )

n=1-
)
TC

MAE 5420 - Compressible Fluid Flow 1o




CRIVERSITY Thermodynamic Efficiency of

Ideal Ramjet (cont’d)

* Adiabatic compression across diffuser

( Ramjet Engine

(Credit Narayanan Komerath, Georgia Tech)

Burner | 4——— Nozzle—

P P PO ...—E)ifﬁl_str P
_A | = A X 04 X —2 | = L Step 1-2 P Step 3 v 2 Step 4 *
14 N r-1 o
r-1 -1
TA TOB 4 POA _ TA _ PA 4 POB
I % TOA -_ TOB % - - —
T, T, ) P, Ty, \ P K,

1
MAE 5420 - Compressible Fluid Flow ’
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CRIVERSITY. Thermodynamic Efficiency of
Ideal Ramjet (cont’d)

* Sub into efficiency
equation

)7 (P
PC PB

( Ramjet Engine )

(Credit Narayanan Komerath, Georgia Tech)

®

Burner |-|— Nozzle—

«— Diffuser

. Step 1-2 Step 3 Step 4
y-1 =)
K, ) 1c
/

n=1-

)

MAE 5420 - Compressible Fluid Flow

T

18
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mic Efficiency of

Ideal Ramjet (cont’d)

~

ideal nozzle - P, = P,
ideal burner — P, = P,

( v
vl PoA I
P, \

Ramjet Engine
(Credit Narayanan Komerath, Georgia Tech)

Burner |-|— Nozzle—

«— Diffuser

MAE 5420 - Compressible Fluid Flow

Step 1-2  Step 3 Step 4

A ( r=L

r [P] r

y-1| 7€ P, B

/_1_(Q)Y \ A /
PB (TC_TB)

19




uls?\"EthSa'$$ . Mechanical &
N Thermodynamic Efficiency of

Ideal Ramj et (cont’d)
( Ramjet Engine )
( 7/_1 \ (Credit Narayanan Komerath, Georgia Tech)

«— Diffuser Burner |-|— Nozzle—

Step 1-2 Step 3 Step 4

A !

1) As engine pressure ratio, Pgz/P,, goes up ... 1 goes up

11) As combustor temperature difference 7T}
goes up ... 1 goes up

111) As inlet total pressure ratio (Pog/Po,) goes down ...
(stagnation pressure loss goes up) ... 1 goes down

MAE 5420 - Compressible Fluid Flow 20
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2-D Ramyjet Inlet Example

0 e
— normal
M1_4'O shockwave MB< 1

normal
shockwave

Assume y=1.4 21
MAE 5420 - Compressible Fluid Flow
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2-D Ramyjet Inlet Example conra)

M1:4.O normal

shockwave

Ry \:\f;;\;; \

S -

\

* From Normal Shock wave solver

normal ..shock

M. — M,=0434959=| p

22
MAE 5420 - Compressible Fluid Flow




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

2-D Ramyjet Inlet Example conra)

B= 40°

Oblique MW///////////////////%//

—_Eshockwave o —

normal \\\\\

shockwave

e Across Oblique Shock wave

e M, =M, sin 3, =4sin (— 40) =2.571 — M,n=0.5064

180
(6) 2{M*sin’(B)-1} 180 2 (42 sin? (%) 40) ~ 1)
tan = . St
tan(B) 2+ M [y +eos(2B)]] T (tan (%) 40))(2+4*(1.4+ cos (%)2-40)))

23

—_— O
MAE 5420 - Compressible Fluid Flow 0=20.2
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2-D Ramjet Inlet Example o)
B= 40°

Orl]cmqlge MW;WW/M ”
SNocKwave A, '

\\\
normal \\\\\\\\\\\\\\\\\\\\

shockwave

e Across Oblique Shock wave

0.5064
M.n

M, n=0.5064 > M, =——2 (_ ) =2.123
2 2 sin(,-6) ~ sin 120 (40 —26.2)

P2/Py1 =0.4711

24
MAE 5420 - Compressible Fluid Flow
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B= 40°

Oblique \/
ﬁshockwave S

normal
shockwave

* Across Normal Shock wave (behind oblique Shoc

normal ..shock

M,=2123 — M,=0.557853=

R R, R, P,
L =0.663531 = 2 = % "% —(0.663531)(0.4711)=0.3126
B, B, P

[ee]

1.4

P, Dg g F, 0_3126£(1+ 1.4—14z)m
£

X = ER } — 38.422

Do

25

1.4
((1 + 14 105578532 ) (4 ”]
MAE 5420 - Compressible Fluid Flo@ 2
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2-D Ramyjet Inlet Example conra)

=

—| M, =0.4350

% il
B

=0.1388
- |
s - .

- —=18.5

oo

.
g,

e Compare

e Spike aids in increasing Total Pressure recovery
Reducing “ram drag”

//////

» Oblique M, = 0.557853
shockwave g,
e %~ 03126 | —
*‘X\\\\\\\\\\ P, "
> v D 3 —
norma ~ — = 38.422 : —
M1:4O shockwa\l/e POOO

MAE 5420 - Compressible Fluid Flow 26




IMech anicCallGlienospace,
UtahState
UNIVERSITY

2-D Ramyjet Inlet Example conra)

.. Continuing example ... Incoming Air to Ramjet

e Molecular weight = 28.96443 kg/kg-mole
° Y = 1.40

. Rg = 287.056 J/°K-(kg)

T = 216.65 °K

®* P = 19.330 kpa

* Combustor ¢ = q/ m = 500klJ/kg

e Assume that mass of added fuel is negligible, exhaust
and ¥, R, are the same

MAE 5420 - Compressible Fluid Flow 21
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2-D Ramyjet Inlet Example conra)

 Compute free stream stagnation temperature

I, =T, [1+

y —1

Mof} — 216.65 (1 ¥

L4~ 142) =009.93°K
y)

e Compute BURNER stagnation temperature

500-10° + 1004.696 (909.93)

= 1407.6 °K

1004.696

o q+c,1, B
Oc c o
P
Ramjet Engine

(Credit Narayanan Komerath, Georgia Tech)

«— Diffuser

Step 1-2

Step 3

Step 4

Burner |-|— Nozzle—

=~

28
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2-D Ramyjet Inlet Example conra)

e Compute efficiency .... Normal shock inlet

M _4 O% normal
1= " shockwave =
Py _185

== (P,

* Compute T, Ty

T, = 909.93 — 867.75°K
14—-1 5
(1 F 043 ) - 1407.6 1356 30
B ( 14 -1 2)‘ 3K
1+ 0.435
2 29

MAE 5420 - Compressible Fluid Flow




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

2-D Ramyjet Inlet Example conra)

e Compute efficiency .... Normal shock inlet

| M, =0.4350
Py, 0.1388|"
— | — V. i
M1—4.O§ _ormal fp
* Compute T, Ty
TC = 867.75°K P, K2
TI = 1 — | -4
PB

Ts = 1356.3°K

- (14-1) (14-1)
185 " |13563-0.1388 '
1

]867.75] ~0.2328
30

MAE 5420 - Compressible Fluid Flow (1356.3 - 867.75)
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2-D Ramyjet Inlet Example conra)

e Compute efficiency .... Oblique shock inlet

Sr?;igfea e 4 M :0 557853 C
% wav P 6 :
\&&\\\\\\\\\\\\ . =0.31 | —=

M,=4.0 hgﬁfwfle S - o
e Compute T, Tg
T = 909.93 = 856610K
C (1 + 1.4 — 10,5578532>
2 1407.6
TB — (1 + 1.4 — 10.5578532) 1395 19K
2

31
MAE 5420 - Compressible Fluid Flow
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2-D Ramyjet Inlet Example conra)

e Compute efficiency ....

Oblique shock inlet

Oblique —|M, =0.557853
:%shockwave ~ - P
\%\\\\\\\\\\\\\\ 3 =0.3126

>

normal
M 1 —4 O shockwave

\\\\\

* Compute T, Ty

T. = 856.61°K (pA

n=1- '

Tz = 1325.1°K [
38.422

1 —

[1325.1 — [0.3126

| o

(14-1)
14

1.4

MAE 5420 - Compressible Fluid Flow

]856.61]
=(0.4652
(1325.1 - 856.61) 32
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2-D Ramyjet Inlet Example conra)

e Compute efficiency .... Oblique shock inlet

.

M,=4.0

Oblique

ﬁshockwave

“\\\\\\\\\\\\\ V=<l = 0. 4652 —r

>

orma
M 1 :40 shockwave

normal

shockwave M<1 T] — 0232

P S

iy,

{//}/ ’ ,/:'/':'

|

200% 1ncrease 1n efficiency!

MAE 5420 - Compressible Fluid Flow

Engineering

33
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Supersonic Inlet:

Condorde Inlet Design

L ECTMNIC AL M&
I Gl Wil il

Concorde .

e Mach 2 Cruise

Shockwave
Formed

Credit:

http://www.concordesst.com/powerplant.html 34

MAE 5420 - Compressible Fluid Flow
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Conical versus 2-D Inlets

(1 SR-71
hlv.‘f!: Y "
1;‘ .x. b T -_T_.-!--:"'L? i
A i 1 "; W}ﬁ W <

—

| X-15 Ramjet

—
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Geometry of a Shock Wave: Reflected
From another Shock wave

e Shock waves not only reflect from solid boundaries,
they also reflect from each other

* Need “more tools” to analyze problem completely

MAE 5420 - Compressible Fluid Flow 50
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Pressure-Deflection Diagrams

"Right Running" Oblique

Shockwave . . "Left Running" Oblique
* Locus of all possible static pressure Shockvsave q

values behind oblique shock wave
for given upstream conditions
B g p

37

MAE 5420 - Compressible Fluid Flow 0—»
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e Look at example 1 —»
Ml — 3.6 M1

0 = 20° ®
v=1.4 777777

e Left running wave

* Mj;=M,sin, =

B,=34.1102°

3.6 sin (l 34.1102

)=2.0188
180

e Normal Shock Solver-->

M,n 0.574168

sin(3,-0) i, (ﬁ) (34.1102 - 20) )

M,n=0.574168 — M, =

=2.3552

p,/p; = 4.588283

MAE 5420 - Compressible Fluid Flow 38
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ARERRRAEEEERRRRR R R

* Look at example 1 —»
Ml — 36 M

0 = 20° ®
v=1.4 777777

e Right running wavé

, = 45.0534°

(M,n) 5, = 2.35525in(45.0534) = 0.649303

(Mzﬂ)ﬁz 0.649303 _ 15333

—> M3= - = T
sm(ﬁ2—9) sin (@ (45.0534 - 20)

ps/p, = 3.075094 --->
P3/P = (P3/P)(P./p; )=(3.075094 )(4.588283)=14.109

MAE 5420 - Compressible Fluid Flow 5
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uniVERSITY  Pressure-Deflection Diagrams conca
30-
28-
26-
24-
22-
E
@ 20-
2 18-
4
E 16-
2
: 14-
[k}
5 12-
(5]
3 10-
=
E_
E_
4-
2_
0=
-40
Theta, deg.
40

MAE 5420 - Compressible Fluid Flow
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of Opposite Families
"Right Running" Oblique
Shockwave "Left Running" Oblique
______ Shockwave

Intersection of “left-running” and “‘right running”
Shock waves

MAE 5420 - Compressible Fluid Flow A
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” Intersection of Shocks of Opposite

Familie S (cont’d)

Engineering

e Shock emanating from {A,B} intersect and continue as
refracted shocks {C,D} .. At intersection point E,

P4=P'4

42
MAE 5420 - Compressible Fluid Flow
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Engineering

PNIVERSITYIntersection of Shocks of Opposite
Families, Example

e Example: M =3, p,=1atm, 0,=20°, 6;,=15°
* Plot p,0 diagram, p,, and flow direction @,

43
MAE 5420 - Compressible Fluid Flow
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Numerical Calculations for Example

From the 6-B-M solver: For 6, =20° and M, =3, B = 37.8°.

Py

M, =M, =sin f = (3 ) sin (37.8) = 1.839; =3.783
Py
M
M, =0.6078;M,= ——>— = — 06078 _ o9
: Sin(8—6) ~ Sin(37.8 —20)
For 6;=15°and M, =3, 3=32.2
M, =M sin B = (3) sin (32.2) = 1.60; > = 2.82
P
M, = 0.6684; My~ M, 06684 _
Sln(ﬁ 0) Sm(32.2 —15)

MAE 5420 - Compressible Fluid Flow

44
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Numerical Calculations for Example

(cont’d)

For the upstream flow represented by region 2, plot a pressure deflection diagram from the following

calculations:
]

P’ _ P4 P,

.BZ 6, M,, =M,sinf3 — 46 =6,-6,’
P> P P, D
Pick 1130 0 1 1 3.783 "r 20
values | 33.3 | “pec’ |4 1.09 1.219 4.61 16
37.2 | values |8 1.20 1.513 5.72 12
41.6 12 1.32 1.866 7.06 8
46.7 16 1.45 2.286 8.65 4
53.5 20 1.60 2.820 10.67 0
~= =3.783
Pi

ane,) = M= (B)-1)
4 tan(ﬁz)[2+M22 [Y+cos(2ﬁ2)]]
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Numerical Calculations for Example

(cont’d)
For the upstream flow represented by region 3, plot a pressure deflection diagram from the following
calculations:

B 0, M_ =Msinp P4 Ps _PaPs pg_g 9,
3 B - B P, Pi P3Py -
pick | 26 0 1 1 2.82 -15
values | 29 | Cculate | 4 1.096 1.23 3.47 11
33 values 8 1.23 1.598 4.51 -7
36.8 12 1.35 1.96 5.53 -3
41.5 16 1.50 2.458 6.93 1
46.8 20 1.65 3.01 8.49 5
53.7 24 1.82 3.698 10.43 9
Ps _o g2
P

2{M32 sin” () - 1}
tan(,B3)[2 +M,’ [7 + cos(2ﬁ3)ﬂ

tan(94) =
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Pressure-deflection-diagram for Example

@& = “physical flow angle
Relative to inlet direction’

Pressure ratio to freestream

Theta, deg.
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Numerical Calculations for Example

(cont’d)

* Entropy change across
{BE, and ED} # entropy
change across

From the graph op previous page Shocks {AE, and EC} ....
I B Creates “slip line” emanating
Ps=Ps = D, pi=(8.3)(1)= 8.3 atm From E between regions
4 and 4’

P =4.5°

48

MAE 5420 - Compressible Fluid Flow
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Intersection of Shocks of The Same Family

 Will Mach waves intersect shock wave?

“a=local sonic velocity” // i =1 55 _4
Iy Shaek sin(3) v sin(u, ) v

—M1>1—>

Left running mach line will
Always intersect left running shock

L
\2

/

/U2

V. Mach Wave
IE ’

* yes!
Mach Wave B Cd y
AL
A ‘/[lvL1 BL 0
S ffffff)ffff/fff T L s
49

MAE 5420 - Compressible Fluid Flow
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Intersection of Shocks of The Same Family

(cont’d)

e Not a big stretch to generalize to

_M'I>1 > > > D @/’ P4:P5

-

e Conditions in region 3 Processed Slip Line”
driven by region 1 by one Cd -~

conditions and processed shock
by shocks {AC, and BC}

Reflected wave
Processed\_

by two
@ shocks 7 - . .
@  Conditions in region
5 driven by region 1
[32 conditions and

: processed only by
A B -0 // one shock {CD}
B

_M1>1—> > >

N\

“Two Left Running Shock waves”

MAE 5420 - Compressible Fluid Flow >0
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Intersection of Shocks of The Same Family

* Conditions in region 3 driven by
Upstream conditions and processed
by shocks {AC, and BC}

* Conditions in region 5 driven by
Upstream conditions and processed
Only by shock {CD}

* Entropy change across
{CD} # entropy change across
Shocks {AC, and BC} ....

Creates “slip line” emanating A

(cont’d)

D P
_M1 > 1 > / @ vy 4
Processed sfip Line”
co- -

b
sl}zjoocrllce @
Reflected wave
\E
@ Processed
@ [ © prre

From C between regions
4 and 5

MAE 5420 - Compressible Fluid Flow

B shocks
D 0& ////////
B

“Two Left Running Shock waves” 51
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Intersection of Shocks of The Same Family

(cont’d)
 within slip zone P,=P;
and 6, = 0; P —p
-5
* in general for arbitrary — M. — @/ v
Shock waves ... P 3 #P 5 Processed / _slip Line” }
by one Cof - @
But.. P,=P, shock ‘/P
L M ) Reflected wave
... How?...Reflected wave E... v \E
@ @ @ Processed
... weak shock or _ bytwo
Expansion wave depending B shocks
On relationship of P, to P A B 077& 00 %
B
“Two Left Running Shock waves” 5
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Intersection of Shocks of The Same Family

(cont’d)

 within slip zone P,=P;

and 0, = 0; ., 03 = 05

D
P3 > P5 —M1 > 1 > @/ v
/ Slip Line~

... expansion fan drops Cd - /@)
P,toP, (=P A\\

105, ( 5) / Expansion fan

WNE_

“Two Left Running Shock waves”
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Intersection of Shocks of The Same Family

(cont’d)
 within slip zone P,=P;
and 94 = 95, also 93 = 95
P3 ) PS _M1 > 1 e D @ p
... weak shock wave C _Slp Line
compresses P, to P, (=P,) @
—M, ., ‘ Weak shock

* Model must be smart enough
To accommodate this difference

Must iteratively adjust
Strength of waves CD and CE A

Until P 4:P 5 on output side

“Two Left Running Shock waves”
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Wave reflections from a free boundary

Reflected Expansion
Fan

| \\\
Incident Shock
/

Shock Wave Incident on Constant Pressure Boundary

MAE 5420 - Compressible Fluid Flow »
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UNIVERSITY Wave reflections from a free boundary
(cont’d)
RN

r’ F

Reflected Expansion
Fan

| \\\
Incident Shock
/

Shock Wave Incident on Constant Pressure Boundary

MAE 5420 - Compressible Fluid Flow >0
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(cont’d)

@ expansion wave

P <D.
N P> < D
SN P T P > P>

Compression wave

Reflection of an expansion
Wave Incident on Constant
Pressure Boundary

Shock wave

57
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Rules for Solid and Free Boundaries

1. Waves Incident on a Solid Boundary reflect in a Like manner;
Compression wave reflects as compression wave, expansion wave
reflects as expansion wave

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

MAE 5420 - Compressible Fluid Flow 8
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Nozzle has same effect as telescope nozzle
Lift off Vacuum (Space)

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

(Pb = 1 (Pa))

' cowlLip

Pw (Ave)=Pa
(Altitude
Compensating)

| Open-Wake
Inner . :
Piume Base Pressure

Boundary 4 (Pb=f(Pa))

Subsonic

Recirculation
Zone

Outer ; Ambient
Plume 1 Air Flow

Boundary Recompression

Shock Wave

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

Fuster = €05 O (MVexit + Aexit (Pexit - P,. ))

A
Framp = j (P ramp - P, )} dA
FEEB = AEasa (PEasn - Pa:. )

MAE 5420 - Compressible Fluid Flow >
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Linear Aerospike Rocket Engme

(cont'd) 2

Hﬂr 2_ Thruster
(muluple)

Combustion -
Chamher

Low Altitude Aerodynamics :

. Nozde
Thruster __ Compression Wave N
----- Expansion Wave . | Hase
® Thruster flow discharges to rmmp
Pm E“‘;’gﬂ?ﬂg} @ Expansion waves i flow azdally
@ Famp curves, huns flow axdally (at

low altitudes)

& TIming causes compression wave
from (1) to 2) - nozzle presswe
Increases

@ Compression wave 1eflects off
boundary cansing expansion waves

@ Flow ciosses expansion waves in (2)
- nozzZle pressure decreases

# Famp continues to cwrve and fumn
flow

@ Process epeats 2) 1o (3)

£

.mrer"a,-g_re nozzle pressure > F, therefore o losses or
separation, therefore Large area ratio mozzle can be
| I I uzed, enabling BETO

Distancelmung Nozzle
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Linear Aerospike Rocket Engine

(cont'd)
High Altitude Aerodynamics 2 ™,
p B D e
Thruster oo L 8 I isaar
it “"'f: Euundar{v o
AT . High ARltitude
—:“;;':"} -"-I_--h """"""" Base
- _-|-ll.-|_ll_.\‘ . . 1 -
- = ~ @ Thruster flow discharges o ram
Huzzzli:?}"—*«-h,_: e = !
E_ETS—E._?—" e Expansion waves tum flow
=i azxdally
@ Mo compression waves exdst - all
flow tuming done by expansion
Waves
I:n..,.,..ﬂ" & MNozzle behaves likes a bell

~—
Distance Along Nozzle

MAE 5420 - Compressible Fluid Flow
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Linear Aerospike Rocket Engine

(concluded)
m/2

2
SlipStream effects H_iofmster Combustion 24

— - . P
Cowl —2% P N
+ F =
g L,_DFEI x‘_____‘-\-‘_“ - Base
& P T ey L & AIT streaming over cowl lowers
T, b ~Slipstream local pressure -
\Nw P Lo < Pty
I"IIDIEIE_ : 2 EEEJL““EHL . Eﬁ}jlllgﬂ'sgsl;um expancds beyond
= 4 @& Expansion and compression
______________ Base = wave systems move aft from still
Al case
Mozzle @ Resulting recompression
wWall Delays Nozzle separation
Pressure
Bottom Line is that the Linear
1) TEETE Aerospike engine realizes about
= 50% of thetheoretical Isp gains

[.'Iistiilnc:e ﬂilung I'E-quzlei offeredby the Telescoping nozzle

MAE 5420 - Compressible Fluid Flow
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Homework 10

ARERRAAEEEERRR R R

®
ANNNNR
e Calculate

B,=30° B

2
M,=2.8 M,
p,=1 atlcl)l P; * Assume y=1.4
T,=300°K T,

63
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