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Nozzle-Lip Effects on Argon Expansions
Into the Plume Backflow

David H. Campbell*
University of Dayton Research Institute, Astronautics Laboratory (AFSC),
Edwards Air Force Base, California

The structure of the flow of argon through a 2-cm-long, 4-mm-diam tube, around the tube lip, and into vacuum
has been investigated using the Direct Simulation Monte Carlo technique. Two lip geometries have been compared,
and the shape and thickness of the lip were found to have a significant influence on the flowfield structure and the
total flux into the backflow. The effects of the temperature and scattering characteristics of the front lip surface
were investigated and found to affect the backflow only for certain lip shapes. The number density and temperature
of the gas were also found to have a significant effect on the backflow due to changes in the collisional processes
in the expansion flow, which affects the freezing of the paraliel component of the random motion of the gas.

Introduction

HE expansion of gases out of a rocket nozzle or out-

gassing orifice into a low-density background is an impor-
tant problem with importance to spacecraft contamination,
heat transfer, and infrared sensor interference. The expansion
of gases around the nozzie lip and into the region upstream of
the nozzle exit plane, usually referred to as the backflow
region, is a particularly complex gas dynamic problem. It has
been recognized for many years'™® that the expansion of the
subsonic and lower Mach number supersonic regions of the
boundary layer around a nozzle lip can produce significant
flux into the high-angle backflow region not predicted by the
conventional Prandtl-Meyer uniform supersonic flow analysis.
It has recently been recognized that nonequilibrium effects,’
due to the rapid rarefaction of the flow out of a nozzle exiting
to vacuum or near vacuum, can affect the structure of the flow
around a nozzle lip. Consequently, accurate modeling of the
flowfield around a nozzle lip and into the high-angle backflow
region cannot be obtained using standard equilibrium gas
dynamic models. The Direct Simulation Monte Carlo
(DSMC) modeling technique,® which models a gas flow by
following some representative number of molecules through
simulated collisions, does account for nonequilibrium effects,
and is essentially the only technique presently available for
accurate prediction of these flows.

The shape of the nozzle lip may play an important role in
determining the flux into the backflow. Pipes et al.® observed
some effects of nozzle-lip shape on the flowfield at the exit
plane for carbon dioxide and nitrogen expansions from small
nozzles, with a pronounced dependence of the effect on the
level of condensation in the flow. Direct evidence of lip shape
effects on flow into the backflow region was observed by
Chirivella!® for pure nitrogen flows. Hueser et al.!! used the
DSMC technique to study the detailed flowfield around the
nozzle lip for conditions simulating the inertial upper stage
IUS motor at 282-km altitude. They found large differences
between the flowfield predicted by the DSMC technique and
that predicted by the equilibrium Method of Characteristics
technique. They modeled a nozzle lip with finite thickness, but
investigated only one lip shape and one lip thickness for one
set of initial flow conditions.

The results of a detailed DSMC theoretical analysis of the
effects of lip shape and lip thickness on the flowfield around
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the lip of a nozzle with zero half angle (tube) will be presented
in this paper. In addition, the effects of upstream conditions
(gas density and temperature), front lip surface temperature,
and front lip surface accommodation coefficient on the
backflow structure have been investigated and will be de-
scribed. As will be shown, the degree of translation nonequi-
librium in the gas expansion, which is dependent on the gas
density and temperature, can significantly affect the structure
and degree of backflow. In addition, translation nonequi-
librium processes interact with the different lip shapes and
thicknesses in a nonsimple manner.

Model Description

To investigate the effects of nozzle lip shape and thickness,
the DSMC technique was used to map the flow of argon into
vacuum through a 2-cm-long tube of 2-mm radius for two lip
shapes (Fig. 1) and for wall thicknesses from 0 to 2.0 mm.
Because of the extremely large change in gas number density
from the internal flow to the far backflow region, the calcula-
tions are conducted in four steps. The first uses a finite-differ-
ence Navier-Stokes code (VNAP2)!'? to calculate the internal
flow to a position 2 mm upstream of the tube exit plane. The
DSMC code is then used to calculate the flow from that
position to a position 0.15 mm upstream of the tube exit
plane. The influence of the tube lip thickness on the flow at
this start line was checked and found to be negligible for all of
the flow parameters. The third step is a full DSMC calculation
from the start line 0.15 mm inside the tube out into the
forward flow and around the lip into the backflow region. The
run is allowed to proceed until good statistics are obtained in
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Fig. 1 Lip shapes. Flow angle convention is also shown. A-A and B-B
are longitudinal and radial profiles presented in figures to follow. Dotted
lines indicate boundary cells used for backflow flux calculation.
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Fig. 2 Normalized flux into backflow region. Dependence on lip shape,
lip thickness, and starting gas number density. Flux is normalized by
number density multiplier.
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Fig. 3 Backflow flux ratio between square-edge and knife-edge lip
shapes.

the region directly in front of the lip, but not long enough to
produce good statistics in the backflow region. The final step
is a calculation of the flow from a horizontal line along the
inner edge of the lip out into the backflow region, using the
results of step 3 for the input start conditions at that line.
Again, the influence of the lip thickness on the startline
conditions was checked and found to be negligible for all of
the flow parameters, i.e., the nozzle lip had no influence on
the conditions upstream of the inner edge of the lip. Conse-
quently, the same start-line was used for all lip thicknesses.
For one case the third step was allowed to run long enough to
obtain good statistics in the backflow region in order to check
the effect of using a restart along the horizontal line at the
inner edge of the lip. Since the restart file only supplies the
average flow quantities of velocity and temperature, if any
significant nonequilibrium in the translational mode exists at
this position, it would not be tracked upon restarting the
code. No significant difference was found between the restart
results and the full-field results.

The cell structure used in the calculations was the final
configuration reached after a number of iterations. The mean
free path must be at least 2-3 times greater than the cell size
to avoid flow smearing, and the mean collision time must be
2-3 times greater than the time step for the calculation to
track changes in the flow parameters accurately. The cells
were adjusted so that the flowfield and cell structure met or
exceeded these criteria in all cells except for those cells far
from the lip in the forward flow region, where the mean free
path was slightly less than the cell diameter. The flowfield is
slowly varying in those regions, so that no flow smearing was
expected due to the low ratios.

The effects of random number seed value, cell number, and
size (within the preceding limits), and number of simulated
atoms were investigated and found to be small in all cases.
With respect to the effects of the number of simulated atoms,
that number was kept approximately the same for all runs
(about 7000 for the last DSMC step as previously described),
which resulted in about 10 particles per cell.
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Fig. 4 Number density distribution for square lip. Log scaling is used.

A stagnation temperature of 300 K and a stagnation pres-
sure of 1 KPa (7.5 Torr) were the standard conditions used in
the calculations. Diffuse reflection (full accommodation) of
gas particles from the tube walls was used for all gas/wall
interactions except for one series of runs where specular
reflection was used for the front lip surface to investigate the
effects of the surface interaction model. A thick boundary
layer develops for these conditions (Reynolds number ~ 500
at the tube end) and fills a large portion of the tube at the exit
plane.

Effects of Lip Shape and Thickness

One measure of the effect of lip shape and thickness is the
total amount of flux into the backflow region. In this paper
the total backflow flux will be defined as the flux (number
density x velocity x subtended angle) calculated for each
outer boundary cell summed for those cells with flow angles of
90 deg or greater (Fig. 1). In Fig. 2 the relative flux of argon
into the backflow region is shown. Both tube lip thickness and
shape have pronounced effects on the backflow flux. From
these results it can be concluded that the scattering from the
front face of the lip has a significant effect on the flux of gas
into the backflow region for these flow conditions. Thicker
lips produce more forward scattering, i.e., flow angles directed
more toward the forward flow direction, which reduces the
number of atoms scattered into the backflow. The knife-edge
lip shape scatters more atoms into the forward flow direction
than the square edge lip, and thus produces less backflow flux.
The ratio of the backflow flux between the square and knife
edge lips is shown in Fig. 3. The ratio increases with increas-
ing lip thickness and appears to be leveling off at a value of
approximately 2.5 for this baseline condition.

The complete flowfield number density distribution is
shown in gray scale format in Fig. 4 for the 0.8-mm-square
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Fig. 5 Number density
used.

distribution for knife-edge lip. Log scaling is

lip, and in Fig. 5 for the 0.8-mm knife-edge lip. Only the flow
in front of the lip and into the backflow is presented, since the
forward flow region is identical for the two cases. Rarefaction
is very fast near the outer edge of the lip for both cases. The
flow for the knife-edge lip expands more slowly in front of the
lip, but faster around the outer lip edge than the square lip.
This is illustrated more clearly in Figs. 6 and 7. In Fig. 6, a
horizontal profile of the number density along a line at the
position of the outer edge of the lip is shown (profile A-A in
Fig. 1). The number density for the knife-edge lip is much
greater (and, therefore, the gas has expanded more slowly)
than that for the square lip out to a distance of about 4 mm
from the wall, at which point the lip shape no longer influ-
ences the flowfield.

Despite the much larger number density in front of the lip
for the knife edge, the total flux into the backflow region is
much lower for the knife edge than for the square lip (Fig. 2).
The reason for this is illustrated in Fig. 7, where the flow
angle is shown along the horizontal line at the outer edge of
the lip (profile A-A). The flow angle is much lower for the
knife-edge lip, which results in more of the flow being directed
in the forward direction ( < 90 deg) for the knife-edge lip than
for the square lip.

A more detailed look at the flowfield into the backflow
region is shown in Fig. 8 for the square lip. The unit flux (gas
particles per square meter per second) of argon gas into the
backflow along profile B-B peaks at a position within 1 mm of
the wall, with the peak position moving farther out as lip
thickness increases. The value of the unit flux drops signifi-
cantly near the wall as the lip thickness increases. At large
distances from the wall the unit flux converges to a constant
value. A similar behavior was found for the knife-edge lip.

One might, therefore, conclude that by employing a knife-
edge lip, it is possible to reduce the backflow flux by a factor
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Fig. 7 Angle profile along A-A for 0.8-mm lip.
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of about 2 and, consequently, reduce potential spacecraft
contamination by a similar factor. Unfortunately, the total
flux is only one parameter contributing to the potential for
contamination or other unwanted effects. In Figs. 9 and 10 we
illustrate the difference between the flow angle along profile
B-B in the backflow region for the square and knife-edge lips.
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Fig. 10 Angle ratio comparison for knife-edge and square lips and two
lip thicknesses along B-B.
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Fig. 11 Number density profile along A-A for 0.8-mm-square lip.

Table 1 Relative backflow flux for different surface reflection types

(0.8-mm lip)
Diffuse Specular
Square 1.0 1.005
Knife 0.485 0.175

For the thicker lips, the angle near the wall is larger for the
knife-edge lip than it is for the square lip, despite the fact that
the flow angle in front of the lip starts out at a much lower
value for the knife-edge lip (Fig. 7). For the knife-edge case,
the expansion is more like the zero-thickness lip (Fig. 9),
which produces highier-angled flow in the backflow region
than thicker lips. Depending on the particular phenomenon of
concern, this increased angle may counter any benefit gained
from the decreased flux of knife-edge lips comparéd to square
lips.

Effects of Lip Surface Characteristics

~ Since it is clear from the preceding results that gas scatter-
ing off the front of the lip has a pronounced effect on the
backflow, the characteristics of the collisional interaction of
gas particles with the front of the lip have been investigated.
The effects of the type of wall interaction and of wall surface
temperature on the backflow structure are presented in this
section.

Type of Wall Reflection

To investigate the effects of the type of wall interaction,
calculations were made for 0.8-mm-thick square and knife-
edge lips using full specular reflection from the front face of
the lip. In these calculations, there is no energy exchange
between the gas particles and surface during a collision with
the wall. The colliding particles simply reflect off the wall with
only a change in their direction of motion. This is in contrast
to all of the previous results, which used diffuse reflection
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Fig. 12 Number density profile along A-A for 0.8-mm-knife-edge lip.

from all walls. With diffuse reflection, particles that collide
with the walls are assumed to fully accommodate with the
wall conditions and leave the wall with a statistical distribu-
tion of energy corresponding to the wall temperature, which is
a constant 300 K in all of the calculations. The relative
backflow flux for diffuse and specular reflection from the front
face of the lip for both the square and knife-edge lip is
compared in Table 1. From these results it is clear that the
type of interaction with the front face of the lip does not affect
the backflow for the square-edge lip, but has a pronounced
influence on the backflow for the knife-edge lip.

The angle profile in the backflow region at the exit plane
(profile B-B) for the square-edge lip was identical for specular
and diffuse reflection from the front face of the lip. A signifi-
cantly lower angle (i.e., a flow turned to a lesser degree) near
the wall was found for specular reflection from the front face
of the lip for the knife-edge shape. The calculations for the
knife-edge lip, then, show both a lowered flux and lowered
flow angle in the backflow region when specular reflection is
used for collisions of argon with the front face of the lip.

With respect to the apparent lack of effect of surface
accommodation coefficient for the square-lip shape, it is inter-
esting to look in a little more detail at the condition of the gas
near the front of the lip. The number density profiles at the
outer edge of the lip (profile A-A) for the square- and
knife-edge lips with diffuse and specular reflection are shown
in Figs. 11 and 12. For both the square and knife-edge lips,
the number density and velocity (not shown) very close to the
wall are lower for diffuse reflection and the temperature is
higher. This is expected when there is full accommodation
with the wall, which is hotter than the gas temperature in the
region directly in front of the front face of the lip. When gas
particles interact with the wall in diffuse reflection, they heat
up, creating a temperature boundary layer. As a result, the
number density and velocity are reduced from the case with
no accommodation (specular reflection). This process occurs
only very close to the wall (a few tenths of a millimeter) for
the square lip, but extends out to about a millimeter for the
knife-edge lip.

The lowering of the number density and velocity and the
increase in temperature near the wall for diffuse reflection are
also more pronounced for the knife-edge lip than for the
square lip. The angle near the wall for the knife-edge lip was
found to be lower for specular reflection, indicating that more
of the flow will be directed into the forward flow region,
reducing the total backflow (Fig. 11). The angle near the wall
for the square lip was identical for both specular and diffuse
reflection. This behavior combined with the smallness of the
region affected by the wall conditions for diffuse reflection
results in no appreciable change in the backflow flux for the
square lip. For the knife-edge lip, the change in angle and the
large extent of the region affected by the wall produces the
large difference in backflow flux seen for this lip shape for
diffuse and specular reflection.
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Lip Surface Temperature

The effect of change in the temperature of the front surface
of the lip on the backflow flux is shown in Table 2 for diffuse
reflection. All of the results in this section are for a lip
thickness of 0.8 mm. Despite the fact that the temperature
near the front surface of the lip increases dramatically as the
surface temperature increases, and despite the increase in the
extent of the temperature boundary layer, the backflow flux
for the square lip does not change significantly when the lip
surface temperature is increased. The angle profile along B-B
was also identical for the three temperature cases for the
square lip.

For the knife-edge lip, the total backflow flux increases with
lip surface temperature, to a degree that the total calculated
flux into the backflow for a lip temperature of 10,000 K is as
high as the flux for the square lip shape at that temperature.
The number density and velocity profiles into the backflow
region (profile B-B) for the knife-edge lip shape for the
different lip temperatures are shown in Figs. 13 and 14. It is
interesting that the number density profile is actually lower
for the higher temperatures, but that the velocities increase
substantially for the higher temperatures, which accounts for
the increase in flux. The angle profile also increases somewhat
with increasing lip temperature (Fig. 14). The number density
and temperature profiles at a position along the outer edge of
the lip (A-A) are shown in Figs. 15 and 16. The drop in
number density with increasing lip temperature is noted again

Table 2 Relative backflow flux for different lip surface temperatures
(0.8-mm lip)

Lip temperature, K
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at this spatial position. There is a substantial rise in the gas
temperature near the lip for increasing lip temperature, this
increase in gas temperature being much larger than for the
square lip shape. The velocity also shows a significant increase
with lip surface temperature in this region.

The interaction of the gas with the front surface of the lip
is again seen to be much more important for the knife-edge-
shaped lip than for the square shape, similar to the results
seen previously in the diffuse and specular reflection analysis.
The increase in gas temperature near the lip increases the
number of collisions in the region, allowing the gas to obtain
a higher velocity that, despite the decrease in number density,
increases the total flux into the backflow for the knife-edge
lip. This effect is too small for the square lip shape to affect
the backflow significantly.

Effects of Gas Starting Conditions

Number Density

To investigate the effects of the starting number density of
the gas on the backflow structure, the number density at the
start-line 0.15 mm upstream of the exit plane of the tube was
increased by a factor of 10, and the calculations were repeated
for various lip thicknesses for the knife-edge and square-edge
lips. The boundary-layer profile was kept the same as before,
with a multiplier used to change the numeric value of the
number density, keeping all of the other gas flow parameters
the same. A full-region run was conducted in each case to get
a new start-line at the bottom of the lip, and a lip-region/
backflow calculation was then run. The total flux into the
backflow for the baseline case and for a number density a
factor of 10 higher than the baseline case (10 x ND) is
compared in Figs. 2 and 3. The calculated number density of
the flow for the higher-number-density cases has been normal-
ized by the number density multiplication factor (10).

It is apparent that the backflow flux does not scale directly
with the starting number density. Specifically, the normalized
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flux drops about 40% for the higher-number density for the
0.0-mm lip thickness. For the square-shaped lip, the norimal-
ized flux for the higher-number density case approaches the
values for the lower-number density as the lip thickness
increases. For the knife-edge lip, the normalized flux for the
higher-number density is very close to that for the lower-den-
sity case for a lip thickness of 0.2 mm, and then is higher than
that for the lower-density case for larger-lip thicknesses (Fig.
2). Additionally, the difference in the normalized flux for the
knife-edge lip compared to the square-edge lip is smaller for
the higher-number density case than for the lower-number
density case (Fig. 3).

There will be an increase in the total number of collisions
when there are more gas particles in the flow, and this change
in the collisional process can alter the velocity and angle
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profiles into the backflow region and, in addition, can change
the position in the flow where the breakdown of translational
equilibrium occurs.'? A delay in the decoupling of the parallel
translational mode from the perpendicular mode would be
expected to increase the directed velocity of the flow, since this
delay would allow more energy to be available for the expan-
sion of the gas before energy is frozen into the parallel mode
and is no longer available for conversion to directed motion
of the gas. Bird’s breakdown parameter’ exceeds the value of
0.05 (usually assumed to define the onset of translation
nonequilibrium) inside the tube just upstream of the exit plane
for the lower-number density case, but not until well into the
external expansion flow for the higher-number density case. In
both the square- and knife-edge cases, the velocities were
found to be higher into the backflow region for the higher-
number density case for all lip thicknesses. Additionally, the
velocities for the 10 x ND cases were found to be proportion-
ately higher than the corresponding baseline velocities as the
lip thickness increases, with the knife-edge lip showing a
stronger propensity for this trend.'*

The normalized number density profiles into the backflow
region (along B-B) show a more complex behavior than the
velocity profiles, as shown in Figs. 17-19. For the square-edge
lip, the normalized number densities are always higher for the
baseline case (Fig. 17), and the ratio between the normalized
number densities for the baseline and 10 x ND cases increases
with decreasing lip thickness (Fig. 18). Consequently, the
decreased velocities (with increasing starting number density)
are not enough to change the trend set by the number density
profile, which is to reduce the normalized flux with increased
starting number density. For the knife-edge lip, the normal-
ized number densities for the baseline case are higher than
those for the 10 x ND case for the thin lips, but are lower for
the thicker lips (Fig. 19). As a result, the normalized flux for
the knife-edge lip is smaller for the higher starting number
density case for thin lips, is about the same as the baseline
condition for a lip thickness of 0.2 mm, and then is higher
than the baseline condition for the larger lip thickness (Fig.
2). For the knife-edge lip, the normalized flux for the higher
starting number density levels out at a value 50% higher than
the flux for the baseline condition for the thickest lips used in
this analysis. This is in contrast to the square-lip results,
where the normalized flux for the 10 x ND cases are all less
than the baseline case, and where the difference in normalized
flux between the baseline and 10 x ND cases decreases with
increasing lip thickness (Fig. 2).

For both high starting number density cases (square and
knife edge), the increase in velocity is a direct indication that
the translational mode is in equilibrium longer than for the
lower starting number density cases. The pattern of change in
the normalized number density is another, more complicated,
matter. The angle profiles in the backflow region are similar
for the two lip shapes (slightly higher angle for higher number
density), therefore the flow angle in this region does not yield
any information about the difference in number density be-
havior. The horizontal profiles of flow angle in the top row of
cells in front of the lip (A-A in Fig. 1) do not change with
number density for the square lip, and change only a few
degrees (and only in a region near the I-mm position) for the
knife-edge lip; and so once again the angle profile does not
give a significant cluc about the backflow behavior. For the
higher starting number density case, the temperature profiles
in front of the lip (A-A) show a slightly increased temperature
near the face of the lip for the 0.8-mm knife edge and a similar
but weaker trend for the 0.8-mm square lip. For the 0.2-mm
lip, the temperature was lower for the square-edge and ap-
proximately the same for the knife-edge lip near the lip face.
The gas is accommodating more to the surface for thicker lips
and more for the knife edge than for the square edge. The
number density profile in the lip region for the knife-edge lip
shows a significantly lower normalized number density within
0.6 mm of the wall for the higher starting number density,
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whereas the normalized number density is only slightly lower
in that region for the square lip (for all lip thicknesses). The
velocity profiles are essentially the same in the lip region for
the knife-edge lip, and for the square-edge lip the velocities
are slightly higher for the higher number density case.

The correlation of the flow parameters in the region in front
of the lip to the backflow number density is not clear.
Certainly the lower normalized number density in front of the
lip for the 0.8-mm knife-edge lip for the high starting number
density is somewhat curious, since the number density is
higher in the backflow for this case. The molecules are “piling
up” in front of the lip more for the lower starting number
density case. This may be related to the degree of nonequi-
librium in the translational mode and to the difference in
accommodation to the surface. The relationship between the
number density profile in front of the lip and the number
density profile in the backflow is similar to that found when
comparing the square-edge to knife-edge lip results, i.e., the
number density is lower for the square-edge lip in front of the
lip, but larger in the backflow region. In that case, the
difference was explained by the larger angle in front of the lip
for the square edge. For the high vs low starting number
density comparison, the angles do not change significantly,
and so this argument does not apply.

The interaction of the (translationally nonequilibrium) flow
with the wall results in the behavior of the number density
being different for the different lip shapes. This interaction
between the characteristics of the gas expansion and the
collisions of the gas with the wall is obviously a complex one
not easily predicted without detailed modeling of the type
employed here.

Temperature

An investigation of the effects of starting gas temperature
was conducted using a similar technique as was used for
investigation of starting number density effects in the previous
section. The calculation was started at the position 0.15 mm
upstream of the tube exit plane, with the starting gas temper-
ature multiplied by factors of 5 and 10 in two separate
calculations. The total flux into the backflow region for both
lip geometries is compared in Table 3. An increase in the
starting gas temperature produces a significant increase in the

Table 3 Normalized backflow flux for different starting gas
temperatures (0.8-mm lip)

Temperature Multiplier

I 5 10
Square 1.0 2.486 4.130
Knife 0.485 1.171 1.757
_12x10??
(?E . ] g O nag
> 08X1022- o
= ] o
g e ® O 06 0 o
8 B ; : ; x X X X X x
5 04X10°2 ¥ o Standard
a )
£ 1 &® *5XT
2 x10XT
0.0 1 v 1 1 L]
0.0 1.0 20 3.0

Distance From Wall (mm)

Fig. 20 Number density profile along A-A for 0.8-mm-thick square lip.
Variation with starting gas temperature.
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total backflow flux for both lip geometries. A large increase in
the flow velocity with increasing starting temperature com-
bines with a smaller but still significant increase in backflow
number density near the wall to produce the resulting large
difference in total backflow flux. There was only a small
increase in flow angle into the backflow region between the
standard case and the 5 x T case, and no change in flow angle
into the backflow with increases of temperature above the
5x T case.

An increase in the starting gas temperature increases the
number of collisions in the flow which allows the flow to stay
in equilibrium longer and consequently produces a higher flow
velocity, as was the case when the starting number density was
increased. The number density in the backflow increases with
increasing starting temperature, which is somewhat contrary
to the expected decrease due to the change in the expansion
properties as seen when the starting number density was
increased. If we look at the horizontal profile of the number
density at the outer edge of the square lip (A-A) before the
flow turns and enters the backflow region (Fig. 20), we see
that the number density does drop with increasing starting
temperature for the area of the flow 1 mm out from the wall.
Close into the lip surface (Fig. 21), the number density
increases with increasing starting temperature. It is this part
of the flow that turns and enters the backflow region. The
reason for this increase in number density can be deduced
from the profile of the temperature at the outer edge of the lip
(Fig. 22). Comparison of the temperature normalized by the
starting temperature multiplier shows that the normalized
temperature drops with increasing starting temperature. The
increase in temperature in this region with increasing starting
temperature is not keeping up with the increasing starting
temperature due to the interaction with the cooler wall sur-
face. Consequently, the number density change with starting
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Fig. 21 Number density profile along A-A for 0.8-mm-thick square lip
(expanded). Variation with starting gas temperature.
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Fig. 22 Temperature profile along A-A for 0.8-mm-thick square lip.
Variation with starting gas temperature. Temperatures are normalized
by the corresponding starting temperature multiplier.
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temperature reverses direction as one approaches the front lip
surface (Figs. 20-21).

Summary and Conclusions

The structure of the flow of argon through a 4-mm-diam
tube, around the tube lip, and into vacuum has been investi-
gated using the Direct Simulation Monte Carlo technique.
Two cases, a squared-off lip and a knife-edge lip, have been
compared, and the results show that the shape and thickness
of the lip have a significant influence on the flowfield. It can
therefore be concluded that the collisional interaction of the
gas with the front face of the lip makes a major contribution
to the resulting characteristics of the flow into the backflow
region.

The type of surface interaction and the temperature of the
front surface of the lip used in the calculation do not affect the
backflow for the square lip shape, but have a pronounced
effect on the backflow for the knife-edge lip. The number
density of the gas has a significant effect on the backflow due
to changes in the collisional processes in the expansion flow,
delaying the freezing out of the parallel component of the
random motion of the gas, which consequently supplies more
energy to the direct motion of the gas. The same type of
process occurs when the overall temperature of the gas is
increased, causing the total backflow flux to increase substan-
tially with increasing gas temperature.

It must be emphasized that the results presented in this
paper are for a single monatomic gas flowing to pure vacuum
with no background gas interactions. In the actual cases of
interest, there will always be some background gas moving at
high velocity with respect to the emitted plume flow, which
may be made up of a number of different molecular weight
species. Consequently, any conclusions with respect to space-
craft contamination processes must wait for a more complete
modeling effort including background gas interactions, which
can be quite large,'® as well as the effects of gaseous separa-
tion of the various species as they expand around the lip.!!!?
In addition, direct comparison to experimental data will also
be necessary before these types of calculations can be reliably
used to predict the structure of the backflow for actual rocket
nozzles.
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