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Reduced-Length Scarfed-Nozzles for Thrust Vector Adjustment

Jay S. Lilley*
U.S. Army Missile Command, Redstone Arsenal, Alabama 35898

The results of an investigation into the utilization of scarfed, truncated perfect-nozzles for thrust vector
adjustment in tactical strap-on boosters is presented. The use of truncated perfect-nozzle expansion contours
was evaluated as a means of achieving significant nozzle length reductions over conical nozzle designs without
degrading axial thrust or thrust vector adjustment capability. Previously developed perfect-nozzle and scarfed-
nozzle performance analysis computer codes were used to generate an extensive parametric study which char-
acterized the influence of nozzle length and expansion ratio on axial thrust and thrust vector adjustment
capability. Comparisons were made against the results obtained for scarfed-nozzles with conical expansion
contours. The parametric study was utilized to develop a general scarfed truncated perfect-nozzle design meth-
odology. This methodology was exercised to generate a specific reduced-length scarfed-nozzle design. The axial
performance and thrust vector adjustment capability of the nozzle design was experimentally verified through
solid rocket motor static firings.

Nomenclature
A = downstream throat attachment point
At = throat area
CF = thrust coefficient
E = scarfed extension starting point
F = scarfed extension ending point
G = perfect-nozzle exit plane
M — side force action point
P = pressure
R = ratio
T = throat point
t = time
X = motor axial coordinate
x = nozzle axial coordinate
Y = motor radial coordinate
y = nozzle radial coordinate
a = wall angle, basic nozzle half-angle
j8 = scarf angle
y = specific heat ratio
s = expansion ratio
17 .= discrepancy
0T = thrust angle
p = throat curvature radius

Subscripts
a = ambient
ave = time averaged
e = scarfed extension starting point
exp = averaged and corrected to reference conditions
F = thrust
/ = scarfed extension ending point
g =. perfect-nozzle exit plane
L = length
m = side force action point
per = perfect-nozzle
ref = reference
req = required
t = stagnation, throat
td = throat downstream
theo = theoretical
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tu = throat upstream
X = motor axial coordinate
x = nozzle axial coordinate
Y = motor radial coordinate
y = nozzle radial coordinate
0 = thrust angle

Introduction

F OR certain tactical missile designs it is desirable to em-
ploy several strap-on solid rocket boosters attached cir-

cumferentially around a centerbody. This propulsion system
concept creates significant problems for the missile designer
as the performance of each individual booster will be subject
to the motor-to-motor variability in thrust level and burn time
that is characteristic of solid rocket motors. This variability
will generate significant moments which will have an adverse
impact on the design of the guidance and control system for
the missile.

The obvious method to eliminate the moments generated
by the propulsion system is to adjust the thrust vector for
each individual booster so that it passes through the missile
center of gravity. An attractive thrust vector adjustment ap-
proach is to employ scarfed-nozzles on each booster. These
scarfed-nozzles consist of a conventional axisymmetric nozzle
which has a truncated (scarfed) cylindrical extension attached
downstream. An extensive investigation into the application
of scarfed-nozzles for thrust vector adjustment was conducted
by Lilley and Arszman.1 In this investigation, the thrust vector
adjustment capability of scarfed-nozzles employing conical
expansion contours was theoretically and experimentally
demonstrated. A conceptual illustration of the booster con-
cept is presented in Ref. 1.

Most tactical missile systems have severe constraints on the
volume allocated to the propulsion system, and it is desirable
to reduce nozzle length. A means of achieving this length
reduction is to utilize a nonconical nozzle expansion contour
which offers significant length reductions without the flow
divergence performance degradation that results from in-
creasing the half-angle of a conical nozzle. Extensive inves-
tigations have been conducted to determine nozzle expansion
contours which minimize the axial length that is required to
produce a given thrust level. Through calculus of variation
techniques, Rao2 determined unique optimum nozzle con-
tours that offered the minimum length for a given thrust level
and expansion ratio. Ahlberg et al.3 conducted an alternative
investigation into utilizing truncated perfect-nozzles to achieve
reduced expansion contour lengths. While the contours de-
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termined by Rao represented the mathematical optimum so-
lution, Ahlberg demonstrated that truncated perfect-nozzles
yielded performance levels that were essentially equivalent to
those produced by the optimum contours. Consequently, sig-
nificant nozzle length reduction could be achieved utilizing
either Rao or truncated perfect-nozzle contours.

An attractive feature of truncated perfect-nozzles is the
relative simplicity of the contour generation process. For a
fixed throat geometry and specific heat ratio, the only inde-
pendent design parameter for a perfect-nozzle is the expan-
sion ratio at which parallel uniform flow is achieved. In con-
trast, to specify a Rao nozzle (with fixed throat geometry and
specific heat ratio) two design parameters are required (i.e.,
thrust and expansion ratio). This simplicity of perfect-nozzle
construction allows the designer to generate a universal family
of nozzle contours for a wide range of expansion ratios that
can be utilized to generate an extensive matrix of truncated
perfect-nozzle designs. To evaluate a corresponding matrix
employing Rao nozzles, a significantly greater number of noz-
zle contours must be generated. To achieve greater flexibility
and simplicity in performing nozzle design studies (at the
expense of not utilizing the mathematically optimum con-
tours), truncated perfect-nozzles were selected as the non-
conical nozzle design approach to be investigated.

An investigation was conducted to evaluate the perfor-
mance of scarfed truncated perfect-nozzles for thrust vector
adjustment. Previous investigations demonstrated the thrust
vector adjustment capability of scarfed-nozzles.1 However,
these studies utilized conical scarfed-nozzles and did not ad-
dress the issue of length reduction. Another previous inves-
tigation presented the length reduction advantages of utilizing
scarfed perfect-nozzles.4 However, that study considered side-
existing canted nozzles and did not address thrust vector ad-
justment. The current study consequently utilized the pre-
vious work as a point of departure by incorporation of all
relevant results, design methodologies, and analysis tools.
Previously developed theoretical performance analysis mod-
els 4-5 were utilized to generate perfect-nozzle contours and
to predict scarfed-nozzle performance. Utilizing these models,
a parametric study was conducted to investigate the influence
of nozzle length and expansion ratio on axial thrust and thrust
vector adjustment capability. The results of the parametric
study were compared against those obtained in the previous
investigation for conical expansion contours1 to demonstrate
the length reduction advantages of using truncated perfect-
nozzle contours. The parametric study was employed as the
basis of a general methodology for generating scarfed trun-
cated perfect-nozzle designs. This methodology was illus-
trated through a specific nozzle design example. This design
example was then experimentally validated through static fir-
ings of specially configured solid rocket motors.

Theoretical Investigation
In order to determine the relative merits of employing trun-

cated perfect-nozzle expansion contours on scarfed-nozzles
utilized for thrust vector adjustment, a theoretical parametric
study was conducted to characterize the performance of such
nozzles.

Performance Model
The scarfed-nozzle geometric model employed in the pres-

ent investigation is illustrated in Fig. 1. The scarfed-nozzle is
composed of three distinct sections: 1) the throat, 2) the basic
nozzle, and 3) the nozzle extension. The nozzle geometric
model is described in detail in Ref. 5. The analysis tools
utilized in this investigation are two nozzle performance pre-
diction computer codes developed by Hoffman.5 The first tool
is a perfect-nozzle design/analysis code which was exercised
extensively in the investigation presented in Ref. 4, and a
complete description of theoretical basis for the code is pre-
sented in Ref. 6. The second tool is a scarfed-nozzle analysis
code which has served as the principal scarfed-nozzle analysis
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Fig. 1 Scarfed-nozzle geometric model.

tool for a number of previous investigations1'7'10 and is de-
scribed in detail in Ref. 5.

The performance factors which are of principal importance
are the motor axial thrust coefficient, CF^X, and the thrust
angle, 0r, which are given by the following relationships:

FtX = Fx/(PtAt) (1)

(2)

Where Fx is the motor axial thrust, FY is the motor side
thrust, P,is the stagnation pressure, and Atis the nozzle throat
area.

Parametric Study
To characterize the performance of truncated perfect-noz-

zles with scarfed cylindrical extensions, an extensive para-
metric design study was performed. For each scarfed-nozzle
evaluated in this study, the throat profile was specified by
pjyt

 = 1-0 and Ptd/y* = 0.5 and the specific heat ratio was
y = 1.2. These values were selected as typical for tactical
solid rocket motors, and they are the same as those utilized
in the previous investigation presented in Ref. 1. To stan-
dardize the performance predictions, vacuum operating con-
ditions were selected (PJPt = 0 where Pa is the ambient
pressure). Employing this set of inputs, the perfect-nozzle
design/analysis code was utilized to generate 160 perfect-noz-
zle contours and their associated wall pressure distributions.
The contours were generated for eper from 1.5 to 60. The
perfect-nozzle expansion ratio is defined by the following re-
lationship:

where point G is the nozzle axial station where parallel uni-
form flow is achieved.

For the parametric study, the following independent vari-
ables were identified; basic nozzle e, ft, basic nozzle contour
(conical or truncated perfect), and basic nozzle length xe/yt.
The following set of expansion ratios was selected for eval-
uation:

e = 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5,

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5,
10.0

where

= (yjy,)2 (4)

For the parametric study, a ft of 30 deg was selected to provide
the longest practical length for scarfed extensions, and rep-
resented a maximum thrust vector adjustment capability.
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Each of the 160 perfect-nozzle contours was truncated at
every specified s value that did not exceed the original gper
value, and corresponding axial performance calculations were
made. The sets of truncated perfect-nozzles that corresponded
to each s value were then utilized to obtain specific scarfed-
nozzle geometries for analysis. For each e value, truncated
perfect-nozzle contours were identified and generated that
had equivalent basic nozzle lengths (xjyj) to conical nozzles
with half-angles of 10, 15, 20, and 25 deg. In addition, for
each s value, truncated perfect-nozzle contours were identi-
fied and generated that had equivalent axial performance (CFX)
to the same four conical basic nozzles. Thus, for each e value,
the design/analysis code was utilized to generate eight new
perfect-nozzle designs which were truncated to the appropri-
ate expansion ratios. These eight designs were then used as
input to the scarfed-nozzle performance prediction code and
scarfed-nozzle performance predictions were generated for
each.

Results
The objective of the present investigation was to evaluate

the advantages of utilizing truncated perfect basic nozzle con-
tours on scarfed-nozzles utilized for thrust vector adjustment.
To clearly demonstrate these advantages, the results of the
current investigation were compared against the baseline per-
formance result determined for conical nozzles in the previous
investigation. The results of the present parametric study are
presented in terms of RL, RF, and Re which are given by the
following relationships:

(5)

(6)

(7)Re = eT/eTn

where the subscript ref denotes the values for the baseline
reference nozzle. For each e value, the corresponding conical
basic nozzle with a 10-deg half-angle was selected as the ref-
erence scarfed-nozzle design. Presented in Table 1 are the
specifications for the reference nozzles. Presented in Figs. 2-
4 are typical results from the parametric study. Presented in
Fig. 2 is a plot of thrust ratio as a function of length ratio for
selected expansion ratios. Results are presented for both con-
ical (labeled "con") and perfect (labeled "per") basic nozzles.
The conical performance points are for half-angles of 10, 15,
20, 25, and 30 deg. Presented in Fig. 3 is a plot of thrust angle
ratio as a function of length ratio for the same expansion
ratios. Once again, both conical and truncated perfect basic
nozzle results are presented. The conical points are for half-
angles of 10, 15, 20, and 25 deg. Presented in Fig. 4 is a plot

Table 1 Reference vacuum performance values for
10-deg conical nozzles

e
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0

CWref
1.4469
1.4951
1.5286
1.5545
1.5779
1.5994
1.6173
1.6327
1.6462
1.6580
1.6685
1.6779
1.6865
1.6943
1.7015
1.7082
1.7413

*ejy<
2.3929
3.3395
4.1954
4.9825
5.7150
6.4031
7.0538
7.6728
8.2642
8.8315
9.3773
9.9039
10.4133
10.9069
11.3863
11.8525
12.3066

0rref, deg
15.8783
14.2915
13.2911
12.4913
11.6821
11.0303
10.5334
10.1197
9.7734
9.4722
9.2380
9.0459
8.8587
8.7299
8.5804
8.4056
8.3157

of perfect-nozzle expansion ratio as a function of length ratio
for the same expansion ratios.

From the results presented in Figs. 2-4, the following gen-
eral observations can be made about scarfed-nozzles with a
fixed expansion ratio:

1) For a fixed thrust level (RF value) the basic nozzle with
the truncated perfect-nozzle contour will be shorter than con-
ical basic nozzle.

2) For a fixed basic nozzle length (RL value) the basic nozzle
with the truncated perfect-nozzle contour will have higher
performance than the conical basic nozzle.

3) As basic nozzle length decreases, the thrust level of the
truncated perfect-nozzle approaches that of the conical noz-
zle.

4) The performance advantage (or conversely length re-
duction advantage) of the truncated perfect-nozzle becomes
more significant as expansion ratio is increased.

5) For a fixed basic nozzle length, the conical nozzle has a
greater thrust vector adjustment capability.
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6) As basic nozzle length decreases, the thrust vector ad-
justment capability of the truncated perfect-nozzle ap-
proaches that of the conical nozzle.

7) The thrust vector adjustment advantage of the conical
nozzle becomes more significant as expansion ratio is in-
creased.

It is apparent that the use of a truncated perfect-nozzle
contour results in a thrust level increase over an equivalent
length conical nozzle (RL = 1.0). Conversely, the use of a
truncated perfect-nozzle provides a length reduction over an
equivalent thrust conical nozzle (RF = 1.0). In both cases
there is a reduction in thrust vector adjustment capability.
The two obvious questions that must be answered by the
nozzle designer are: is it more desirable to have higher axial
performance in the same length or reduced length and the
same axial performance; and is the thrust vector adjustment
capability of the selected truncated perfect scarfed-nozzle de-
sign sufficient?

If the case of equivalent length nozzles is considered, it can
be seen from the results in Figs. 2-4 that the performance
gains achieved with truncated perfect-nozzle are minimal. Over
the range of expansion ratios considered, a truncated nozzle
that is equivalent in length to a 10 deg conical nozzle will
provide a thrust improvement of less than 1%. If the case of
equivalent thrust nozzles is considered, it is evident that sig-
nificant nozzle length reductions are available. For the range
of expansion ratios considered, a truncated perfect-nozzle that
had equivalent thrust to a 10 deg conical nozzle would provide
a nozzle length reduction of 6-61%. For tactical missile sys-
tems where the length of the nozzle is likely to be a significant
portion of the overall rocket motor length, the equivalent
thrust design approach is the superior alternative.

With regard to thrust vector adjustment capability, the re-
sults in Figs. 2-4 show that over the range of expansion ratios
considered, truncated perfect nozzles that have equivalent
thrust to 10 deg conical nozzles will have a degradation of
thrust vector adjustment of 2-6%. This degradation is small
and the thrust vector capability for all the 10 deg equivalent
thrust nozzles exceeds 8.7 deg. This capability is more than
adequate for most tactical booster applications.

Nozzle Design Methodology
The results of the parametric study provide a general format

for the design of a scarfed perfect-nozzle for thrust vector
adjustment applications. The assumption is made that a pre-
liminary booster design utilizing a conical (reference) scarfed-
nozzle has been produced and an improved reduced length
nozzle design is desired. The following are assumed to be
known:

Motor operating conditions—Pt, Pa, y
Nozzle geometry constraints—yt, ptu/y,, ptd/y,, e
Reference performance—CFjAr-ref, 9Tref

Reference geometry—0rref

Required thrust vector angle—0rreq

Utilizing the motor operating conditions and the nozzle
geometry requirements, the perfect-nozzle design/analysis code
is employed to generate a series of perfect-nozzle designs and
the associated performance predictions. Utilizing these de-
signs, the performance and geometry of the reference nozzle,
and Eqs. (5) and (6), a plot of RF as a function of RL is
generated. The results of this plot are interpolated to deter-
mine £per at which equivalent thrust (RF = 1.0) is achieved.
Once £per value has been determined, the corresponding per-
fect-nozzle contour is generated. The perfect-nozzle contour
is truncated and used as input to the scarfed-nozzle perfor-
mance prediction code to determine the thrust vector ad-
justment capability. The result is a reduced-length nozzle de-
sign.

Nozzle Design Example
To illustrate the use of the design methodology, the pre-

viously detailed procedure was exercised to produce an im-
proved scarfed-nozzle design.

The reference motor operating conditions are as follows:
Pt = 3400 psia, Pa = 14.7 psia, y= 1.2. The nozzle geometry
constraints are y, = 0.415 in., ptu = 10.0 in., ptd = 0.010 in.,
ye = 0.415 in., £ = 4.8612. The reference nozzle has a 12-
deg half-angle, and the related performance and geometric
values are presented in Table 2. The required thrust vector
adjustment angle is 0Treq = 5.4 deg.

Utilizing the motor operating conditions and nozzle ge-
ometry constraints, perfect nozzle contours were generated
for 77 perfect-nozzle expansion ratios (£per = 4.8612, 5.0-
20.0 in increments of 0.2). Presented in Fig. 5 is the plot of
RF as a function of RL that was generated from the perfect-
nozzle contours analysis results. Also presented in Fig. 5 are
design points for conical nozzles with half-angles of 12, 15,
20, 25, and 30 deg. Presented in Fig. 6 is a plot of eper as a
function of RL. Using the results in Figs. 5 and 6, the equiv-
alent thrust nozzle design was determined, generated, and
evaluated. A performance and geometrical comparison be-
tween the reference and improved design is presented in Table

Table 2 Nozzle design comparison

RL

RF

Baseline,
12-deg cone

1.5981
5.6695

10.473
1.000
1.0000
1.000

Improved,
perfect
1.6002
3.9237
9.386
0.6921
0.8962
1.000
7.5708
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Fig. 7 Design example baseline and improved nozzle configurations.

2. Presented in Fig. 7 are cross-sectional drawings of both
nozzle designs.

From the results presented in Table 2, it is evident that the
perfect-nozzle design offers significant length reduction over
the conical baseline. By utilizing the improved design, a 30.8%
basic nozzle length reduction can be achieved while main-
taining an equivalent thrust level. In addition, the improved
design has a thrust vector angle of 9.4 deg which exceeds the
5.4-deg requirement.

Experimental Evaluation
An experimental evaluation effort was conducted to vali-

date the analysis tools and the design methodology through
verification of the design example.

Setup/Hardware
The nozzle geometries generated in the design example

were experimentally evaluated through solid rocket motor
firings. Existing heavy-wall, solid rocket motor hardware was
configured with a single, removable, scarfed-nozzle that was
oriented coaxial to the motor axis. The propellant formulation
and cylindrical port grain configuration were designed to pro-
vide a nominal chamber pressure of 3400 psia when the nozzle
geometries illustrated in Fig. 7 were utilized. Presented in
Fig. 8 is a cross section of the rocket motor. The motor was
mounted vertically on a six-component thrust stand which was
an integral unit capable of independently measuring three
force and three moment components.

Eight motor firings were conducted. Both the baseline and
the improved nozzles from the design example were each
evaluated with cylindrical nozzle extensions that had scarf
angles of 30, 40, 50, and 60 deg. The primary objectives of
these evaluations were to experimentally verify the following
1) the ability to predict axial thrust for both designs; 2) the
ability to predict thrust angle for both designs; 3) that the
improved design has equivalent motor axial thrust to the base-
line design; 4) that the thrust vector can be adjusted by varying
the scarf angle; and 5) that the axial performance of both
designs is independent of the scarfed extension geometry.

Cross-sectional drawings of the nominal nozzle geometries
that were used are presented in Fig. 7. Presented in Table 3
are the nozzle configurations that correspond to each test.
For each motor firing a theoretical scarfed-nozzle perfor-
mance analysis was conducted for the reference operating
conditions.

Data Analysis
In order to consistently analyze the data from the test pro-

gram, the experimental results from each test were time-av-
eraged and the performance values were adjusted to the ref-
erence operating conditions (as presented in the design
example). The burn time for each test was defined as the
period of time where the motor chamber pressure exceeds
70% of the maximum value achieved. The data averaging
period for each test was selected as the first 0.50 s of the

PROPELLANT GRAIN
CYLINDRICAL CORE

Fig. 8 Solid rocket motor cross section.

motor burn time. This averaging period was selected to min-
imize the impact of nozzle erosion on the data. The averaged
performance data were adjusted to the reference operating
conditions. This adjustment process is described in Ref. 1.
The averaged and adjusted results for each test are presented
in Table 3.

To perform comparisons between theoretical and experi-
mental results, j]F and rjd are also presented in Table 3. These
discrepancies are determined from the following relation-
ships:

(8)

(9)

To provide additional insight into the thrust vector adjustment
capability, shown in Fig. 9 is a plot of thrust angle as a function
of scarf angle for the reference pressure levels. Both theo-
retical (denoted "theo") and corrected experimental (denoted
"exp") are presented for both conical and truncated perfect-
nozzles. The theoretical and experimental values of j8req that
satisfies 0rreq of 5.4 deg for the conical contour, are 56.5 and
49.4 deg, respectively. For the perfect contour, the required
scarf angles are 57.1 and 53.3 deg, respectively.

The results in Table 3 and Fig. 9 were utilized to assess the
degree to which the objectives of the experimental verification
effort were satisfied. The following are those assessments:

1) The results indicate a general agreement between the
theoretical predictions for motor axial performance and the
experimental values. For all tests the predicted motor axial
thrust coefficient was within 12% of the experimental value.
In all tests the performance model over-predicted the motor
axial thrust coefficient. These apparent performance losses
(as compared to theoretical results) can be primarily attrib-
uted to unmodeled factors such as heat transfer through the
nozzle wall, boundary-layer effects, and two phase flow. The
level of agreement achieved is consistent with that demon-
strated on the previous studies in which the performance models
were utilized to predict the thrust of the small solid rocket
motors employing scarfed-nozzles.1'7'9'10 For the small nozzles
(in the size class considered in this study) the impact on thrust
of the previously mentioned unmodeled factors typically re-
sult in overpredictions on the order of 10%. However, if the
designer is cognizant of the bias introduced by these unmod-
eled factors, the performance models can be adjusted (cali-
brated) to produce accurate thrust predictions.

2) The results indicate a qualitative agreement between the
theoretical predictions for thrust angle and the experimental
values. For all tests the predicted thrust angle was within 22%
of the experimental value. For both basic nozzle configura-
tions, the performance model over-predicted the thrust angle
for small scarf angles (30 deg) and underpredicted the thrust
angle for large scarf angles (60 deg). The relatively higher
level of disagreement between experimental and theoretical
thrust angles (as compared to the axial thrust efficiencies) and
the observed inconsistencies can be attributed to the fact that
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Table 3 Test results summary

Test

Averaged data,
first 0.50 s of burn

Averaged data corrected
to reference conditions

Theoretical performance
at reference conditions

,deg F,ave, psia CFtX, ave 0Tave, deg CFtX, exp p, deg
Discrepancies

C-l
C-2
C-3
C-4
P-l
P-2
P-3
P-4

30
40
50
60
30
40
50
60

3958
4428
3580
3410
2826
2841
2940
2909

1.4500
1.4524
1.4285
1.4034
1.5457
1.5480
1.4649
1.4534

11.11
8.44
5.27
3.84
9.40
8.17
5.59
4.32

1.4470
1.4475
1.4275
1.4034
1.5500
1.5521
1.4682
1.4570

10.99
8.15
5.21
3.84
9.68
8.42
5.81
4.56

1.5981
1.5981
1.5981
1.5981
1.5981
1.5981
1.5981
1.5981

10.46
8.26
6.33
4.90
9.39
7.68
6.30
5.03

0.91
0.91
0.89
0.88
0.97
0.97
0.92
0.91

1.05
0.99
0.82
0.78
1.03
1.10
0.92
0.91

C Test series—conical contours. P Test series—perfect contours.
ave—Experimental data that has been time averaged over the first 0.50 sec of the burn time for the given test.
exp—Experimental data that has been time averaged and then adjusted to the reference conditions.
theo—Theoretical performance predictions based on the reference conditions.
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the thrust angle is based on two independent thrust compo-
nents [see Eq. (2)]. Consequently, the inaccuracies and in-
consistencies in predicting the two independent thrust values
both contribute to the final predicted thrust angle. However,
the significant observation that can be made from the results
in Table 3, is that for both nozzle contours, the theoretical
model qualitatively predicted the influence of scarf angle on
thrust angle as is clearly illustrated in Fig. 9.

3) The results experimentally verify that the motor axial
performance of the improved nozzle is equivalent (or supe-
rior) to that of the baseline design. The adjusted average axial
thrust coefficient for all four perfect-nozzle tests were superior
to those of the four conical nozzle tests.

4) The results experimentally verify that the thrust angle
can be adjusted through changes in the scarf angle. These
results experimentally verify that, for the baseline design, a
continuum of thrust of angles from 0 to 11 deg can be achieved,
and that for the improved design, a continuum from 0 to 9.7
deg is available. The results in Fig. 9 verify that both nozzles
have a demonstrated range of thrust vector adjustment ca-
pability that satisfies the required design thrust angle of 5.4
deg.

5) The results experimentally verify that the motor axial
performance of both nozzle designs is independent of the
scarfed extension geometry. For the baseline design, the axial
performance of tests C-l and C-2 were equivalent. The axial
performance of tests C-3 and C-4 were also equivalent to each
other, but at a degraded level as compared to the first two
tests. This trend, which holds for the improved nozzles as
well, is a direct result of the testing sequence and not the
scarfed-nozzle geometry. For the no. 1 and 2 tests, for both
nozzle configurations, new nozzle hardware was utilized
(throats, expansion contours, and scarfed extensions). For the
no. 3 and 4 tests, the previously used throats and expansion
contours were refurbished and utilized with new scarfed ex-
tensions. Consequently, the performance degradation ob-

served for the second pair of tests for each contour was most
likely a result of the nozzle hardware having been fired once.
The influence of scarfed extension geometry on motor axial
performance is evaluated by comparing, for each nozzle con-
tour, the relative performance of the no. 1 test against that
of the no. 2 test and the axial performance of the no. 3 test
against that of the no. 4 test. From the results in Table 3 it
is clear that the influence is negligible, and that axial per-
formance is independent of scarfed extension geometry.

Conclusions
Existing design and analysis tools were utilized to investi-

gate the performance of scarfed perfect-nozzles for thrust
vector adjustment. These models were exercised for a wide
range of nozzle lengths and expansion ratios. The results of
this theoretical study indicate that for a given expansion ratio,
the use of a truncated perfect-nozzle contour will result in a
significant reduction in basic nozzle lengths as compared to
a 10-deg conical nozzle. This length reduction is achieved with
no degradation in axial thrust and a substantial thrust vector
adjustment capability. The analysis models and the results of
the theoretical study were utilized to develop a scarfed per-
fect-nozzle design methodology. The application of this meth-
odology was illustrated through a specific design example.
The nozzle design generated in the example was utilized in
an experimental effort which validated the analysis tools and
the design methodology.

For many tactical rocket motor applications, the nozzle
design is constrained by overall geometry, cost, and motor
design requirements. The results of the previous investigation
demonstrated that scarfed-nozzles offer the propulsion system
designer a low-cost, high-performance means of thrust vector
adjustment. The results of the present investigation demon-
strate that use of perfect nozzle contours provides significant
length reductions without sacrificing the above benefits.
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