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Scarfed Nozzles for Thrust-Vector Adjustment

Jay S. Lilley* and Jerrold H. Arszmant
U.S. Army Missile Command, Redstone Arsenal, Alabama 35898

This paper presents the results of an investigation into the utilization of scarfed nozzles for thrust-vector
adjustment. The investigation was conducted to determine the feasibility of utilizing scarfed nozzles on tactical
missiles employing multiple strap-on solid rocket boosters. This approach offers an effective and low-cost
method for aligning the thrust vector with the missile center of gravity. The use of such nozzles provides a means
of minimizing the impact of booster-to-booster performance variation on missile angular velocity while having
a minimal impact on individual booster performance. A previously developed scarfed nozzle performance-pre-
diction computer code served as the primary theoretical analysis tool. This code was utilized to conduct an
extensive parametric study that characterized the influence of scarfed nozzle geometry and nozzle operating
pressure on the direction and magnitude of the thrust vector. The influence of scarfed nozzle geometry on the
thrust vector was also experimentally investigated by statically firing specially designed solid rocket motors that
employed scarfed nozzles. The data from the experimental motor firing were compared to performance
predictions generated by the theoretical model. Design implications and concept limitations are addressed.

Nomenclature
A =downstream throat-attachment point
A, =throat area
Cr =thrust coefficient

=moment coefficient

=scarfed extension starting point
=thrust, scarfed extension ending point
=side-force action point, moment
=mass flow rate

= pressure

=throat

=nozzle axial velocity component
=motor axial coordinate

=nozzle axial coordinate

=motor radial coordinate
=nozzle radial coordinate

= basic nozzle half-angle

=scarf angle

= specific heat ratio

=expansion ratio

=efficiency

=thrust angle

=throat-curvature radius

=scarf cut integration half-angle
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Subscripts

a = ambient

bn =basic nozzle

e =scarfed extension starting point
exp =experimental

f =scarfed extension ending point
IVL =initial value line

m =side-force action point

t =stagnation, throat

td =throat downstream

th =theoretical

tu =throat upstream
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vac  =vacuum
X =motor axial coordinate, motor axial thrust
X =nozzle axial coordinate

Y = motor radial coordinate, motor radial thrust
y =nozzle radial coordinate

9 =thrust angle

Introduction

OR certain tactical missile designs, it is desirable to em-

ploy several strap-on solid rocket boosters attached cir-
cumferentially around a centerbody. However, this propul-
sion system concept creates significant problems for the
missile designer. The performance of each individual booster
will be subject to the motor-to-motor variability in thrust level
and burn time that is normally associated with solid rocket
motors. During booster operations, the thrust-level differ-
ences between the individual rocket motors will result in a
moment about the missile center of gravity. The differences in
burn time among the various motors will also generate signif-
icant moments as each motor will cease operation at different
times. Any moments generated by the propulsion system will
have an adverse impact on the design of the guidance and
control system for the missile. Consequently, it is desirable to
eliminate these moments.

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 active thrust-vector control system is not a
viable consideration due to the cost and weight restrictions
imposed on most tactical missile systems. Consequently, a
passive means of thrust-vector adjustment is required. Con-
ventional approaches to achieve this objective would be to
cant the nozzle of each booster or to use a tapered motor case
and cant the entire motor. Both of these approaches compli-
cate the design of the booster, increase the propulsion system
cost, and incur a performance loss as the axial thrust of the
rocket motor acts at an angle to the missile centerline. It is
evident that an alternate approach that has minimal impact on
the booster cost and performance is required to adjust the
thrust vector.

An attractive alternative is to employ a scarfed nozzle on
each booster. Each scarfed nozzle consists of a conventional
axisymmetric conical nozzle with a truncated (scarfed) cylin-
drical extension. An illustration of a possible booster design is
shown in Fig. 1. The axis of the nozzle is colinear with the
booster axis and parallel to the missile axis so that no axial
thrust loss exists and conventional booster design practices can
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be employed. Control of the thrust-vector direction is
achieved by the scarfed extension that generates a side force
normal to the missile axis. By varying the unscarfed nozzle
geometry and the length of the scarfed extension, the magni-
tude of the side force can be adjusted such that the resultant
thrust vector passes through the center of the gravity of the
missile.

The addition of the scarfed extension does not influence the
motor axial thrust of the booster. Consequently, no perfor-
mance penalty is incurred for generating the side force unlike
the case of the canted nozzle or motor. However, the particu-
lar missile system design may require thermal protection to
shield the centerbody from the impingement of gas. If re-
quired, the relative impact of this protection on system cost or
weight should be insignificant for tactical boosters that have
typically short burn times. Therefore, the use of a scarfed
extension offers a method of adjusting the booster thrust
vector that has minimal impact on propulsion system cost or
performance.

An investigation was conducted to evaluate the use of
scarfed nozzles for thrust-vector adjustment. A theoretical
performance-prediction model for scarfed nozzles was devel-
oped based on a computer code that had been applied exten-
sively in previous investigations of canted, scarfed nozzles.!
Using this performance model, a parametric study was con-
ducted to characterize the influence of scarfed nozzle geome-
try and motor operating conditions on thrust-vector adjust-
ment. Static test firings of specially designed solid rocket
motors-that employed a variety of scarfed nozzle configura-
tions were conducted to validate the theoretical model. Limi-
tations$ on the application of scarfed nozzles for thrust-vector
adjustment are discussed.

Analysis Model

The theoretical analysis model utilized in this investigation
is a modification of a scarfed nozzle performance-analysis
computer code developed by Hoffman.2 This code was used
extensively in previous scarfed nozzle performance studies!
and has been experimentally validated with data from numer-
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ous solid rocket motor firings.!:* Descriptions of the geometric
model, the flowfield model, and the performance model ut1-
lized in the computer code are as follows.

Geometric Model

A plane view of the scarfed nozzle geometric model is
shown in Fig. 2. The basic nozzle consists of a double circular
arc throat contour joined smoothly to a conical supersonic
expansion contour. The nozzle extension consists of a trun-
cated (scarfed) cylindrical section beginning at the end of the
basic nozzle.

The throat geometry is completely specified by the throat
radius y,, the upstream and downstream throat curvature radii
0, and p,g, respectively, and the cone angle «. The two circu-
lar arcs join smoothly at the throat point 7. The downstream
circular arc attaches smoothly to the conical expansion con-
tour at point 4. The basic nozzle contour is specified by the
cone half-angle « and the expansion ratio €. The expansion
ratio is given by

€= /vy )

where y, is the radius of the cone at the end of the basic nozzle
(point E). The nozzle extension is a cylinder with radius Ye that
is joined to the basic nozzle forming a dlscontmulty in the
nozzle wall at point E. The cylindrical extension is truncated
by a planar cut that passes through point E at an angle 8 and
terminates at point F. For a given basic nozzle contour, the
nozzle extension is completely specified by the scarf angle 8.

“In this analysis, the axis of the nozzle x is assumed to be
colinear to the motor axis X and parallel to the missile axis.
The scarfed exit plane of the nozzle is oriented through the
missile axis (to prevent any roll moments) and faces aftward
and outward in relation to the missile centerbody (see Fig. 1).
The present orientation of the nozzle differs greatly from
typical scarfed nozzle applications where the nozzle axis is
canted such that the exit plane is flush with the missile skin.

Flowfield Model

An axisymmetric numerical method-of-characteristics anal-
ysis was utilized to determine the scarfed nozzle flowfield.
This analysis was developed by Hoffman and is described in
detail in Ref. 2. Different flowfield analyses were employed
depending on nozzle region~—for the throat region, a transonic
analysis; in the basic nozzle up to the region of influence of the
discontinuity (point E), an irrotational analysis; at the wall
discontinuity, an oblique shock wave analysis; and down-
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stream of the shock wave, a rotational analysis. Extensive
experimental investigations have shown this flowfield model
to be a valid tool for the analysis of scarfed nozzles utilized in
tactical solid propulsion systems. >4

Performance Model

The nozzle wall pressure distribution predicted by the flow-
field analysis is intergrated over the wall geometry to obtain
the nozzle performance. The two factors of interest in charac-
terizing the performance of the scarfed nozzle are motor axial
thrust coefficient Cr, y and thrust angle 7. Another geometric
parameter of interest is the nozzle side-thrust action location
X

The approach used in determining nozzle performance is to
calculate the performance under vacuum conditions and then
correct for atmospheric pressure. The vacuum motor axijal
thrust coefficient Cp,y  is given by

vac

Cr,x,,.,= Crixpy + Cr S C ¥}

where Cr,x,,, is the motor axial vacuum-thrust coefficient of
the throat and Cr,x,, is the motor axial vacuum-thrust coef-
ficient of the basic ndzzle conical expansion contour.

These thrust coefficients are given by

Croxy,,, = [1/(AP)] § @wy Pdy +udm) 3)
IVL
Ye
Crox,y, =21 /A, j (P/P,)ydy @
Yt
where
A= wy? (&)

Note that the integration for the motor axial thrust coeffi-
cient is only over the unscarfed section of the nozzle since the
cylindrical scarfed extension is parallel to the motor axis and
thus produces no axial thrust. This effect is counter to most
tactical scarfed nozzles that are usually canted to the motor
centerline.

The motor side vacuum-thrust coefficient is given by

*r
Crov,,=2/4, S (P/P,)y siny dx ©)
Xe
where x, is the nozzle axial coordinate of point E, x;is the
nozzle axial coordinate of point F, and v is the half-angle of
the scarf cut. The angle ¥ and the integration procedure are
shown in Fig. 3. Note that the integration for the side-thrust
coefficient is only over the scarfed extension since the start of
the scarf cut and the start of the cylindrical extension both
occur at point E. Consequently, only the cylindrical extension
generates side thrust. The nozzle side vacuum-moment coeffi-
cient CMWC is given by

X

! (P/P;) xy siny dx )

Xe

Cm,,.=2/(A) X

where the vacuum nozzle axial location of the side force Xt e
is given by

xmvac =-yt(j]Vlvac/CF’ Yyac (8)

The contribution of the ambient pressure P, to nozzle perfor-
mance is given by

Crx,= (Ps/P/) € &)
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CF, Y, = CF,Xn/tanB (10)
X, =Y/ taNS + X, (11)
Cu,= Cr, Y,,xm/ Vi (12)

where the subscript a denotes the contribution of atmospheric
pressure to the respective performance factors.

The performance of the nozzle is determined by subtracting
the contribution of the atmospheric pressure from the vac-
uum-performance factors. The nozzle performance factors are
given by

Crx=Crx,.—Crx, (13)
Cry=Cry,.—Cry, (14)
Cy=Cum,,.— Cu, (15)
X =Y:Cr/Cry (16)
Or=tan™! (Cry/Crx) 17)

It should be noted that the thrust coefficients integrated
over the nozzle coordinates x and y also apply to the motor
coordinates X and Y since the nozzle axis is colinear to the
motor axis. However, the moment coefficient C,, and thrust
location x,, are referenced to the nozzle coordinate system
whose origin is the center of the throat.

To obtain dimensional values for thrust F and moment M
from the nondimensional coefficients, the following relation-
ships are used:

F=A,P,Cr (18)

M=APyCy (19)

To compare theoretical results with experimental results,
the following nondimensionalized relationships are applied:

M= CF x o/ Crx (20)
Ny = CEXexp/CF: Yin (21)
0= 07,/ 07, (22

where 1., 1,, and 7 are the efficiencies for axial thrust, side
thrust, and thrust angle, respectively. Also, note the subscripts
th and exp denote theoretical and experimental results, respec-
tively.

Consideration must be given to the applicability of the
result generated by the performance model. The value of Cr x,
Crv» Cur» X, and 07 are dependent on the following factors:
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Fig. 4 Thrust angle as a function of expansion ratio for P,/P; =0.
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1) specific heat ratio v; 2) nozzle geometry, p.,/¥s p1a/Ve Qs €
B; and 3) operating condition P,/P,.

For a given nozzle geometry, the vacuum performance is
applicable for all propellants with the same specific heat ratio
and all operating conditions (P,/P, ratios) for which the flow-
field analysis is valid.!* By applying the relationships in Eqs.
(9-17), the vacuum-performance results can be used to deter-
mine the actual nozzle performance at a given value of P,/P;.
It should be noted that the relationships presented in Eqgs.
(14-17) are valid as long as the flowfield in the scarfed exten-
sion is not separated. As a practical matter, the methodology
would be limited to cases where the pressure throughout the
scarfed nozzle extension is greater than ambient to insure that
the pressure force on the extension acts radially outward at all
points. The limitation is not restrictive, as the side-force con-
tribution of wall pressure must exceed that of the atmospheric
pressure to achieve a side force that acts radially toward the
missile axis. For a given nozzle geometry, this assumption
effectively establishes a lower limit on the nozzle stagnation
pressure for the practical utility of the concept.

Theoretical Study

To determine the influence of scarfed nozzle geometry and
motor operating conditions on thrust-vector magnitude and
orientation, an extensive parametric study was conducted uti-
lizing the analysis model. The model was exercised for a wide
range of variables that encompassed common design practices
for tactical missile applications while preserving the assump-
tions of the model. The throat geometric specification (p,,/
¥:=1.0, psy/y:= 0.5) and the specific heat ratio (y=1.2) were
also selected as typical values for tactical solid propellant
rocket motors. Two separate studies were performed—one
considering the influence of design variables for the conical
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Fig.5 Motor axial thrust coefficient as a function of thrust angle for
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(basic) nozzle and the other considering scarfed extension
design variables.

Conical Nozzle Variables

For the primary study, a single scarf angle of 30 deg was
selected in order to provide the longest possible scarfed exten-
sion length (maximizing side force) while not violating the
criteria for maintaining axisymmetric flow throughout the
nozzle.* Consequently, the conical nozzle independent vari-
ables in this study are «, ¢, and P,/P,. The following set of
independent variables were selected as typical for tactical
rocket boosters: o= 10, 15, 20, 25, 30 deg; ¢=2, 3,4, 5,6, 7,
8, 9, and 10; and P,/P,=0.0, 0.005, and 0.009. The upper
limit of 0.009 for P,/P, assures a greater-than-atmospheric
pressure throughout the scarfed extension for all combina-
tions of « and e considered.

Scarfed nozzle performance evaluations were conducted for
all 135 combinations of «, €, and P,/P,. The dependent per-
formance factors of interest in this study were Cr, x, Cry, and
Or. It should be noted that the results for P,/P,= 0.005 and
0.009 were derived from the vacuum-performance result by
applying Eqgs. (9-17). The results of this parametric study are
presented in Figs. 4-7.

Since the primary parameter of interest for this study was
the amount of thrust-angle turning, the pertinent data are
presented in relation to the thrust angle 6 as defined by Eq.
(17). A plot of thrust angle as a function of expansion ratio for
vacuum conditions with nozzle half-angle as a parameter is
shown in Fig. 4. In all cases, the nozzle half-angle is a signifi-
cant control, particularly for the smaller expansion ratios. The
driver for this large thrust turning is the strong shock induced
by the cone-to-cylinder transition of the scarfed extension (see
Fig. 2). The large relative angle between the cone and cylinder
generates a high pressure behind the shock which then acts
over the scarfed cylindrical extension to produce the large
thrust angles shown in Fig. 4. In general, the statement can be
made that thrust angle increases with half-angle and decreases
with expansion ratio. This trend holds for all pressure ratios
considered.

With such a significant capability to change the thrust an-
gle, the question resolves itself into what nozzle design is best
for a particular set of nozzle conditions. These conditions are
usually dominated by missile system implications on the motor
design, particularly for tactical missile applications. Plots of
motor axial thrust coefficient, as a function thrust angle for
P,/P,values of 0.00, 0.005, and 0.009, respectively, are shown
in Figs. 5-7.

The interesting areas for study are the regions of smaller
thrust angles (less than 15 deg) since large thrust angles can be
achieved only for large nozzle half-angles and thrust angles
less than 15 deg provide considerable design flexibility for
actual use. The results in Fig. 5 for vacuum conditions show a
measurable difference in motor axial thrust for a given thrust
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16 P ey Po/Py=.000 Table 1 Nozzle geometries
> 14 : ...... O PG/Pt:‘OOS Motor «a, deg €
A P_/P,=.009 C-2 10 4.97
-2 0= "o C-3 30 4.97
© 10 C-4 10 9.99
8 C-5 30 9.83
> 8 C-6 10 19.79
5 5 C-8 10 19.98
o C-7 30 20.02
2 4
= L
T2
a maximum. By increasing the scarf angle for a given nozzle
03 020 5 3 %0 0 80 30 beyond 30 deg, any thrust angle below that maximum can be

Scarf angle, § (deg)

Fig. 8 Thrust angle as a function of scarf angle for «=230 deg, e=5.
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angle with the higher nozzle half-angles providing higher axial
thrust than nozzles with shallower half-angles. As the pressure
ratio changes, so does the best choice of nozzle half-angles.
For a pressure ratio of 0.005 (see Fig. 6), the motor axial
thrust coefficient is virtually independent of nozzle half-angie
for thrust less than 15 deg. As the pressure ratio becomes
larger 0.009 (see Fig. 7), the shallower nozzles show a distinct
advantage up to 15 deg thrust angle. From the results pre-
sented in Figs. 5-7, it is evident that the optimum half-angle
for a given thrust angle is dependent on motor operating
conditions (R,/P;).

Scarfed Exfension Variable
A second parametric study was conducted to illustrate the

influence of scarf angle (scarfed extension length) on thrust
angle. The thrust angles determined in the first study represent

achieved. Using a nozzle geometry of o =30 deg, e =5, perfor-
mance analyses were conducted for scarf angles between 30
and 90 deg at P,/P, values of 0.000, 0.005, and 0.009. The
results are presented in Fig. 8. These results clearly demon-
strate the ability to achieve a continuum of thrust angles from
zero to the maximum by varying the scarf angle. This thrust-
angle control allows the designer to select the basic nozzle
design that represents the best compromise between axial per-
formance and maximum available thrust angle. After the ac-
quisition of experimental performance data and rocket design
refinement, the scarf angle of the nozzle can be varied to fine
tune the thrust angle without affecting the motor axial perfor-
mance.

Model Validation

The theoretical model provided insight into the design flexi-
bility available using the scarfed nozzle extension for control
of the thrust angle. To validate the model, an experimental
evaluation program was conducted utilizing existing hardware
and test capabilities.

Test Hardware

Presented in Fig. 9 is a cutaway view of the heavywall solid
rocket motor utilized in the experimental program. The salient
features are an end-burning propellant grain to provide a flat
pressure-time history and dual scarfed nozzles oriented to
develop the maximum side force. The rocket motor was de-
signed to operate at a constant 3600 psia chamber pressure to
insure that the pressure levels were greater than ambient
throughout the scarfed extension for all nozzles that were
evaluated. Graphite nozzle-throat inserts were utilized to pro-
vide some degree of nozzle-throat erosion control to reduce
experimental variability. The rocket motor was mounted hori-
zontally in a test fixture and axial thrust, side thrust, and
chamber pressure data were acquired and recorded for each
firing.

Seven tests were performed to investigate the effect of noz-
zle half-angle and expansion ratio on thrust angle. Nozzle
half-angles of 10 and 30 deg and expansion ratios of 5, 10, and
20 were tested and evaluated. Although outside of the range of
interest, motors with expansion ratios of 20 were included in
the experimental investigation due to the availability of exist-
ing nozzle hardware. The half-angle and expansion ratio for
each motor test is shown on Table 1. For each motor firing, a
theoretical performance analysis was conducted using average
nozzle-throat geometries, a nominal stagnation pressure of
3600 psia, and a specific heat ratio determined by thermo-
chemical analysis. Equations (9-17) were utilized to generate
theoretical performance histories.

Figure 10 shows the pressure-time histories for the motor
firings and clearly demonstrates the reproducible nature of the
gas source provided by the solid-propellant motor. Although
the pressure-time histories are very reproducible, there was
some variation in the nozzle-throat erosion. In order to facili-
tate data reduction, the nozzle erosion was averaged for each
test and the average nozzle dimension was used for the theo-
retical analysis. This should be manifested in the experimental
thrust being higher than predicted toward the end of burning.
Although this should not adversely affect the data trends, it
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probably accounts for some of the progressivity apparent on Table 2 Summary of experimental results
the efficiency curves. .
Time Motor Measured thrust turning
Data Analyses intervals, s number #,7, deg 16 Ranking
Pressure, axial force, and side-force data were collected for 0.2-0.3 C-3 13.2 0.957 1
the seven motors as configured in Table 1. For the purpose of C-5 10.6 1.012 2
model validation, the data were reduced to efficiencies as g'_27 12; i(l)gg i
defined by Eq. (20-22). These efficiencies normalize the exper- ) ’ )
. . . C-4 5.3 0.967 5
imental results to the predicted results of the theoretical study. c8 3.0 1.710 6
The experimental efficiency-time histories for axial thrust, C-6 2.4 1.388 7
side thrust, and thrust angle, respectively, are presented in
Figs. 11-13. The theoretical predictions contain no ballistic 0.3-0.4 C-3 13.2 0.948 1
efficiencies or nongeometric factors; therefore, the absolute C-5 10.9 1.019 2
values are not as important as the trends. C-2 10.3 1.114 3
The bulk of the axial thrust-efficiency data presented in Fig. C-7 6.7 1.020 4
11 shows a slight trend down during the first half of the burn gg g; ?32? 2
and then a sharp upturn. This behavior is consistent with the ) : :
A . . C-6 2.7 1.234 7
existence of nozzle-throat erosion coupled with the use of an
average throat radius for data-reduction simplicity. Although 0.6-0.7 C3 13.4 0.957 1
the variations between tests are but a few percentage points, it C-5 11.0 1.016 3
is noteworthy that tests C-2, C-6, and C-8 are all somewhat C-2 11.8 1.260 2
lower than the other tests and therefore further from the C-7 7.1 1.009 4
norm. ) C-4 5.6 0.960 5
The abnormal behavior for axial thrust, the best understood C-8 3.8 1.438 6
parameter, makes the C-2, C-6, and C-8 experimental data C-6 3.2 1.261 7
highly suspect. The discrepancy between these three motor 0.7-0.8 c3 13.6 0.972 )
tests and the others is also apparent for the side force (Fig. 12) s ) :
. il . C-5 11.1 1.026 3
and in the thrust-angle efficiency (Fig. 13). The data from C2 12.2 1.301 5
these suspect motors are shown there for completeness but are c 7.1 1.012 4
not considered appropriate for model validation. The remain- C-4 5.7 0.973 5
der of the data do support very strongly the strength and C-8 3.9 1.477 6
validity of the model. C-6 3.3 1.301 7
The experimental data from motors C-3, C-4, C-5, and C-7,
which encompass nozzle half-angles of 10 and 30 deg and
2 1.00 20
. .99 o 1.9k
= [ &
2 g8 . 1.8
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° .96 £ 156
B 95K ® 14
£ 04 5 1.3
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Fig. 11 Motor axial thrust efficiency vs time. Fig. 13 Thrust-angle efficiency vs time.
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Fig. 12 Side thrust efficiency vs time. Fig. 14 Thrust angle vs time.
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expansion ratios for 5-20, provide solid evidence for model
validation. For these motors, the side-thrust efficiency (Fig.
12) and the thrust-angle efficiency (Fig. 13) are fairly constant
with time and close to unity. The measured thrust angles of all
tests are shown on Fig. 14. Disregarding motors C-2, C-6, and
C-8, thrust angles from 5-14 deg have been demonstrated.

Table 2 is a summary of the experimental results taken at
various time snapshots during each motor firing. The results
are listed in descending order of predicted thrust turning.
Presented in Table 2 are the measured values for the thrust
turning angle, thrust-angle efficiency, and the relative ranking
of the thrust turning based on experimental data. During the
first half of the motor operation, the experimental perfor-
mance is rank ordered as predicted. During the later part of
the motor operation, motor 2 and motor 5 exchange ranking
as motor 2, which is suspect, increases its deviation from
predicted.

The results of the experimental program clearly demon-
strate the ability of the model to predict the relative influence
of expansion ratio and half-angle on thrust angle. Excluding
the data from the suspect motors, the agreement between the
theoretical and experimental results provides quantitative sup-
port for the model. The authors feel that quantitative differ-
ences evidenced by the suspect motors were a result of inade-
quancies in the test fixtures, not deficiencies in the model.

Limitations of the Concept

In order for the missile designer to fully exploit the use of
scarfed nozzles for thrust-vector adjustment, the limitations
of the concept must be understood. The primary applications
for which this concept was formulated were tactical strap-on
boosters that were assumed to be characterized by severely
constrained diameters, high operating pressures, neutral (con-
stant) chamber pressures, and constant operating altitudes
(usually near the ground). These characteristic features impact
the nozzle design by specifying, low-expansion ratios and
near-zero and constant P,/P, values. Consequently, the scope
of the theoretical study was limited to expansion ratios below
10 and P,/P, below 0.009 (P,/P, values were assumed to be
constant for a given point design). Although the tactical
booster provides the most attractive application for the con-
cept, other applications can be considered. The analysis tools
utilized in the present investigation can be employed to expand
the theoretical results to include a wider range of nozzle de-
signs and operational considerations. However, in the cause of
any further design studies, it must be recalled that the underly-
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ing principal of the concept is the generation of a side force
due to the pressure distribution in the scarfed extension. Con-
sequently, the utility of the concept is diminished for systems
that require higher expansion ratios and/or lower chamber
pressures (higher P,/P, ratios) since a reduced pressure in the
scarfed extension correspondingly reduces the thrust-vector
adjustment capability. In addition, systems that experience
large changes in altitude or large variations in chamber pres-
sure due to throttling (large P,/P; variations) must be designed
to tolerate corresponding changes in the thrust vector (as
illustrated in Fig. 8).

Conclusions

A model was developed to analyze the performance of
scarfed nozzles configured to control the motor thrust vector.
This model was exercised for a wide range of nozzle ge-
ometries and motor pressure ratios. The results of the theoret-
ical study indicate that a continuum of thrust angles up to 35
deg is available. Experimental tests for thrust angles up to 14
deg demonstrated the validity of the model. For many tactical
rocket motor applications, the basic nozzle design is con-
strained by overall geometry, cost, and motor design require-
ments. The results of this investigation demonstrate that
scarfed nozzles offer the propulsion system designer a low-
cost, high-performance means of thrust-vector adjustment.
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