
VOL. 24, NO. 6, NOV.-DEC. 1987 J. SPACECRAFT 539

Spacecraft Contamination from Scarfed Nozzle Exhausts

S. Boraas*
Morion Thiokol, Inc., Brigham City, Utah

A rocket operating in a vacuum environment will produce a molecular flow that is directed into the nozzle
backflow region. This paper discusses the development and application of an analytical model which describes
this flow and provides a means of predicting the exhaust plume contamination from a scarfed nozzle. The model
is an adaptation of one previously developed for a conventional unscarfed nozzle. It is based upon the existence
of a small, conical-shaped continuum region downstream of the nozzle exit from which the directed flow
originates as a result of molecular effusion. The model was programmed on the computer and provides a quick
and convenient means of estimating the maximum contamination. Results using the earlier model for conven-
tional nozzles compared favorably with limited test data; however, no known contamination data for scarfed
nozzles are available for a comparison with this model's predictions. When used to predict contamination from
the Peacekeeper missile attitude control engine (ACE) and the Star 30 space motor, the model indicated that
scarfing will dramatically increase the contamination of surfaces in the backflow region.
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Nomenclature
= coefficient in Maxwell's equation
= axial coordinate of point P in backflow region
(Fig. 3)

= radial coordinate of point P in backflow region
(Fig. 3)

= distance between point P and cone surface
(Fig. 3)

= energy
= energy flow rate or energy flux at point P
= view factor
= fraction of all molecules that will impinge at
point P

= mass function
= mass exponent
= length
= Mach number
= molecular mass
= mass flow rate or mass flux at point P
= molecular density
= normal vectors (Fig. 3)
= total pressure, static pressure
= nozzle or cone radius
= distance between point P and origin (Fig. 3)
= specific gas constant, ratio
= contributing cone surface area
= temperature
= mass flow velocity
= atomic mass unit (1.66X 10 ~27 kg)
= thermal velocity
= molecular weight
= Cartesian coordinates
= angle (Fig. 3)
= plume centerline displacement angle (Fig. 7)
= exponent in Maxwell's equation, angle (Fig. 3)
= scarf angle
= specific heat ratio
= boundary layer thickness, cone semivertex angle
= nozzle area ratio, angle (Fig. 4)
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IJ»i>,T,<l>t\l/ =angles (Fig. 3)
KI = angle (Fig. 4)
0 = wall angle, angular distance of point P (Figs. 1,

3)
X = Hill-Draper plume shape parameter
p = density
X = meridional angle of point P (Fig. 2)
da = incremental surface at point P
dco = incremental solid angle

Subscripts
av = average
b = boundary layer, cone base
c = scarf plane/nozzle centerline intersection

station (Fig. 2)
d = data match
e — nozzle exit
/ = impinging, incident
t = lower
min = minimum
max = maximum
n = nozzle, nozzle wall
P = point P
r = reflected
s = scarf station (Fig. 2)
t = throat
0 = stagnation

Introduction

THE problem of backflow contamination was recognized
in the early days of the space program.1 At that time,

questions were being raised concerning the related problem of
backflow heating of the spacesuit to be worn by a lunar ex-
plorer equipped with a backpack maneuvering unit. The con-
cern in recent years stems from the fact that this backflow will
almost certainly contaminate and degrade the performance of
antennas, solar cells, thermal blankets, etc., located in the
backflow region. The difficulty of predicting this flow has led
to several experimental studies2"4 to determine its magnitude.

Analytically, the prediction of the backflow is hampered by
the noncontinuum nature of the inviscid plume at large
angular distances from the nozzle axis. It is further com-
plicated by the acceleration of the nozzle wall boundary layer
upstream of the nozzle lip and its expansion into the backflow
region.5 These problems have been treated using the Monte
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Carlo method to characterize the flowfield in the nozzle lip
region6 but this technique, although presumably satisfactory,
requires an enormous amount of computer time.

Reference 7 describes a previously developed simple, un-
complicated model for calculating the contamination potential
at a point in the backflow region of a conventional nozzle and
does so in about 0.25 s on an IBM 370 computer. This model
was based upon the concept that an analytically derived,
conical-shaped, inviscid gas continuum region exists im-
mediately downstream of the nozzle exit. The molecular flow
into the backflow region originates at the cone's surface and is
a result of a molecular effusion based upon a superposition of
the Maxwellian distribution of the exhaust gas thermal
velocities and the gas flow velocity. The model incorporates
the effect of the expanding boundary layer by either express-
ing the inviscid cone surface gas properties in terms of a
specified Mach number that is a fraction of the inviscid flow
Mach number in the nozzle at the cone base station or as an
equivalent surface Mach number resulting from a partial
"blanketing" of the surface by the boundary layer.

The difficulties associated with predicting the backflow
from a conventional nozzle become increasingly so when the
nozzle is scarfed. In a nonvacuum environment, where the
entire plume can be treated as a continuum, either an ap-
proximate description8 of it or an exact characteristic solu-
tion9 are possible. In a recent study, Romine and Noble10

developed a model of the three-dimensional vacuum plume
from a scarfed nozzle, but restricted the expansion to the
region downstream of the limiting continuum streamlines
emanating from all points on the nozzle lip periphery. Since,
by definition, the backflow region is upstream of the limiting
streamline, this vacuum plume solution is clearly inadequate
for describing the backflow. From these considerations, and
the fact that the previously developed contamination model
for conventional nozzles had already proved successful, the
logical approach to the development of a model for scarfed
nozzles appeared to be modification of the earlier model.
This was done by defining an "equivalent" conical con-
tinuum region when the nozzle is scarfed and providing a
means of accounting for the nonsymmetry of the flow into
the backflow region. Several other changes and im-
provements were also incorporated, the result was a more
versatile model capable of predicting the backflow con-
tamination from both scarfed and unscarfed nozzles.

The developed model was used to predict the contamination
from the plume of the Peacekeeper post boost vehicle (PBV)
attitude control engine (ACE), which has a highly scarfed
nozzle. The model was also used to determine the effect that
scarfing would have on the back flow contamination from the
Star 30 high-performance kick motor if its nozzle was scarfed.
The predictions for the ACE and the Star 30 motor indicated
that scarfing will increase surface contamination in the back-
flow region. In particular, increasing scarfing increases the
contamination unless the surface in question lies in a plane
normal to the scarf plane and contains the minor axis of the
elliptical scarf plane/nozzle intersection. No known contami-
nation data are available to verify these or any other scarfed
nozzle predictions.

A description of the model development, the calculations
made, and the conclusions reached during this study are
given in the subsequent sections.

Model Development
The new model was developed with the intent of retaining

most of the features of the original model, while making it
adaptable to determining the contamination potential of
both scarfed and unscarfed nozzles. Contamination potential
or maximum potential is defined as the total molecular flow
impinging on a surface in the backflow region, recognizing
that not all impinging molecules will necessarily adhere and
have a contaminating or adverse influence.

In the development of this new model, some im-
provements and additions were incorporated, the most
notable being the specification of the actual nozzle contour
and the scarf plane location. The primary task was the
definition of an equivalent conical continuum region
downstream of the nozzle exit plane when the nozzle is scarf-
ed. Having determined this, the portion of the conical sur-
face contributing to the flow into the backflow region was
defined in the same manner as before. Coupled with
previously derived mass and heat backflow equations, which
remain unchanged, a new model was obtained for predicting
the contamination potential and the associated heating of a
surface in the backflow region. A brief description of the
development of this model, including the definition of the
equivalent continuum region and its contributing surface and
a listing of the primary equations, are given in the following
paragraphs.

Continuum Region
It has been postulated1'11 that, when a conventional nozzle

is exhausting into a vacuum and if the flow at the nozzle exit
is a continuum, then the continuum column of exhaust gases
emerging from the nozzle exit will erode as a consequence of
molecular effusion at the column boundaries to become a
cone whose semivertex angle is

where Me and Be are the inviscid Mach number and wall
angle at the nozzle exit and 7 is the gas specific heat ratio. A
schematic of this continuum cone is shown in Fig. la for a
conventional nozzle as it relates to the molecular flow im-
pinging at point P in the backflow region well forward of the
Prandtl-Meyer limiting streamline. Only the shaded portion

*MIN

a) Conventional nozzle.

SHADOW^ -̂

b) Scarfed nozzle.

Fig. 1 Molecular effusion from continuum cone surface into the
backflow region.
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'b = rb (rs- rC' re-

Fig. 2 Scarfed nozzle geometry.

of the cone's surface that is visible at P will actually con-
tribute to the flux arriving there. Therefore, the axial and
radial distances of point P relative to the base of the cone
and the nozzle center line, respectively, are important in
determining the size of the contributing surface. However,
the circumferential position of point P plays no part in this
determination since the flow from the nozzle is axisym-
metric. If point P lies in the shadow of the nozzle, trie cone
surface is invisible and there is no flow impingement.

Figure Ib shows the molecular flow impinging at the same
point P when the same nozzle is scarfed. Point P is still in
the backflow region, despite the fact that the limiting
streamline is now located at a larger angular distance 6 from
the nozzle axis. It is now assumed that the equivalent con-
tinuum cone that produces the backflow to point P is a cone
extending into the nozzle whose base radius is less than the
unscarfed nozzle exit radius. It will be shown that the base
radius of the cone is a function of the scarf plane location
and the circumferential location of point P expressed as a
meridional angle x m the plane parallel to the scarf plane.
This meridional angle is zero in Fig. 1.

Figure 2 shows the geometry of a scarfed nozzle and the
location of point P relative to a Cartesian coordinate system
whose origin is on the center line at the nozzle throat. From
the known nozzle contour and the scarf plane angle ps or
location, the nozzle radii at the intersection of the plane and
the nozzle rs and the centerline rc are defined. These, along
with the unscarfed nozzle exit radius re and the meridional
angle of point P, permit definition of the base radius of the
equivalent continuum cone. This radius is

(2a)- - - «"•««»

In Eq. (2), the meridional angle is expressed as follows in
terms of the coordinates of point P in the y-z plane and the
scarf angle.

COSp5

= 360 + tan

= 180 + tan

'(-,-.( *• )
\Zp COS&/

~l(—^-fl-) for *P<°» aU^p (3c)

forzp>0,

(3a)

(3b)

X = 90 forzP=0, yp>0

X = 270 for zP = 0,

(3d)

(3e)

The one-dimensional Mach number Mb at the base of the
equivalent cone will be less than that at the unscarfed nozzle
exit and the nozzle wall angle Ob at the cone base will be
greater. This means that the semi vertex angle of the
equivalent cone as calculated from Eq. (1) will be greater
than that of the unscarfed nozzle cone. Together with its
smaller (base, this results in its total surface being less.
Although its total surface area is less, the potential for con-
tamination from the equivalent cone will be greater due to
increased thermal energy and the reduced kinetic energy of
the gas comprising it.

Contributing Surface
As shown in Fig. 1, only that part of the cone's surface

visible at point P will actually contribute to the flux arriving
there. Therefore, the location of a point relative to the cone
is important in determining the portion of the cone surface
that contributes to the contamination at the point. This was
determined previously7'11'12 using the continuum cone/point
P schematic of Fig. 3. In this geometrical representation, the
origin of the Cartesian coordinate system was chosen to be
on the nozzle centerline at the base of the cone, with the
cone height being colinear with the positive x axis. An in-
cremental surface da located at point P (-a,b) is oriented
such that the angle between it and a plane perpendicular to
the nozzle centerline is ^. The vectoral distance between
point P and a point x,r on the cone surface is d and ex and /3
are the angles between the x axis and the projection of d on
the vertical and horizontal planes, respectively. Similarly, f is
the radius vector between point P and the origin. The angle
between the vectors d and n is /* and the angle between vec-
tors f and n is v. The angle between d and the outward poin-
ting normal vector N at the cone surface is 0 and </> is the
meridian angle in the plane containing the cone base, as
shown in Fig. 1.

The contributing surface of the cone is that portion of the
total surface for which angle T is equal to or less than ir/2.
When r = 7T/2, a minimum value of <£ is defined, which along
with the known semivertex angle and the cone base radius

for 90<x<180 (2b)

for!80<x<270 (2c)

da INCREMENTAL SURFACE AT P

for270<x<360 (2d) Fig. 3 Continuum cone geometry.
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permits the calculation of the contributing surface area as

2sin6 (4)

where rb = re for a conventional nozzle and is the value ob-
tained from Eq. (2) for a scarfed nozzle.

Mass and Heat Flow Equations
The molecular velocity distribution of the gas on the cone

surface may be represented by the Maxwellian distribution of
thermal velocities for a stationary gas, since the thermal
velocity distribution is unaffected by its mass motion. This
distribution is the basis for determining the convective mass
and heat flow equations for the molecular flow directed into
the backflow region. Developed earlier, they are repeated
here.

Mass Flow Equation
Consider the molecular effusion directed toward point P

from a unit area of the cone's contributing surface as shown
in Fig. 4. The molecular flux on the incremental surface da
at P is

dN= nAF- da • cos(r+e) !
-00 V*
-Vg

(5)

where n is the molecular density of the continuum cone. A
and j8 the coefficient and exponent in the distribution func-
tion and F is the view factor. For finite values of both the
thermal v and mass velocities U, a molecule must depart
from the cone surface with a thermal velocity equal to or
greater than some minimum velocity and at an angle (17-he)
relative to the mass velocity direction if it is to reach point P.
This minimum velocity, which is C/cos(7y + e), becomes the
lower limit on the thermal velocity in Eq. (5). Integrating
Eq. (5), multiplying by the area of the contributing surface,
and replacing the molecular density with the gas density p,
the total mass flow rate impinging on the surface da at point
P becomes

(6)

where C=cos(iy-f-e) and where the modified view factor
becomes

_
=

cos/3 (cosce cos^-fsina sin^)cos(T+€)
b2-2b(re-xtend)sm<t>+(re-xt&nd)2+(a+x)2

The fraction of all molecules having thermal velocities be-
tween the lower and upper limits of Eq. (5) and capable of
impinging at point P is

(8)

where x=($v. The average thermal velocity of the impinging
molecules is

-1 (x2 4. 1 \f>~^ f ~ l (<)}v* ' •*•/*' J \*)

and the molecular density of the flow impinging at point P is

n^^r, dO)

For comparison with test data, the mass flow rate of Eq.
(6) is expressed in terms of flow rate per unit solid angle do>
subtended by surface da at the origin as

do?
dm-r2

sin0 — cos0 (U)

Nondimensionalizing this by its equivalent value along the
positive x axis (0=0), which is

(dm
\ da

mn\ (12)

as given by Chirivella2 using the plume shape parameter X
defined by Hill and Draper13 gives the mass flow rate as a
function of the angular position. This function can then be
expressed in terms of a 0 dependent mass exponent KM as

/(O) = 10*" (13)

Heat Flow Equation
Each of the molecules impinging upon surface do will im-

part to it a translation kinetic energy mv2/2, where m is the
mass of a single molecule. The molecular kinetic energy
emanating from a unit area of the cone's contributing sur-
face and incident upon the incremental surface at point P
was determined in a manner similar to that used in deriving
dN. It is

(14)

where F is the modified view factor as defined in Eq. (7). In-
tegrating this equation, multiplying by the contributing area
of the cone surface, and expressing the results in terms of the
flow density gives the total incident energy as

(15)

If the assumption is made that the accommodation coeffi-
cient is unity on surface da, then the impinging molecules at
the gas temperature T will be completely accommodated and
re-emitted with a Maxwellian velocity distribution that is
compatible with the surface temperature TP at point P. This
reflected translation energy is

PAF( TP/T)[02(UC)2 + 1] daS
(16)

The net transfer of kinetic energy at the surface is the inci-
dent energy less the reflected energy, which represents the net

POINT P ON SURFACE do

u

CONE SURFACE

Fig, 4 Path of impinging molecules.
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convective energy flow at point P for a monatomic gas. It is
an approximation of the net energy flow for a diatomic gas
for which energy exchanges at the surface caused by addi-
tional degrees of freedom will probably have to be con-
sidered. From Eqs. (15) and (16), the net transfer of energy
is

pAFSda -[[J

e(y/2)(MC)2 C 4

(17)

or in terms of the cone surface properties 7, /?, T, and M,

J . 2pFSda(R/T)l/2

(18)

Except for Eqs. (2) and (3), Eqs. (1-18) are the basic equa-
tions in the original model. The revision in this study to ac-
cept the actual nozzle contour, the scarf plane location, and
a three-coordinate (xP,yP,Zp) description of the point P loca-
tion resulted in a more versatile model. The model retains
the option of calculating the contamination potential by us-
ing either a specified cone surface Mach number based on
data matching or the computed equivalent value due to
boundary-layer expansion. Both the original and revised
models can also calculate the contamination when the sur-
face Mach number is selected to be that in the inviscid region
or in the boundary layer at the nozzle station corresponding
to the cone base.

Application
A brief review of the previous application of the original

model to a conventional nozzle will be made prior to discuss-
ing the results of applying the revised model to the
Peacekeeper ACE and Star 30 nozzles.

Conventional Nozzles
The key finding in the application of the earlier model to a

conventional nozzle was the fact that the ratio Md/Me of the
specified cone surface Mach number Md matching the test
data to the inviscid value Me at the nozzle exit was relatively
constant for all gaseous media for which backflow data were
available. The ratio was 0.62-0.75, being 0.62-0.65 for
nitrogen2'3 over a wide temperature range (529-2,340°R),
0.75 for carbon dioxide,2 arid an intermediate value of 0.71
for a liquid rocket engine burning N2O4/MMH.4 This sug-
gested that the ratio is somewhat dependent upon the ex-
haust gas composition, but not to a great degree. What is
significantly more important is the fact that a good predic-
tion of the contamination potential for either a conventional
or scarfed nozzle can be obtained when this ratio is specified
in an application of the model.

Figure 5 (obtained from Ref. 7) shows the variation of the
mass exponent with angular distance for one of the nozzles
used by Chirivella.2 A cone surface Mach number Me cor-
responding to the inviscid value at the nozzle exit greatly
underpredicts the data (shown in the cross-hatched region),
as one might expect, since boundary-layer expansion is not
included. However, not too surprsingly, this Mach number
gives a value of KM that is quite close to an inviscid value
computed by Grier14 at 0 = 90 deg. The model developed by
Grier assumed a molecular effusion into the backflow region
from a continuum surface defined as the axisymmetric sur-
face in the inviscid plume where the Knudsen number has a
constant value of 1.0.

The influence of the boundary layer is very apparent in
Fig. 5. If the very conservative assumption is made that the
cone surface Mach number is that in the boundary layer Mb,
then the model overpredicts the data. The Mach number
which matches the data is an intermediate value equal to
0.62 Me. With this value, the computed variation of KM with
0 is very similar to that obtained from the test data out to an
angular distance of 160 deg. At that point, the value of KM
starts to decrease rapidly. Beyond an angular distance of 177
deg, the impingement point lies in the nozzle shadow
(KM = — oo), defined as the region where the angular distance
0> (180-6). Based on these results, the original model ap-
peared capable of predicting reasonably well the variation of
mass exponent with angular distance. The model also
predicted what may be significant backflow into a region
more than 125 deg beyond the limit predicted by continuum
theory.13

The earlier model had also demonstrated its capability in a
parametric study to determine the effect of nozzle geometry,
impingement surface orientation, stagnation conditions, and
gas physical properties on the magnitude of the impinging
backflow. Some of these results were confirmed by existing
test data where the effects of similar parameters had been in-
vestigated. For example, the results indicated that the
backflow and hence the degree of contamination decreases
with increasing nozzle area ratio and nozzle wall angle. In-
creasing chamber pressure had the effect of decreasing
backflow slightly as a result of a decreased boundary-layer
influence. This was in agreement with Chirivella's data.2 For
combustion gases where the ratio of specific heats is 1.25 or
less, the backflow appeared quite insensitive to variations in
the specific heat ratio and the molecular weight. This was
consistent with the conclusion by Alt4 that oxidizer to fuel
mixture ratio had no pronounced effect on the backflow.
These and the previously discussed results for conventional
nozzles give credence to the belief that the more versatile
model developed in this study should be able to adequately
predict the contamination of scarfed nozzles for which no
known contamination data exist.

Scarfed Nozzles
The model developed in this study was first used to deter-

mine the contamination from the Peacekeeper ACE nozzle.
This nozzle was selected because it represents the only scarf-
ed nozzle for which the plume has been experimentally deter-
mined at near-space conditions.15 Consequently, it provided
information on the skewness of the plume that might relate
to the degree of contamination.

The ACE nozzle, which is scarfed at 46.4 deg, is shown in
Fig. 6 along with portions of the 0.05 lb/ft2 plume dynamic
pressure contour obtained from tests at a simulated 400 kft
altitude in Calspan's high-altitude test chamber. Calculations
of the contamination potential were made for the actual
scarfed configuration as well as for other scarf angles, in-
cluding an unscarfed version, and the results are shown in
tabular form in Fig. 6.

Me = 6.27

Mb = 3.23

Md = 3.88

Md/Me = 0.62

CONVENTIONAL NOZZLE

£ = 60

rt = 0,05 in.

MEDIUM

NITROGEN

P0 = 17.5psia

TO = 529.2°R
20 40 60 80 100 120 140 160 180

ANGULAR DISTANCE, 6 (deg)

Fig. 5 Variation of mass exponent with angular distance.
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Noble and Romine16 developed a source flow model of the
scarfed ACE nozzle exhaust plume. With this model, they
predicted a plume centerline displacement angle ap of 4 deg
due to scarfing, as shown in Fig. 6. Using an adaptation of
this model along with the plume data base, Calspan
calculated the angle to be 11 deg. The values of nozzle thrust
F and the plume inclination angle shown for different scarf
angles in the table of Fig. 6 were computed using the scarf
nozzle performance model developed by Boraas.17 It is seen
that, at the nozzle scarf angle of 46.4 deg, the plume
displacement angle of 3.91 deg as computed by this model is
essentially that predicted by the Noble-Romine model.

The mass flux values mp shown in the table of Fig. 6
represent the computed contamination potential, at the ar-
bitrarily selected point P shown, for various degrees of scarf-
ing, including the actual scarf angle. These values were deter-
mined using an assumed cone surface Mach number ratio
Md/Me of 0.7 based upon the previous discussion of this
ratio. The ratio R^ of these mass flux rates to that of an
unscarfed nozzle indicates that the contamination potential
increases rapidly with increasing scarf angle; the increase be-
ing more than fourfold (#^=4.16) over the 46.4 deg scarf
angle variation shown. Although possibly fortuitous, there
appears to be something of a one-to-one correspondence be-
tween the increasing skewness of the plume as represented by
ap and the nondimensionalized increase in the contamina-
tion as denoted by R^.

Figure 7 also shows the Peacekeeper ACE nozzle and the
effect of rotating the same point P of Fig. 6 around the
motor centerline. The plot shows the effect of the point's cir-
cumferential location (expressed as the meridional angle) on
several flow quantities expressed as a ratio R of a quantity at
a given value of the meridional angle nondimensionalized by
its corresponding value at x-Q deg. The quantities com-
puted are the mass flux m, energy flux e, number density n{
of the impinging flow, fraction/of all molecules on the con-
tinuum cone's surface capable of reaching the point, and
average velocity vav of the molecules arriving there.

The results of Fig. 7 show that the contamination poten-
tial, expressed by R^, decreases with increasing \ until a
minimum is reached at x=180 deg, beyond which it in-
creases again in a similar manner. These results are consis-
tent with the effects of scarf angle as shown in Fig. 6, since
increasing \ from 0 to 180 deg is comparable to decreasing
the scarf angle and therefore decreasing the possible con-
tamination; increasing \ from 180 to 360 deg is comparable
to increasing the scarf angle and increasing the contamina-
tion. Similar effects of x on the energy flux and the number
density are shown.

Since increasing % from 0 to 180 deg in Fig. 7 is com-
parable to decreasing scarfing, the net effect is an increased
gas flow velocity within the continuum cone. This means a
decreased likelihood of cone surface molecules reaching
point P and, therefore, a decrease in the molecular fraction.

0.05 psf DYNAMIC PRESSURE
(CALSPAN DATA 15)

PLUME CENTERLINE
{CALSPAN 15)

CHAMBER
P0 = I40.0psia
TO = 5,500°R
MW = 20.3
7 = 1 . 2 4

NOZZLE
rt = 0.315 in.

LS = 3.32 in.
re = 1.24 in.
R = 46.4 deg

(REFS. 16 AND 17)

0.05 psf-

Ls (in.)

3.32
3.0
2.0
1.5
1.193

0s «eg)
0

7.51
30.60
40.75
46.40

F(lbf)

77.02
76.83
76.08
75.53
75.07

ap (deg)

0
0.42
2.03
3.09
3.91

nip (g/sec-cm2)

0.16X 10-2
0.19 X 10-2
0.35 X 10-2
0.51 X 10-2
0.68X10-2

Rm

1.00
1.18
2.12
3.12
4.16

Fig. 6 Peacekeeper ACE nozzle: effect
of scarfing on contamination potential.

AT POINT P

X = VARIES
xp = -3.825 in.
y = VARIES
zp = VARIES
TD = 520°R

1.0

0.8

0.6

0.4

rh = 0.68 X 10-2g/sec-cm2
e = 0.35X 1010 ergs/sec-cm2
n{ = 0.78X 10l5mol/cm3
f = 0.075 0.0
vav = 8,520.2 ft/sec

-Rf

Rm

Fig. 7 Peacekeeper ACE nozzle: effect
of meridional angle on backflow proper-
ties.

60 120 180 240 300 360
MERIDONAL ANGLE, X (deg)
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x = 0 deg
xp = VARIES FROM 0 TO -248.0 in.

80 100120140160180
ANGULAR DISTANCE. 0 {deg)

CHAMBER

PQ = 425 psia
T0 =. 6,337°R
MW = 29.55

•v = 1.13

= 1.35 in.
= 25.52 in.
= 11.47 in.

Fig. 8 Contamination from the Star 30 high-performance kick
motor.

On the other hand, the increased gas flow velocity means
that only surface molecules with thermal velocities exceeding
the gas velocity will have the capability of reaching point P;
thus, the average velocity of the impinging molecules will
increase. Both these effects are shown in Fig. 7; opposite
effects for each occur in the 180-360 deg region.

A second application of the model determined what effect
scarfing would have on surfaces far forward of the nozzle
exit of the Star 30 high-performance kick motor. The mass
flux results, shown as a function of angular distance in Fig.
8, are for a series of surface points at a radial distance of
100 in. from the nozzle center line and varying axially from
the throat location to a point 248.0 in. forward of the nozzle
throat. As already shown in Fig. 5, the mass flux decreases
with increasing angular distance, the effect being more
dramatic in Fig. 8 in which mass flux rather than mass expo-
nent is plotted. Scarfing the nozzle increases the potential
contamination, but the increase decreases with increasing
angular distance. At a large angular distance such as 0=160
deg, the effect of scarfing is negligible.

Conclusions
A mathematical model has been developed for determining

the backflow contamination potential from a scarfed nozzle
plume in a space environment. Applied to the Peacekeeper
ACE and the Star 30 motor, the following conclusions can
be made concerning the results obtained:

1) Scarfing a nozzle will increase the contamination poten-
tial at a point in the backflow region relative to that of an
unscarfed nozzle, unless the point lies at the 180 deg meri-
dional location in which case there is no effect.

2) Increasing the scarfing angle increases the contamina-
tion potential unless the point lies at the 180 deg meridional
location.

3) When the meridional angle of the point increases from
0 to 180 deg, the contamination potential will decrease. In-
creasing the angle from 180 to 360 deg will increase the
potential.

4) The increase in the contamination potential due to
scarfing will decrease as the angular distance of the point
increases.
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