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Using Method of Characteristics for 
Aerospike Nozzle Contour Design 

Stephen A. Whitmore
Mechanical and Aerospace Engineering Department

Linear Aerospike Rocket Engine
Nozzle has same effect as telescope nozzle

Lift off Vacuum (Space)

• Aerospike's flow  unconstrained,
 allows best performance
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Apply Method of Characteristics to 
Aerospike Nozzle
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Apply Method of Characteristics to 
Aerospike Nozzle (1)

Stephen Whitmore
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Apply Method of Characteristics to Aerospike 
Nozzle (2)

Throat

Throat Exit Angle Fixed by Spike
Design expansion ratio

Stephen Whitmore
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Apply Method of Characteristics to Aerospike 
Nozzle (3)

Along spike surface

Stephen Whitmore




MAE 6530 - Propulsion Systems II 66

Plug Geometry
At position X

Ax

θx
µx

φx
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Apply Continuity equation

θx
µx

φx

Stephen Whitmore
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Apply Method of Characteristics to Aerospike 
Nozzle (5)

• Solving for Ax

• Divide by throat area

Stephen Whitmore




MAE 6530 - Propulsion Systems II 99

Apply Method of Characteristics to Aerospike 
Nozzle (6)

• Simplifying

Stephen Whitmore
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Apply Method of Characteristics to Aerospike 
Nozzle (7)

• Simplifying again

Stephen Whitmore
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Apply Method of Characteristics to Aerospike 
Nozzle (8)

• Solve for Rx

Stephen Whitmore
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Apply Method of Characteristics to Aerospike 
Nozzle (9)

•  and since by geometry of the surface 

• These equations define the isentropic spike profile

Stephen Whitmore
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Aerospike Contour Computational Algorithm(9)

• Step up in M from
M=1 … Mexit

Rx = Rexit 1−
sin νexit −ν x +µx( )
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Apply Method of Characteristics to Aerospike 
Nozzle (10)

Exit pressure expands to ambient condition
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Apply Method of Characteristics to Aerospike 
Nozzle (11)

“Mach lines” converge on cowl lip

µx = sin
−1 1

Mx
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Thrust Calculation

16

• This algorithm works for both Design and Off-design configuration where
Altitude Greater than Design Condition (8)

 

Ftotal = Fthroat + Fspike

Fthroat = m ⋅Vthroat + pthroat − p∞( ) ⋅ A*$% &' ⋅ sinδthroat

→ F throat= m ⋅ γ ⋅ Rg ⋅T
* + p* − p∞( ) ⋅ A*$

%
&
' ⋅ sinδthroat

T * =
T0
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→ p* = P0
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Thrust Calculation

17

• Impulse Thrust at Throat exit
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Thrust Calculation (2)

1818

Linear Aerospike 
Rocket Engine Nozzle 

has same effect as 
telescope nozzle

Pressure Thrust Force 
Increment Across 
Surface Element
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Calculate ramp pressure force

From geometry

Substitute

From Geometry
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Linear Aerospike 
Rocket Engine Nozzle 

has same effect as 
telescope nozzle

Thrust Calculation (3)

Xj+1 − Xj( ) ⋅ tanθ j = Rj − Rj+1( )

àDifference of squares
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Linear Aerospike 
Rocket Engine Nozzle 

has same effect as 
telescope nozzle

Ramp Pressure Thrust
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pj + pj+1
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Collected Thrust Calculation

21
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Off Design Operation

22

At Higher Altitude

At Design

At  Lower Altitude

νexpansion = νexit →θexpansion = 0

νexpansion < νexit →θexpansion < 0

νexpansion > νexit →θexpansion > 0
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Linear Aerospike 
Rocket Engine 

(concluded)

• 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
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Off Design Operation (1)
Altitude Greater than Design Condition

24

Calculating the Off-design conditions

• Throat exit expands 
to ambient conditions’
due to unconstrained flow

• Use Isentropic Flow laws to calculate effective 
expansion Mach number .. as flow “turns corner”
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Off Design Operation (2)
Altitude Greater than Design Condition

• calculate turning angle

θexp ansion

θthroat νexpansion = ν throat + θexpansion −θthroat( )
→θexpansion = νexpansion +θthroat

→θexpansion = νexpansion +δthroat − 90
0

→θexpansion = νexpansion + 900 −νexit( ) − 900

→ θexpansion = νexpansion −νexit
@ design
condition
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Off Design Operation 
Altitude Greater than Design Condition (3)

26

νexpansion > νexit( )design
condition

θexpansion = νexpansion − νexit( )design
condition
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Off Design Operation Altitude Greater than Design Condition (4)

27

“Left” characteristics lines … intersect expansion slip line 
→θx −ν x =θexpansion −νexpansion

→ ν x = νexpansion −θexpansion +θx

What about spike surface Mach numbers?

Expansion
slip line

θ

M
ν
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&
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expansion
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Off Design Operation Altitude Greater than Design Condition (5)

28

“Left” characteristics lines … Intersect expansion line 
→θx −ν x =θexpansion −νexpansion

→ ν x = νexpansion −θexpansion +θx

→ν x = νexpansion − νexpansion − νexit( )design
condition

%
&
'

(
)
*+θx

→ ν x = νexit( )design
condition

+θx

...which is ouroriginal  spike contour prescription!… Which is our original spike contour prescription!
See … Slide 5
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Off Design Operation Altitude Greater than Design Condition (5)

29

… Ramp Surface 
Pressure and Mach 
Numbers Unaffected by 
nozzle operating at 
higher-than-design 
altitude
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Linear Aerospike 
Rocket Engine Nozzle 

has same effect as 
telescope nozzle

Off-Design Algorithm Summary
Altitude Greater than Design Condition (6)

P0 = operating chamber  pressure
pamb = ambient  pressure at  operating altitude
!

"
#

$

%
&

… Expansion Line Mach Number and Flow Angle

θexpansion = νexpansion − νexit( )design
condition

ν x = νexpansion −θexpansion +θx →
Mx

px
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Linear 
Aerospike 

Rocket Engine 
(cont'd)

Linear Aerospike Rocket Engine
(cont'd)

High Altitude Aerodynamics

Aerospike Nozzle Endo-Atmospheric Compensation (2) 

Pressure, Mach 
Distribution on Spike 
is Unchanged
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Altitude Greater than Design Condition (7)

32

Mach Number Along Spike is Unaltered From Design Condition
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Altitude Greater than Design Condition (8)

33

Significant gain in 
pressure thrust
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Altitude Greater than Design Condition (9)

34

Over-expanded Conditions
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Altitude Greater than Design Condition (10)

35

3636

Pressures

2727

• Mach Numbers on 
Spike Surface 
Unaffected
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Off Design Operation 
@ Altitude Lower  than Design Condition

36

External Pressure Compresses Flow Field Resulting in Higher Spike
Pressures

What about spike surface Mach numbers?

Expansion
slip line

M = M expansion
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Off Design Operation 
Altitude Lower  than Design Condition (2)

37

• At below design pressure ratio, the flow in the plug nozzle is 
radically different from that in a conventional nozzle. The 
expansion occurring at the cowl-lip would proceed only up to the 
ambient pressure pa and not all the way down to the design exit 
pressure pe. 
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Off Design Operation 
Altitude Lower  than Design Condition (2)

38

p∞>p∞,design (overexpanded) 
– pspike = p∞ before plug ends
– weak shocks and expansions 
downstream 

Average Nozzle
Pressure greater Than 
Freestream, No suction 
effects or separation like 
on conventional nozzle
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Linear Aerospike 
Rocket Engine 

(cont'd)

Linear Aerospike Rocket Engine
(cont'd)

Low  Altitude Aerodynamics

Aerospike Nozzle Endo-
Atmospheric Compensation 

Averaged ramp pressure > P∞
… no losses or separation of flow, even with 
high expansion ratio nozzle
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Wave Reflection 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

• Anderson, 
Chapter 4 pp. 152-164
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Wave reflections from solid/free boundary

• Solid Boundary

• Free Boundary
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Wave reflections from a free boundary
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Wave reflections from a free boundary
(2)

p1 < p∞
p2 < p1
p3 = p∞ > p2

Compression wave

Shock wave

expansion wave

Coalesced
Compression Wave
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Off Design Operation

Flow phenomena of a plug nozzle with 
full length at different pressure ratios pc 
/ pam b, off-design (top, bottom) and 
design (center) pressure ratio. 
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Off Design Operation

45

At Higher Altitude

At Design

At  Lower Altitude

νexpansion = νexit →θexpansion = 0

νexpansion < νexit →θexpansion < 0

νexpansion > νexit →θexpansion > 0
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Aerospike Nozzle With Shock Diamonds
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Linear Aerospike 
Rocket Engine 

(concluded)

Linear Aerospike Rocket Engine
(concluded)

SlipStream effects

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

     Resulting recompression
     Delays Nozzle separation•

Aerospike Nozzle Endo-Atmospheric 
Compensation (3)

Averaged ramp pressure > P∞
… no losses or separation of flow, even with 
high expansion ratio nozzle



MAE 6530 - Propulsion Systems II 48

Compare Aerospike to Minimum Length Nozzle 
with Same Expansion Ratio

Full Conical 
Aerospike Nozzle
8.03 cm length

Minimum Length 
Nozzle 4.546 cm
(including convergent 

section)
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Compare Aerospike to Minimum Length 
Nozzle with Same Expansion Ratio (2)

Superior Aerospike 
Performance at 
Design Condition

Aerospike

ConventionalAt design condition
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Compare Aerospike to Minimum Length 
Nozzle with Same Expansion Ratio (3)

Even more 
improved
aerospike 
performance 
at Altitude

Aerospike

Conventional
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Compare Aerospike to Minimum Length Nozzle …. (4)

Spike wins on Everything
Except length

4.546 cm length

8.03 cm length
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Effects of Spike Truncation
NASA DFRC (Trong Bui)

• Long Beach State

(Eric Besnard)

Example Base Integration
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Effects of Spike Truncation (2)

Flow phenomena of a plug nozzle truncated central 
body (right column) at different pressure ratios pc / 
pam b, off-design (top, bottom) and design (center) 
pressure ratio. 

Separated Base Area
(low pressure produces drag)



Over Expanded (Altitude 
< Design Altitude)

Properly Expanded 
(Altitude ~ Design Altitude)

Under Expanded (Altitude 
> Design Altitude)
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Effects of Spike Truncation (7)

Effects are not as dramatic as one would think!

… At higher altitudes truncation hurts you less
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Effects of Spike Truncation (6)

• Primary Loss
is base drag
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Linear Aerospike 
Rocket Engine Nozzle 

has same effect as 
telescope nozzle

Linear Aerospike Rocket Engine
Nozzle has same effect as telescope nozzle

Lift off Vacuum (Space)

• Aerospike's flow  unconstrained,
 allows best performance

Effects of Spike Truncation (3)

 

Fbase = pbase − p∞( ) ⋅ π ⋅ Rbase2

νbase = ν trun − 90 −θtrun( )→Mbase → pbase+
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Effects of Spike Truncation (2)

Pressure Ramp Thrust 
Terminates at Spike 
Truncation Point
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terms of base pressure insensitivity to ambient pressure
- can even occur when a closed recirculation bubble
forms downstream of the base.

0.2

0.1

0.0

Cold Flow Test (20%)
Empirical Equation . : :

10 20 100 20050
Pc/Pa

Fig. 5.2: Normalised base pressure versus PR.
Experimental data from a linear aerospike nozzle
cold gas model21 compared with Hagemann's
assumption8.

Fig. 5.3: Subsonic open wake flow pattern
downstream of a truncated plug nozzle base.

Furthermore, it is also possible that the separated inner
shear layer does not reattach itself downstream of the
base surface. This could be the case of a truncated plug
nozzle with a large base surface comparatively to the
annular section of the incoming supersonic jet, see Fig.
5.3. In such a base flow pattern, there is a subsonic
open wake -really opened this time in terms of fluid
mechanics-, and the base pressure is close to the
ambient pressure. Thus, in that case, the problem is not
to determine the base pressure, but to predict at which
value of pc/pa the transition 'opening-closing' of the
recirculation bubble occurs.

If the base flow pattern is a closed recirculation bubble,
whatever the plug nozzle wake regime -closed or open-
, then the determination of the base pressure in
supersonic regime is submitted to the same flow
physics, namely the physics of the 'Supersonic
Turbulent Flow Reattachment'. Motivated by the base
drag prediction not only for truncated plug nozzles but
mainly for projectile and missile applications, the
supersonic base flow physics have been extensively
investigated in the world since the 50's. Thanks to
many investigations performed downstream of the base
of two-dimensional backward-facing steps, it has been
derived analytical, pure-empirical and theoretico-
empirical models as those presented below.

BASE PRESSURE PREDICTION

Pure empirical relationships
Fick et al.20 have evaluated empirical relations of the
base pressure versus constant incoming Mach number
Me and specific heat ratio. A comparison with the few
available measurements showed that the two empirical
relations issued from Ref. 30, see Eqs (5.1) and (5.2)
below, failed to produce reliable results.

_
Pb ~

Q.846/?e
(5.1)

- 0.92Me
2 - 0.03

(5.2)

A slighly better agreement was found20 notably for 12-
16% plug lengths if it was assumed that the base
pressure results from a very simple averaging between
pressure pe at the truncated nozzle exit and pressure pd
at the exit of the hypothetical design full-length plug,
as written below :

pb=k(pe+pd); = 0.5. (5.3)

When applied to linear aerospike nozzles, it was
found21 that the constant k had to be changed from 0.5
to 0.3 according to measured data.

Derived from cylinders and cones, an original
empirical base-pressure model31 has been changed in
Ref. 20 by setting an exponent which should take into
account the negative angle of the flow incoming the
base region. For cold flow tests, and setting the
exponent at 0.35, agreement with measured base
pressure has been attainable with the "conical-
approximation" equation below,

\0.35

0.025+ - 0.906
(5.4)

v 2 e

The empirical model derived in Re. 20 from a cylinder
embedded in supersonic flow also gives a good
agreement if Mach number Me and a sonic pressure
ratio are introduced, thus we obtain the "cylindrical-
approximation" equation below,

Pi, =PeMe fJ_Fu+u 0.05+ - 0.967

(5-5)

Onofri et al.32 have also evaluated Eqs. (5.4) and (5.5),
and another plug nozzle base model proposed by

14
American Institute of Aeronautics and Astronautics
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Rocketdyne, see Eq. (5.6) below*, and compared them
with a new formula, see Eq. (5.7) below, applied to a
clustered plug nozzle.

Err(%)

0.000 : 0.005 0.010 0.015 04)20 04)25

Err(%)

:.::: I A CONICAL MODEL
;:;:| A NEW MODEL (UNtV. ROME)!

0.000 0.005 0.010 0.015 0.025 0.030

Err(%)

»• ROCKETDYNE MODEL
I A NEW MODEL (UNIV. ROME)

A A ;

lAA___^

0.000 0.005 04)10 04)15 04)20 04)25 0.030

Fig. 5.4: Comparisons between
purely-empirical relationships.

base pressure

.Cfll
-Ĉ"

PC

(5.6)

Pb = 0.05 + - 0.967

1 + - (5.7)

20179.84
20179.84

* In eq. (5.6) CF)maXid indicates the ideal thrust coefficient at
the design PR, CF)Core the ideal thrust coefficient
corresponding to the expansion ratio achieved at the
transition point and £b the ratio between base and throat areas.

15

The results of this comparison, see Fig. 5.4, conclude
that the model proposed by Univ. of Rome gives the
smallest percentage of error [+19%,-15%] relatively to
measured data.

The multi-component base-flow model

Preliminary remark
This theoretical approach is based on the flow partition
into several regions or subdomains (viscous or
inviscid) which are determined thanks to analytical and
integral relationships. Flow subdomains are physically
linked by semi-empirical relations, and the unicity of
the solution is insured thanks to the using of a
reattachment criterion. Such methods are able to
predict the base pressure in various base
configurations24"26, and notably in case of truncated
plug nozzles26, with the two following reservations: 1)
the computed configurations are two-dimensional,
planar or axisymmetric, and 2) the base flow region is a
closed recirculating-flow bubble. The following
chapter is devoted to a brief description of these
theoretical approaches, called multi-component
methods.

Fig. 5.5: Multi-component base flow model.

Model description
This model is derived from the well-known Korst
model22 for the supersonic separated flow reattaching
behind a rearward facing step. As shown in Fig. 5. la,
the basic situation is that of a supersonic turbulent flow
separating at a base shoulder S and reattaching further
downstream on a wall or a sting in the vicinity of a
point F. Mass injection at low velocity (base-bleed) can
be performed in the dead air region.
In the spirit of this so-called Multi-Component
approach, the flow is divided into four components or
domains, Fig. 5.5:

a - The outer inviscid flowfield bounded by the
isobaric boundary (f) along which the pressure is
equal to the base pressure pb. This boundary
intersects the reattachment surface at the "ideal"
reattachment point RT. This supersonic outer
inviscid flow can be computed by the Euler
equations solved by the Method of
Characteristics.

American Institute of Aeronautics and Astronautics
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Calculations Using Prandtl/Meyer Expansion Theory

Thanks Matthew Wilson!

Stephen Whitmore
Base Drag
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Calculations Using Prandtl/Meyer Expansion Theory (2)

Thanks Matthew Wilson!

Stephen Whitmore
Base Drag
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Truncated Spike Comparison to Minimum Length Nozzle

“Still Significant Net Gain from Spike”

“Break Even Length”

Spike Truncated at Length of 
Minimum Length Conventional 

Nozzle 
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Truncated Spike Comparison to Minimum Length Nozzle(2)

“Only 1/3rd of Min. Nozzle length”

“Break Even Performance”

Spike is Significantly Shorter Than 
Minimum Length Conventional 

Nozzle 



PLUG 
SHAPE_ 

{ y-- 1.26; DESIGN OPERATING PRESSURE RATIO, P./f£*6l.5 ) 

PRESSURE DISTRIBUTION AT 
LOWER PRESSURE RATIOS 

-PRESSURE DISTRIBUTION 
AT DESIGN POINT 

AXIAL DISTANCE 
X • 

Fig. 6 Schematic illustration of pressure distribution along a 
fixed plug nozzle at various operating pressure ratios 

CONTOUR WITH CONE ( r = l.26; DESIGN OPERATING PRESSURE RATIO, Pc/Pq=6l.5 
1.60. 

THRUST 
COEFFICIENT^ 

1.501 

LOSS IN PERFORMANCE 
CAUSED BY SHORTENING 
ISENTROPIC PLUG WITH 
CONE j 

y=l.26 

0 10 20 30 
HALF ANGLE OF CONE, DEGF 

40 
EES 

Fig. 7 Theoretical loss in performance caused by replacement 
of lower plug 

ISENTROPIC PLUG CONTOURS 

Fig. 8 Plug profiles for isentropic expansion and for shortened 
versions terminating with conical contours 

Fig. 9 Effect of per cent overpressure on effective thrust vector 
angle 

thrust vector is concerned, can be shown to be additive. A 
typical set of data showing the variation of effective thrust 
vector angle with overpressure in the higher pressure combus-
tor cell is shown in Fig. 9. 

A p p l i c a t i o n to L i q u i d P r o p e l l a n t E n g i n e Des ign 

The plug nozzle can be combined with annular combustors 
to form attractive liquid propellant propulsion system con-
figurations. Fig. 10 represents an example of a plug-type 
turbopumped liquid propellant engine. The combustors are 
located around the base of the nozzle, and, in this particular 
unit, the turbine exhaust is brought out through the center of 
the nozzle. Such engines can be designed extremely short 
and compact to produce a well-packaged propulsion system. 
In fact, studies indicate that for identical thrust levels, the 
plug-type engines would be about half the length of conven-
tional configurations as shown in Fig. 11 for a 1,500,000-lb 
thrust level. This makes them attractive not only for first-
stage booster applications, but also for medium thrust size 
upper-stage propulsion systems. Similarly, the weight of the 
plug-type engine compares favorably with that of the con-
ventional unit. 

Application to Solid Rocket Engines 
The problems and advantages of plug nozzle application to 

solid rocket engines differ considerably from those of liquid 
engines. Not all of the major advantages of liquid propellant 
plug nozzle engines such as thrust vector control, scaling, 
combustion stability and thrust structure simplification can 
be directly transposed to solid engine application. Gains 
unique to the application of plug nozzles to solid engines 
exist, but are generally not as compelling. Consequently, 
the advisability of converting to the plug from the cluster of 
four DeLaval nozzles typically employed in modern solid 
propellant rockets is not particularly clear-cut and depends 
to a large extent on the specific missile application intended. 
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Fig. 10 Plug nozzle engine assembly 
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Fig. 11 Size of plug nozzle engine compared with that of con-
ventional engine 
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Very High Expansion Ratio Spike Nozzles 

• Characteristic Line “bends 
backward” Near sonic line 
(cowl exit)

• Cowl exit momentum-thrust 
is negative!

• Very inefficient approach
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Very High Expansion Ratio Spike Nozzles (2)

• Better Approach is to use 
supersonic cowl nozzle and 
position so exit mach and 
angle lines along spike 
characteristic line
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Very High Expansion Ratio Spike Nozzles (3)
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Very High Expansion Ratio Spike Nozzles (4)

• Axi-symmetric 
supersonic cowl design
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Very High Expansion Ratio Spike Nozzles (5)
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