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Installed Thrust Vector for Scarfed Nozzles
STANTON BORAAS* AND ROBERT L. AsHBYf
Bell Aerosystems Company, Buffalo, N. Y.

A method is described for determining the installed thrust vector for scarfed attitude-
control nozzles flush-mounted with a cylindrical surface. Pressure distributions within the
nozzles, which were satisfactorily predicted with a one-dimensional analysis, were used to
determine the internal or uninstalled thrust vector for each nozzle. These values were found
to be in good agreement with cold-flow test results. The body surface-pressure distributions,
which were obtained from hot firings in a vacuum facility, indicated that they could be ade-
quately predicted by the Newtonian method or a conservation-of-mass technique. The re-
sultant body forces yielded for each nozzle an installed thrust vector whose magnitude and
inclination angle were approximately 2% and 0.25° greater, respectively, than the uninstalled
values. No flow instability was found as a consequence of scarfing the nozzles close to the
geometric throat.

Nomenclature

A = area
(7 = const, Eq. (6)
Ci = nozzle loss coefficient (0.98)
Cf = ideal, one-dimensional vacuum-thrust coefficient (for air,

1.268)
F = force vector
K = const, Eqs. (7) and (8)
L — distance along isomach (Fig. 5)
M = Mach number
p = pressure
r = nozzle radius (Fig. 2)
R = distance along body (Figs. 5 and 6)
x = axial distance from nozzle throat plane (Fig. 2)
a = nozzle half-cone angle (Fig. 2)
0 = scarf angle (Fig. 2)
7 = specific heat ratio
6 = thrust inclination angle relative to nozzle centerline

(Pig. 2)
e = plane inclination angle (Fig. 4)
rj = angle in plane normal to scarf plane (Fig. 6)
6 = streamline impingement angle (Fig. 5)
M = Mach angle
Pmax = maximum Prandtl-Meyer expansion angle
p = density
0 = meridonal angle in scarf plane (Figs. 5 and 6)
co = angle between velocity vector and local normal at any

point on an isomach surface (Fig. 5)

Subscripts
a = axisymmetric
av = average
B,c = body and combustion chamber, respectively
cm = conservation of mass
csv = cosine series, varying coefficients
esc = cosine series, constant coefficients
e = nozzle exit
I,s = internal and short side, respectively
T,t = total and nozzle throat, respectively
u = unsymmetrical
N = Newtonian

Superscripts
* = critical conditions
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Introduction

THE attitude-control system of a space vehicle usually
consists of several small rocket engines flush-mounted

with the vehicle's surface. Depending upon the vehicle con-
figuration and the type of control desired, it is not always
possible to install engines such that their centerlines are
normal to the surface tangent. For example, the generation
of a roll torque about the longitudinal axis of a cylindrical
body can only be achieved through a nonalignment of the
engine centerline with a body diameter. If an aerodynami-
cally clean vehicle surface is required, such an installation will
require that an engine's exhaust nozzle be scarfed. Whether
scarfing is done along a plane or along the intersection of the
nozzle with the vehicle surface is a matter of choice. In
either case, the exhaust nozzle will become unsymmetrical,
and the installed thrust vector will no longer act along the
engine centerline. The purpose of this study was to develop
a method for computing the thrust vector under these condi-
tions.

There have been previous studies of scarfed nozzles.1"4

References 1 and 2 were limited to two-dimensional nozzles.
References 3 and 4, although covering axisymmetric nozzles,
reported gross performance characteristics and not pressure
information as required in this study. In addition, the nozzle
configurations were generally not of the type that would be
used in an attitude-control system. The present work was
prompted by the lack of any previous work dealing with
scarfed nozzles of interest to the present problem and an ap-
parent absence of any work relating to the operation of such
nozzles in the presence of a surface.

For convenience, the installed thrust vector can be con-
sidered to be the sum of three force vectors. The basic or
largest of these is the thrust vector associated with the axi-
symmetric portion of the nozzle; its line of action is along the
engine centerline. A smaller force component, which is the
result of the pressure distribution within the unsymmetrical
part of the nozzle, acts normal to the nozzle wall and lies in a
plane containing the nozzle axis and the major axis of the
nozzle exit. The remaining one, which also lies in this plane,
is a consequence of exhaust plume impingement on the vehicle
body and it acts normal to the body surface. It decreases
and becomes negligible or nonexistent as the scarf location in-
creases in distance from the nozzle throat.

The calculation of the basic vector presents no difficulty.
The real problem becomes one of determining the pressure
distributions necessary for the calculation of the two smaller
vectors. These pressure distributions are predicted analyti-
cally and then compared with the results of tests conducted
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Table 1 Internal thrust and inclination angle

Configuration F/,lb «/, deg

1
2

3

4

5

6

7

Computed
Test
Computed
Test
Computed
Test
Computed
Test
Computed
Test
Computed
Test
Computed
Test

163.3
163.9
142.2
143.4
147.4
146.9
149.1
147.1
137.6
139.3
138.9
140.2
140.4
141.1

2.40
2.54
6.55
6.88
5.25
5.24
4.82
4.44

10.52
10.14
12.80
12.54
15.59
15.00

at Fluidyne and at the Arnold Engineering Development
Center (AEDC) to provide the basis for determining which
analytical technique might be used for each of the pressure
fields. With this pressure information, the force vector
within the unsymmetrical portion of the nozzle is computed
analytically, and that on the body surface, graphically.

An analysis of a control system may well indicate other
factors more important than engine performance in the selec-
tion of an engine configuration. Such was the case in this
study, where these factors were found to be simplicity in de-
sign, interchangeability of parts and availability of space
within the vehicle. Consequently, only simple configura-
tions (Fig. 1) are investigated; convergent nozzles coupled
with either divergent conical nozzles or cylindrical extensions
scarfed along a plane. The investigation assumes steady-
state operation of a given control engine at a space altitude
condition. Therefore, only geometric variables such as nozzle
half-cone angle a, scarf angle /3, and scarf plane location are
of interest. Calculated values of the internal thrust vector F/
and its inclination angle di for the seven configurations shown
in Fig. 1 are shown to agree well with test data.

Nozzle Internal Thrust Vector

For the calculations, each nozzle is divided into an axisym-
metric section and an unsymmetrical section as shown by the
dashed line in Fig. 2. The force vector produced by the
axisymmetric section of each nozzle is calculated from the
equation Fa = CiCfAtpc. The force vector Fw produced by
the unsymmetrical section is computed by subdividing the
scarfed or unsymmetrical portion into incremental lengths or
circumferential bands and computing a radial and an axial
thrust component for each increment based on its average
(local) static pressure Pav and projected radial and axial areas.
These components, which are located at the centroids of the
incremental areas, are then summed vectorially to produce
the magnitude and location of the unsymmetrical force vector.
This technique was programed for the IBM 7090 computer,
using Pav vs A/At as an input; the accuracy depends largely
upon one's ability to determine this pressure distribution.

In the initial calculations of FM for the conical nozzles (con-
figurations 1-4) of Fig. 1, the pressure distributions were cal-
culated using the one-dimensional isentropic equations. The
assumption was made that the pressures on the inner wall of
a nozzle would be identical to those in the corresponding
region of its symmetrical counterpart of the far wall, provided
that /3 < a + (90° — JJL$). For the cylindrical nozzles
(configurations 5-7), the wall pressure was indeed affected
by the absence of the opposite wall, i.e., ft > a. + (90 — /zs).
For each of these configurations, the pressure distribution
was determined by assuming the Mach 1 plane at the end of
the convergent section and then approximating the expansion
process beyond this point with a Prandtl-Meyer corner flow.
Calculations were then made of the internal or uninstalled

CONFIGURATION I

CONTRACTION
RATIO 8:i

0 = 1 5 . 0 ° 0 = 24.4°

CONFIGURATION

THROAT DIAMETER
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5°
24.4°

CONFIGURATION

0°
24.4°

0°
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24.4°

tl
0°

36.0°

Fig. 1 Nozzle configurations.

thrust vector (F/ = Fa + FJ and its corresponding inclina-
tion angle 5/ relative to the nozzle axis for each of the nozzle
configurations assuming air as the working fluid (Table 1).

It was known that a one-dimensional pressure prediction
would be inaccurate near the throat section of an actual
nozzle. Therefore, the nozzle flowfield was recomputed
using the computer program described in Ref. 5. This pro-
gram assumes irrotational flow and calculates the flowfield
within an axially symmetric nozzle using the method of char-
acteristics and includes a subroutine for computing the Hall
start line. The assumption was again made that the flow
within the unsymmetrical region of a nozzle would not be in-
fluenced by the lip expansion on the short side.

The pressure distributions calculated for configurations
1, 2, 5, 6, and 7 by both the one-dimensional method and the
axisymmetric method of characteristics are shown in Fig. 3
as functions of the nondimensionalized distance downstream
of the throat. For all five configurations, the axisymmetric
computations give lower values of pressure in the throat
region. For configuration 2, where a = 5°, the computed
wall pressures differ very near the throat but tend to be nearly
the same beyond x/rt = 0.6. For configurations 5-7, it was
found to be impossible to generate a characteristic network
beyond x/rt = 1, due to an indication of a strong compression
within the flowfield. Although the subroutine was pro-
gramed to calculate additional points on the start line, the
results were always the same; i.e., the calculations terminated
Siix/rt = 1.

To determine which of the two foregoing methods provides
the better prediction of wall pressures, models of all seven con-
figurations were cold-flow (air) tested at the Fluidyne Engi-
neering Corporation's Elk River facility. Pressure was
measured at several locations along the inner nozzle wall of
each model using vertical mercury and silicone-oil manom-
eters. At several tap locations, Wallace and Tiernan abso-
lute pressure gages were used, and their outputs were recorded

SHORT SIDE
ICARF PLANE

LONG SIDE

BODY-

Fig. 2 Scarfed nozzle schematic.
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Fig. 3 Nozzle wall pressure ratio distributions.

on both an oscillograph and an oscilloscope. The pressure
gages and the oscilloscope had a useful response range of over
8000 Hz. The oscillograph galvanometer had a maximum
time response of about 200 Hz. Within the response ranges
of these instruments, the measured wall pressures were
steady for all nozzle configurations. This fact erased doubts
as to a possible instability that might arise as a result of
scarfing the nozzles near the transonic region. Prior to these
tests, this possibility was somewhat supported by the fact
that the axisymmetric method of characteristics results for
the cylindrical nozzles had indicated the possible presence of a
strong compression.

The averaged values of measured wall pressure for the five
configurations are also plotted in Fig. 3. For all of the models
tested, it was found that the pressure at a given axial station
did not vary circumferentially, except for taps very near the
nozzle exit where ambient pressure influenced the flow via the
boundary layer. For each nozzle, a comparison of the mea-
sured values with those predicted by the method of character-
istics indicates a relatively poor agreement between the two,
particularly in the region 0 < x/rt < 1. The air flowing
through the test nozzles entered from a settling chamber
through a smoothly curving convergent nozzle section having
a contraction ratio of 8:1. Stagnation pressures measured at
four tap locations on the chamber differed by less than 0.2%.
Thus, there was no evidence to suggest that the flow through
the nozzles was rotational, which would have rendered the
comparison invalid. No satisfactory explanation was found
for this poor agreement.

For the cylindrical nozzles (configurations 5-7), critical
flow was reached within the scarfed portion. The pressure,
that had dropped sharply upon approaching the throat sec-
tion, increased slightly within this region while the flow re-
mained subsonic. The pressure rise continued to x/rt = 0.4
before a subsequent expansion to supersonic flow took place
within the scarfed section. This phenomenon was not ob-
served by Stodola1 for two-dimensional scarfed nozzles.

In addition to wall-pressure measurements, F/ and 5i were
obtained from measurements using a 3-component force bal-
ance system. Six runs were made for each model; the six
values were corrected to infinite altitude and a standard pc
of 88.5 psia and then averaged. The average values (Table
1) agree well with the computed values.

Determination of Surface Pressures

When these flush-mounted nozzles are operated at the very
high altitudes for which they are intended, their exhausts
will be highly underexpanded. Consequently, the body

surface, acting as a boundary to prevent free expansion, will
experience a nonsymmetric pressure distribution. The body
force represented by this distribution, if significant, will in-
crease and alter the magnitude and direction of the thrust
vector that the nozzle would have in the absence of the body.
An exact calculation of the surface pressures would have re-
quired the development of a characteristic solution for a non-
symmetrical flowfield bounded b}^ a three-dimensional sur-
face. Instead, it was decided to obtain this pressure infor-
mation experimentally at AEDC. However, some prior esti-
mates of the surface pressures were needed for the selection of
pressure instrumentation and for the prediction of the in-
stalled nozzle conditions. Several approaches were tried.
Initially it was thought that the pressures might be so small
as to be insignificant for the conditions being considered.
Thus, a logical first step was to develop a method for calculat-
ing "upper limit" pressures and determining whether or not
these would result in a significant body force. Thus, the
method can be described with reference to Fig. 4, as follows.

A plane containing the nozzle axis is inclined at an angle
e relative to the z-z axis. Point N on the nozzle lip lies at the
intersection of this plane with the intersection formed by the
nozzle exit and the body surface. The line N-N' represents
the intersection of the same plane with the body. Then the
maximum possible pressure at some point P on the body is
assumed to be the static pressure resulting from an expansion
of the flow from N within the plane and along N-N' as indi-
cated by the arrow. It represents a two-dimensional pressure
in which the effects of pressure gradients across N-N' are
neglected. A computer program was set up to calculate this
surface-pressure distribution for any cylindrical body-nozzle
combination, using analytical expressions for each of the
intersections involving the plane, nozzle, and cylinder to-
gether with the Prandtl-Meyer equation and the one-dimen-
sional equations for isentropic flow. For a given nozzle-body
configuration and plane angle it computes the one-dimensional
static pressure on the inner surface of the nozzle at N, assum-
ing that the flow area at N is equal to the local cross-sectional
area there had the nozzle been symmetrical. Then the pres-
sure at N after the corner expansion and pressures along N-N'
are calculated until the ambient pressure is reached. This
process is repeated for several inclination angles of the plane
until a complete pressure distribution was obtained for the
body. A test case using this program yielded pressures that
resulted in a relatively large body force. As a result, the
emphasis shifted in the direction of finding or developing a
more precise method of predicting body pressures. Three
methods, the last of which has two variations, are described
in the following paragraphs.

Newtonian Method

The Newtonian method has been used successfully in the
past to determine plume impingement pressures on flat sur-
faces which are parallel or inclined to the nozzle axis; Ref. 6

PLANE

Fig. 4 Flowfield geometry for upper limits of surface
pressure.
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indicated fair agreement between the Newtonian pressures
and those obtained for hot firings in a high vacuum, and Ref. 7
(reported subsequent to the performance of this study)
demonstrated that the method gives good results for curved
surfaces when compared to results of cold-flow tests.

The order of procedure for its application here is as follows:
generate the exhaust plume in the absence of the body; in-
troduce the body into the flowfield; and compute the surface
pressures with the Newtonian expression. Although the dis-
tortion of the plume as a result of introducing the body could
be significant, it is neglected here. Unfortunately, the plume
for a scarfed nozzle can only be calculated by using a three-
dimensional characteristic solution. In lieu of this capability,
the plume is assumed to consist of a composite of two-
dimensional expansions from an infinite number of points on
the nozzle lip. The expansion from a given point on the
nozzle lip will then produce a pressure increase at a particular
set of points on the body. These points lie on the intersection
of the body with a plane which is perpendicular to the nozzle
exit plane at its midpoint and which contains the lip point.
The projections of these intersection lines in the scarf plane
may be viewed as lines of constant meridonal angle as shown
in Fig. 5. By definition, the angle $ = 0 defines the crest of
the body when the above plane contains the body axis. Thus,
the pressure at point P is dependent upon a plume generated
for the conditions existing at N.

To determine the pressure at a point such as P, the pressure
on the inner surface of the nozzle at N is first determined by
using the one-dimensional isentropic relationships in which
the Mach number at N is assumed to be the one-dimensional
value for a symmetrical nozzle with the same local radius. A
characteristic solution of the flow expanding from the nozzle
lip is obtained in absence of body as shown by the isomach
surface of Fig. 5. Then the body is inserted into the plume
at an angle (90°-/3) relative to the nozzle centerline, and the
values of 6, V, p, and p are noted at point P on the streamline
that impinges at point P. With this information, the New-
tonian pressure at P is calculated as

sin p (1)

Conservation of Mass

This method is based on the fact that the mass flows across
any two isomach surfaces within the plume must be equal.
Consider the point N on the <£ = 0 line in Fig. 5, where it now
represents an average lip point within the incremental sector
A$. The isomach surface in the absence of the body is ob-
tained from a two-dimensional expansion of the flow at
point N. It represents a surface within A<£ across which the
mass flow must equal that crossing the portion (dashed lines)
of the exit plane lying within the sector. When the body is
introduced into the plume, it is postulated that any isomach
surface in the central region of the flowfield remains undis-
turbed, and it is assumed that the only displacement of the
isomach surface occurs near the body as indicated by the dis-
placement of its intercept point P on the 0 = 0 line to P'.

ISOMACH SURFACE IN——
ABSENCE OF BODY /

ISOMACH SURFACE
rWITH BODY PRESENT

Fig. 6 Flowfield geometry for cosine series technique.

This displacement accounts for the mass flow that must
change direction when the body is introduced. From the
conservation of mass, it can be shown that when the body is
present

peVe(^/27r)Ae = P7(A0#L/2) coscoav (2)
Relating the conditions on the isomach surface to those in the
exit plane through the isentropic relationships, the equation
can be rewritten as

RL = (7 -
(7 -

Me
M I 7T COSCOav

Fig. 5 Flowfield geometry for Newtonian and conservation
of mass technique.

(3)

Thus, the product of the distances along the body and along
the isomach surface from P' to the nozzle centerline can be
easily calculated. It is a function of the Mach number on the
isomach surface, the exit Mach number and the average angle
between the local velocity vector and normal to the surface
for all points on the isomach surface.

The location of point P7 for a particular isomach surface is
found by plotting the isomach surface in the absence of the
body and then estimating the location of point P' with the
body present. The displaced portion of the isomach surface
is then faired in, and an average value of co is found over the
entire surface; RL is then computed by Eq. (3) and com-
pared with the product corresponding to the estimated loca-
tion of P'. If the two values are not equal, a new location of
P' is estimated, and the process repeated until close agreement
is achieved. The pressure at P', denoted pcm, is the static
pressure on the isomach surface and represents a condition
where the conservation of mass requirement has been satisfied.

Several isomach surfaces can be considered to obtain a pres-
sure variation along the <£ = 0 line. Also, by considering dif-
ferent values of $ and computing a variation along each, in
the foregoing manner, a pressure distribution for the entire
body can be obtained.

Considering the maximum expansion angle to which the
flow expands outside of the nozzle in the absence of the body,
then the reasonability of the assumption that the central core
of the undisturbed plume will not be affected by the presence
of the body surface should improve as the angle j>max — (90°-j8)
decreases. If this angle is large, the centerline of the flow-
field with the body present would be expected to shift away
from the body, resulting in surface pressures that are some-
what less than those computed by assuming an undisturbed
core.

Cosine Series

In this approach, the body surface pressures are determined
by assuming a source flow at the midpoint of the exit plane.
The pressure at a given point on the body is computed in
terms of its radial distance from the source and a cosine series
involving the meridonal angle. A streamtube from the source
lying adjacent to the body can be expressed in terms of the
radial distance and the incremental angles as shown in Fig. 6.
Critical flow conditions were assumed to be reached at a dis-
tance R* from the source within the tube. Equating the
mass flow through the tube at this station to that at R where
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Fig. 7 Body surface pressure distributions.

the Mach number was M gives

R~* = \~~2~) (M)
x

- nn (4)

The static pressure at station R is expressed as

P_ =
PC

For stations within the tube where M is large, the foregoing
equations are greatly simplified. Combination of the simpli-
fied equations gives

p/pc = (6)

where C is evaluated at the nozzle lip. Beyond the lip, the
surface pressures are assumed to be functions of cos<£. Two
series involving cos$ have been tried, one with constant coef-
ficients (PCSC) and the other with coefficients dependent upon
R (Pcsv)',

Pcsc = Pc(R/Re)~2y[Kl + K, COS0 + #3 COS20] (7)

Pcsv = pc(R/Re)~2[K1 + (K2Re/R) cost + (K,Re/R) cos20]
(8)

The coefficients of the terms in these series have been obtained
from known nozzle lip pressures at 0 = 0°, 90°, and 180°.

Comparison of Predicted Surface Pressures
with Test Data

The AEDC test program was conducted in the 35-ft-diam
by 65-ft-high Aerospace Environmental Chamber (Mark I),
in which a simulated altitude of 285,000 ft was maintained.
The four engines which were tested operated at a nominal pc of
125 psia by burning a liquid bipropellant combination of
monomethylhydrazine and nitrogen tetroxide. At the nom-
inal mixture ratio, this corresponds to a 7 of 1.30 for the
combustion gas products leaving the engine nozzle. The
engines had identical combustion chambers and convergent
sections, and each had a throat diameter of 0.381 in. Two
engines were equipped with short cylindrical sections scarfed
at angles of 24.4° and 32°. The other two, which were
scarfed at the same angles, were equipped with low-area-
ratio (approximately 1.35:1) conical nozzles with a. = 6.5°.

The nozzle exit was surrounded by a flat plate which was
used to simulate the outer surface of the flight vehicle. There
were from 15 to 20 pressure tap locations in the simulated sur-
face, depending upon the model being tested. The surface

pressures nearest the nozzle lip on the long side were measured
by a CEC-4-353, 0-1 psia pressure gage. The accuracy of this
instrument was ±1% full scale. All other pressures were
measured with Statham PM 283, pressure differential gages
which have a range of applicability from 0 to 0.15 psia.
These gages were attached to a common reference pressure
manifold. The pressure in the manifold was read with a
Texas Instrument pressure transducer with an accuracy of
±0.001 psia, which, when coupled with the inaccuracy of the
gages themselves, gave a over-all accuracy of ±0.002 psi
for the skin-pressure measurements.

Surface pressures as predicted by each of the analytical
techniques are shown in Fig. 7 along with test data for each of
the aforementioned engines. The pressures were plotted as a
function of distance from the nozzle centerline at points on the
body lying along the 0 = 0 meridian. The pressure at the noz-
zle lip is common to all distributions, thus permitting a valid
comparison of each technique. The results indicate that
both the constant- (pcsc) and variable-coefficient cosine (pcsv)
series underpredicted the surface pressures for all four nozzles
tested. Since the choice of the series was arbitrary, another
variable coefficient series could well have shown a satisfactory
correlation; however, a constant-coefficient series would not
be expected to provide the necessary agreement. The
Newtonian pressures (PN) were reasonably close to the test
data for the cylindrical nozzles with the agreement being
better for the lower scarf angle (/3 = 24.4°). The pressures
obtained from the conservation-of-mass technique (pcm)
show a better correlation for the conical nozzles than for the
cylindrical ones where j>max is greater. This plus the fact that
agreement is slightly better at the lower scarf angle is in
agreement with the previous prediction that the better corre-
lations would be expected to occur for smaller values of
z'max — (90°-/3). It is expected that this technique as well as
the Newtonian would show a further improvement in correla-
tion with test if the distortion of the central portion of the
flowfield were accounted for. This could be done by estimat-
ing from momentum considerations the turning of the flow
centerline due to the presence of the body.

Determination of Body Force

The data obtained from the AEDC tests were used to ob-
tain the body force vector (F^) for each nozzle. A graphical
method was used in which the pressures on the simulated
vehicle surface were plotted as in Fig. 8a so as to yield pres-
sure profiles along lines A,A, B,B, and C,C. Line A,A
corresponds to the 0 = 0 line for which the pressures in Fig.
7 were plotted. Using these profiles as extrapolation curves
in conjunction with the lip pressure values, a family of isobars

ISOBARS

OUTER
PRESSURE
TAPS

NOZZLE -
EXIT PLANE

n) DEVELOPMENT
OF ISOBARS

b) DEVELOPMENT OF
PRESSURE REGIONS

Fig. 8 AEDC data reduction schematic.
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were drawn. To allow for the much steeper pressure gradients
near the nozzle lip, the pressure field was divided into an inner
high-pressure gradient region and an outer low-pressure
gradient region as shown in Fig. 8b. The inner region was
divided into |-in. squares and the outer region, which was
roughly bounded by the 0.001-psi isobar, was divided into
thin- squares. Surface pressures were then plotted along a
series of lines which connected the centroids of the squares
and which were parallel to line A,A. From these curves, the
pressure at the centroid of each square was determined.
Assuming this to be the mean pressure over the entire square,
the force on each square was calculated and the total body
force determined by summing the forces on all of the squares.
The effective point of action of this force vector was found
by first multiplying the force on each square by the distance
from its centroid to the center of the nozzle exit along a line
parallel to line A,A, summing these moments for all squares
and then dividing by the total body force.

The magnitude of F^ for the cylindrical nozzle scarfed at
24.4° was found to be 0.37 Ib acting at a point 1.18 in. from
the center of the nozzle exit on the line A,A. The corre-
sponding force and distance for the cylindrical nozzle scarfed
at 32° was 0.40 Ib and 1.17 in. The force and distance values
computed for the conical nozzles were essentially identical
to these values for the cylindrical nozzles.

Determination of the Installed Thrust
Vector and Inclination Angle

Although the nozzles tested at AEDC were not exactly
identical to any of those shown in Fig. 1, the results were still
applicable, because the tests revealed that F# for low-area-
ratio nozzles such as configurations 2-7 was relatively insensi-
tive to small changes in a and ft. Thus, each nozzle could be
expected to generate a body force of about 0.40 Ib at space
conditions. Such a force resulted in a total or installed
thrust vector Fr for each nozzle which was approximately
2% greater than the internal or uninstalled thrust vector
shown in Table 1. It also resulted in installed inclination
angles dT which were approximately 0.25° greater than the
uninstalled values shown in the table. The location of Fr,
relative to a nozzle, is shown in Fig. 2. The corresponding
increases in F/ and di for Configuration 1 are not known, but
they would be smaller than these, because its nozzle area
ratio (2.5:1) is greater, and the degree of plume expansion
outside of the nozzle would be less, resulting in a reduced
or possibly a nonexistent body force. An increased value of
7 or a decreased value of pc also would tend to reduce FB.

For most engineering applications, it appears that F^ will
be negligible. However, if its determination is necessary, it
can be obtained with greater accuracy from pressure measure-
ments than from a method which measures force directly.
This is a consequence of the fact that force measurements
involve the problem of tare weight and the problem of iso-

lating the simulated surface from the nozzle without causing a
discontinuity in the surface over which the gases flow.

Conclusions

A method for computing the installed thrust vector of
flush-mounted scarfed nozzles has been developed and success-
fully demonstrated. In the determination of the uninstalled
thrust vectors for the low-area-ratio nozzles of Fig. 1, it
was found that the nozzle wall pressures could be determined
one-dimensionally with sufficient accuracy to preclude their
calculation with a characteristic solution. The calculated
values of the uninstalled thrust vector and deflection angle
under space conditions are in good agreement with test data
(see Table 1) for both the conical and cylindrical nozzles.

The body surface-pressure distribution for cylindrical noz-
zles is reasonably predicted with the Newtonian method. A
conservation-of-mass technique gives better results for the
conical nozzles, and its accuracy improves as the scarf angle
decreases. Both methods should prove more effective if dis-
tortion of the flowfield were taken into account.

The magnitude of the body force vector generated by each
of the nozzles tested is ^0.40 Ib for an operation in a space
environment. This resulted in the installed thrust vector for
a given nozzle being approximately 2% greater than the un-
installed value shown in Table 1. It also produced an installed
thrust vector inclination angle for each nozzle that was about
0.25° greater than the inclination angle for the uninstalled
vector. Although configurations 2-7 were scarfed at a dis-
tance of approximately a half a throat radius from the throat,
no flow instability was evident from the tests conducted.
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