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1.0 INTRODUCTION

During the deployment of space launched systems (e.g., the IUS) from the Space
Transportation System (STS), the impact of the solid rocket motor (SRM) plume on mission
requirements is of major concern to all users. Potential harmful impacts of the SRM plume
are as follows: damage to sensitive orbiter surfaces attributable to SRM plume particle
impacts during launch of the payload, and the damage to sensitive space satellite systems
attributable to surface contamination of optical windows, solar panels, etc., during orbit
insertion.

The sensitive surfaces on the STS are the orbiter viewing windows and the high and low
temperature reusable surface insulation (HRSI and LRSI) tiles. The STS damage problem
appears in the following forms:

1. Breakage (measured in terms of the number of breaks per unit of surface area).

® For a window, a break represents the formation of a crater of such a
depth (40 sm or more) that thermal stress during re-entry might induce
¢rack propagation.

® For a tile, a break represents a penetration of the fused silica coating
(305-381 um thick).

2. Erosion (refers to the formation of craters too shallow to be classified as breaks) is
measured in terms of the percentage of the total surface area, not depth, that is
chipped off by the aggregate of particle impacts.

Assessment of these effects requires knowledge of particle size, flux, and velocity.

The amount of contamination that would damage a sensitive space satellite system is not
easily defined. The deposition of condensates and particles on satellite surfaces will degrade
the effectiveness of the satellite and ultimately determine its usable life, The allowable
amount of deposition requires additional study for a variety of surfaces and contaminants.

To determine the amount of damage to the orbiter caused by particles contained in the
aluminized propellant SRM exhaust, a detailed description of particle properties in the SRM
plume is required. In the past, various experimenits (e.g. Refs. 1 - 3) have been conducted to
collect aluminum oxide particle samples to determine their number density and size
distribution. The sampling systems were usually biased toward the larger size particles (2-50
pm), and the smaller (<2 pm) particles have been ignored except in a few studies (e.g., Ref.
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3). These types of experiments are not adeguate for the determination of particle damage to
the shuttle or gatellite surfaces becauss of the biasad nature of the gample collection systems,
and because of the difference in the SRM designs being used in the STS missions from those
of previous systems (¢.g. Minuteman).

The simulated altitude testing of space application motors in the test cells at AEDC
offers a unique opportunity to attempt to characterize the particulates from 2 variety of
rocket motors. Because of its planned usage for STS missions, the JUS propulsion system is
of great interest (Ref. 4). An extended development and qualification testing program in the
Rocket Development Test Cell (J-5) at AEDC (Ref. 5) offered the opportunity to obtain
particulate samples.

The IUS Plume Sampling Program consists of three phases: (1) sampling and analysis of
particles contained within the exhaust plume core flow (to assess STS damage); (2) sampling
of gas and particulates in the plume boundary region (to evaluate plume back-flow
contamination), and (3} sampling of SRM chamber outgassing after completion of the
firing. This report deals only with the first of these phases, and the results of the sampling
and analysis are given herein.

2.0 CORE FLOW SAMPLING
2.1 EUS TEST CONFIGURATIONS

The IUS solid rocket motor development program includes a number of altitude tests at
AEDC, Two different sizes of IUS motors have been tested: the IUS small motor that has
an extendable exit cone (EEC), and the IUS large motor, All core flow samples were taken
during two small motor tests in which the carbon-carbon nozzle extended into the diffuser
section (Fig. 1).

The main ingredients of the IUS propellant are Hydroxyl Terminated Polybutadine,
Ammonium Perchlorate, and Aluminum (HTPB:AP:AL) in the approximate ratio
13%:68%:18% by weight. The Two-Dimensional Kinetic Nozzle Analysis Computer
Program (TDK), Ref. 6, was run at AEDC to predict exhaust products at the exit plane;
these products are listed in Table 1. Note that aluminum oxide (Al;01) makes up about 40
percent by weight of the total equilibrium exhaust products.
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Table 1. Predicted Exhaust Species Mole Fractions

ALO(S) 0.087112
CO 0.231450
CO, 0.029856
FeCl,  0.000033

HCl

0.151064
0.366163
0.057644
0.076677

Seventy-two additional products were considered, but the mole fractions of these are less

than 0.5 x 10-¢4.

The probe locations for the two tests are given in Table 2.

Table 2. Summary of Tests for Particulate Sampling

IUS Motor Date Tested No. of Probes

DS4A 13 February 1581

DS8C 30 June 1981

1

Location

10 in. off centerline
87 in. downstream

(1) Centerline, 87 in.
downstream

(2) 10 in. off center-
line, 87 in. down-
stream (water
ingestion probe)

(3) Tangent to nozzle
exit angle, 51 in.
downstream

The 87-in, axial location was chosen such that the probe would be located upstream of
the intersection of reflected shocks off the diffuser wall and as far from the nozzle exit as
possible to minimize heat transfer. The radial locations were chosen to meet the sponsor’s
need for determining the spatial variation in the aluminum oxide particle size distribution,
Because of a restricted TUS testing schedule, the opportunities were limited to three locations
to obtain the core flow data. The tangent location was especially chosen to determine the
size distribution of carbon particles that erode from the nozzle surface.
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1,2 SAMPLING TECHNIQUES

The sampling technique used in acquiring the core flow samples was to locate fixed
probes (Fig. 2) at accurately known distances downstream of the nozzle exit at different
radial positions. The probe bodies consisted of a 1-in. stainless steel tube surrounded by a
carbon steel water jacket which was, in turn, covered with carbon steel plate which served as
an ablation coating (Fig. 3). Since the tip of the probe was to be immersed in & high
temperature (to 4,000°K) environment with a large concentration of high velocity Al;O,
particles, a tungsten tip was fabricated and attached to the stainless steel tube sampling line.
The probes were considered to be expendable. The water jecket was not intended to cool the
outside carbon steel jacket, but was designed to keep the sample tube as cool as possible.
The water was turnied off before motor burn-out to ensure that water would not be sprayed
on the carbon-carbon nozzle. After the firings, the probe hardware located in the core
region was found to be severely eroded, but the tungsten tips were not appreciably damaged.

Each core flow probe was connected through the sample transfer line to & samiple station.
Constant flow through the probe sample lines was maintained by routing a return line back
to the diffuser inlet as shown schematically in Fig. 4. Contained in the sample station are
three sample bottles of the type shown in Fig. 5. The sample bottles contained a holder for
mounting a witness stub to gather particles for analysis using a Scanning Electron
Microscope (SEM) combined with an X-ray energy dispersive spectrometer. The 15-mm-
diam by 10-mm-thick stubs were made of copper, carbon, or beryllium. Filter paper, used to
divide the sample bottle into two compartments (particle/gas), is also held in place by the
SEM stub holder as shown in Fig. 5. The gas compartment should then be relatively clear of
particles so that the gas can be removed through a line attached to the end opposite the
entrance to the sample bottle for gas chromatographic analrsis.

The sample station was designed to minimize the number of turng the gas/particle flow
has to make before a sample is captured. The sample bottle valves can be operated at any
time during the firing and the sample fill time can be selected by use of a sequence controller.
The three samples were taken during the first three null periods of the nozzle gimbaling
program to ensure sample acquisition at known nozzle positions. Also built into the system
for the DSBC motor test was an automatic helium (Hg¢) pressurization system which
prevented air leakage into the sample bottles between the time the sample was taken and the
time the gas analysis was accomplished (about 10 hr).

A large sample of plume particulates (about 100 grams) was collected by modifying the
core flow probe to generate a water spray just inside the probe entrance (Fig. 6). This was
accomplished by installing 1/4-in. copper tubing inside the probe with a spray head attached
to the front end and positioned 3 in. inside the probe entrance. The water (H,0) supply
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comes from a high pressure tank (1,000 psi) which uses an air operated valve to initiate and
terminate the flow. Qutside the test cell the probe is connected to a stainless steel collection
tank that stores the water/particle slurry. To achieve a pressure in the tank much lower than
the pressure at the probe entrance, a vacuum line was installed and positioned just inside the
diffuser lip.

3.0 ANALYSIS TECHNIQUES

The gas analysis is not a significant aspect of the orbiter damage problem being
addressed in the core flow sampling portion of this effort. This is contrary to the great
importance of the gaseous effluents emitted during the postfire period and in the boundary
of the plume because of the possibility of condensation of the gaseous species on surfaces.
Because of the very high temperature reached by the tungsten tips of the probes and the
reactive nature of the gaseous combustion products, it is unlikely that the gas samples,
obtained in the core flow, are representative of the rocket exhaust products. Therefore, the
gas analysis data are not reported here.

Each sample bottle contained two SEM/X-ray stubs and a filter paper. When the bottles
were opened, a visual inspection was completed before the stubs and paper were removed.
Sections of the filter paper were cut down to size and mounted on clean SEM/X-ray stubs
for analysis. Samples of the water solution that were collected from the water extraction
probe were dispersed onto SEM/X-ray stubs for analysis.

The SEM/X-ray unit can define the elemental composition of particulate matter with
atomic numbers of 11 (sodium) and greater (see Fig. 7). The SEM/X-ray unit also has an
automatic scanning capability that will generate a size histogram of particles 0.25 gm and
larger (see Fig. 8).

4.0 EXPERIMENTAL RESULTS

The analysis of the particulate matter found on the SEM stubs and filter paper taken
from the sample bottles and water solution is presented in this section, Data presented
include photographs of the electron microscope image, size histograms, and X-ray spectral
analysis of different areas on the stubs and filters. The procedure used in sampling and data
analysis for the two motors, DS4A and DS8C, was sufficiently different to warrant
reporting the results separately. Even though the procedures were different, some important
observations were made that should be discussed before the test data are presented.

It was observed that all particles (evaluated by the SEM/X-ray unit) were made up of
smaller particles (an agglomerate). No matter what particle was being analyzed when the
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magnification was increased, the result was an agglomerate of several smaller particles (Fig.
7). This obsarvation is very importent when reviewing the histograms presented, since the
mechanism of how particles are formed and when they agglomerate has not been
conclusively defined.

4.1 DS4A TEST DATA

Only one core flow probe was installed in the diffuser for this test. The sampling times
for each bottle were as follows: bottle 1, T = +1.5sec; bottle 2, T = +13.5 sec, and bottle
3, T = 23.8 sec; 1.5 sec was allowed for sample collection. During sample acquisition, the
thrust vector control system was stationary with the nozzle flow aligned with the diffuser.
Copper SEM stubs were used in the boitles for this test,

The copper stubs for samples 1 and 3 were analyzed at AEDC using the SEM/X-ray unit.
The X-ray analysis of sample 1 (Fig. 8) and sample 3 revealed only particles containing
aluminum, assumed to be aluminum oxide, Al,O;. Sample 3 X-ray analysis also had traces
of stainless steel and tungsten, which leads to the conclusion that the probe had deteriorated
by the time this sample was taken,

After the X-ray analysis for both copper stubs was completed, the SEM/X-ray unit was
then used to scan for individual particles. Using the automatic scanning capability, particles
can be sized and the elemental composition determined. Visual observation of the stubs
showed that the particle sizes for sample 1 were predominantly in the-range from <0.1 ym
to 4 um, with only four particles larger than 4 um. The histogram obtained using the
automatic sizing system (lower limit 0.25pm) is shown in Fig. 9. All particles included in the
analysis were agglomerations of smaller particles and had different shapes; they were not
spherical. Sample 3 was completely coated with a grayish material containing some large
particles. Upon high magnification, the coating was composed mostly of sub-micron Al,O;
particles. The large particles ranged from 50 — 100 um and a few as large as 1 mm were
found in the particle collection chamber. X-ray analysis of these large particles showed that
they were made of stainless steel and/or tungsten. As stated before, the probe had
deteriorated by the time this sample was taken.

The filter paper for both samples was also analyzed to scan for particles to ensure that
the procedure for dispersing the particles onto the stub did not bias the sample toward the
small particles. The filter paper for sample 1 revealed the same size range as the copper stub
(sample 1) as shown in Fig. 9, and the filter for sample 3 was coated with the same grayish
material as the copper stub for sample 3.

Analysis of sample bottle 2 was accomplished at the Aerospace Corp. using similar
SEM/X-ray equipment. A close spacing of agglomerated smaller particles was found which

10
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was identified as aluminum oxide. No appreciable amounts of other elements were found.
The particles were irregular in size and ranged from 0.6 to 10 um, with an average size of 1.8
pm. A diffraction analysis was also made, and the pattern was found to correspond closely
with “‘alpha’ Al,O,.

4.2 DSSC TEST DATA

For the DS8C test, two core flow probes and the water ingestion probe were installed in
the test cell diffuser (Fig. 2). One probe was located 87 in. downstream of the nozzle exit
plane and positioned at the centerline. The second probe was located 51 in. downstream of
the nozzle exit plane and positioned tangent to the rocket nozzle exit angle. Three samples
were acquired from each probe at 1.5, 13.5, and 21.5 sec into the firing. A third probe used
to collect a large sample of plume particulates (the water ingestion probe) was located 10 in.
off the centerline and positioned 87 in. downstream of the nozzle exit plane. The water
ingestion samples were collected continuously from 1.5 sec until 45 sec after ignition. The
total motor burn time was 60 sec.

The thrust vector contrpl system was operating during the firing and was stationary at
the null position for the 1.5 and 13.5 sec samples. During the sampling at 21.5 sec, the nozzle
was stationary but pointed away from the tangent probe at an angle of 4.5 deg with the axis.
The centerline probe was thus positioned approximately 13 in. off the nozzle axis for the
21.5 sec sample. The tangent probe position was located between the particle core flow and
the plume boundary, as indicated by the sample bottle pressure (44 torr compared to about
10 torr test cell ambient pressure). Thus, the tangent probe should provide a good sample of
particles in the boundary layer.

4.2.1 Centerline Probe

The sample station vsed with the centerline probe was modified from that used for motor
DS4A to shorten the sample line and add an automatic He pressurization system (see Fig. 4).
The He system was required to pressurize the sample bottle to 1 atm to help prevent leakage
of air into the sample chamber, The sample bottles are oriented as shown in Fig. 4 and the
filling sequence was bottles 1, 2, and 3. The sample bottles contained both carbon and
beryllium (Be) stubs for particle analysis, All Be stubs in the sample bottles were severely
affected by the HC1 from the exhaust gases; therefore, only the carbon stubs conld be used
for particle analysis.

The X-ray analysis of the three carbon stubs and filter papers showed primarily AlO4

with small traces of tungsten (probe tip). From posttest inspection of the probe and X-ray
analysis, it was concluded that the probe did not deteriorate as rapidly as the DS4A probe,

11
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The results of the SEM analysis of the particles collected at the three sampling times are
given in Figs. 10 through 12, and a composite histogram of all three samples and the data for
motor DSAA are given on Fig. 13, Visual observation of the areas of the stubs analyzed
showed particles from less than 0.1 um to as large as 5.5 pm. Again, the automatic sizing
system has a lower limit of (.25 um so that the histograms begin at that limit. The majority
of the particles sized were in the range 0.5 to 1.5 pm with a few larger than 2 pm. Although
samples 1 (1.5 sec) and 2 (13.5 sec) were acquired at the centerline and sample 3 (21.5 sec),
because of nozzle gimbaling, was acquired 13 in. off centerline, the particle distributions
were not very different. In fact, histograms from other areas of a single stub showed as
much variation as those for the three samples. Thus the total result should be viewed as a
composite (Fig. 13).

4.2.2 Tangent Prohe

The sample station for the tangent probe was almost identical to that used for the
centerline probe (See Fig. 4), Again, the sample bottles contained both carbon and beryllium
stubs for particle analysis. The Be stubs for samples 1 and 2 were severely affected by the
HCl, and the Be stub for sample 3 showed no effect. The reason that the Be stubs for 1 and 2
were affected was that the samples were collected from the cove flow where pitot pressure
was of the order of 1 atm while for sample 3, the probe was located outside the particle core
flow, but in the plume boundary where the pitot pressure was much lower.

Remembering that the X-ray unit used had a lower atomic number limit of 11, particles
containing Al (A = 13} could be identified, but those containing carbon (A = 6) could not.
The X-ray analysis of the three carbon and one beryllium stubs and the filter papers revealed
only two kinds of particles — those containing Al,O; and those giving no identification
(assumed to be carbon, C;). One significant difference between the three samples was the
ratio of Al,Os; particles to C, particles. Sample bottle 1 showed about 40 percent of the
particles to be Cg; sample 2 showed about 20 percent, and sample 3 (outside the core flow)
showed about 60 percent. No trace of probe material was found in the X-ray analysis.
Different areas of the stubs gave similar results.

The Al;O3 particle size histograms and typical microphotographs of the stubs for the
three samples are given in Figs. 14, 15, and 16. The distribution of particles greater than 0.25
pm are similar to those found in the plume center and the histogram of the particles collected
outside the core flow (Fig. 16) is only shifted slightly to smaller particles over the core flow
sample (Fig. 15). All the histograms are superimposed on Fig. 17, where a composite picture
can be seen.

The carbon particle size histograms for the same tangent probe samples are shown in
Figs. 18, 19, and 20 for bottles 1, 2, and 3, respectively. Many very small ( <0.1 um) particles

12
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can be detected. All appear to be agglomerations of smaller particles, indicating a
sublimation mechanism for removal of the carbon from the nozzle rather than the usual
erosion. No carbon particles larger than 1 um were identified.

4.2.3 Water Ingestion Probe

The water ingestion probe was designed to collect a large sample of plume particulates
(about 100 grams), as shown in Fig, 6, by injecting high pressure de-mineralized and filtered
water into the probe and creating a shower effect to entrap the particles of the flow. A total
of 1.5 gal. of water, which contained the particulate maiter, was collected over
approximately 44 sec of the burn. Samples were obtained directly from the water by (1)
drying droplets on an SEM stub, and (2) extracting particles from the water by using a series
of dilution and filtering exercises. The latter process eventually vielded about 45 gm of very
pure Al,O;. The size histograms for the particles collected by the water ingestion probe are
shown in Fig. 21 for both methods of extraction. Little difference is seen in the size
distribution for the two methods of extraction. Although particles <0.25 um are observed,
there appears to be more agglomeration of the particles collected in this manner.

A composite of all the AlyO; size data is given in Fig. 22.

A small sample of the particles collected in the water was also analyzed at the Aerospace
Corporation Laboratories. Again, the size distribution was very similar to Fig. 21. However,
a more complete X-ray diffraction analysis on the larger sample gave evidence of both alpha
and beta crystalline structure of the Al,05 particles.

An independent analysis of the large sample of Al;04 particles was made by the
Grumman Aerospace Corp., Ref. 8, in connection with optical property measurements
made in a shock tube. In that study, the particles suspended in the shock heated gas were
found to range from 0.1 to 4.5 um, on the average. Further discussion of them is found in
Ref. 8.

4.3 DISCUSSION OF SAMPLING BIASES

The main difficulty with all probe sampling techniques is in relating the properties of the
sample to the properties in the undisturbed flow. With regard to capturing particle samples
from a highly reactive, high temperature, supersonic gas/particle flow, the following biases
might be expected:

1. The bow shock created by the probe in the flow would tend to divert smailer

particles around the probe, thus biasing the sample collected to larger particles,
but the shear forces induced by the shock might also break up the agglomerates,
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However, agglomerates might be sheared apart by the stresses created in passing
through the shock wave, thus biasing toward smaller particles.

2. Adherence of material to the probe inlet and sample line would appear to favor
smaller particies, again biasing the sample to larger particles, However, a careful
cleaning of the sample lines for the tangent probe did not reveal any large
particles, either Al,O, or carbon.

3. Sharp turns into the sampling bottles would tend to bias the sample toward
smaller particles — the larger ones striking the walls and either breaking up or
adhering to the walls, However, sample bottle 3 was connected so that the flow
was straight into the bottle and no appreciable change in the particle distribution
was noted over samples 1 and 2 (See Figs. 10, 11, and 12).

4, Impact of agglomerated particles on surfaces near the probe inlet would tend to
break the cluster into smaller particles, thus biasing the sample toward the smaller
particles. These particles, however, would probably be swept around the probe in
the reaccelerating flow.

5. Particles striking the witness stubs inside the sample bottles might either break up
or bounce off the surface, again possibly biasing the sample toward smaller
particles. However, the size distribution of the particles found on the filter paper
was not appreciably different from that of the SEM stubs.

All these possibilities were considered during this study and are worthy of further
investigation. However, such a study would be difficult because of the necessity to use
particles made up of agglomerations of the smaller, more fundamental Al,O particles. Such
particles are found only in the products of combustion of aluminum. The fact that
essentially the same size distribution of particles was found in each bottle, regardless of
orientation, and in the water ingestion sample tends to imply that items 2 through 5 are not
very important considerations. Thus, there is reason to believe that the particle samples are
relatively unbiased by the sampling technique, except for the possible breakup during
passage through the bow shock in front of the probe, Further study of this phenomenon is
warranted.

5.0 SUMMARY OF RESULTS

The results obtained in this study of the particle emission from IUS rocket exhausts may
be summarized as follows:

1. The method of sampling by the use of tungsten-tipped probes with a carbon
steel ablation protected stainless steel sample transfer line leading to sample
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bottles equipped with particle witness stubs proved to be an effective means to
gather samples from solid rocket motor exhausts.

2. Within the core flow region of the exhaust plume of IUS motors, only Al,O4
solid particles were found. Under scanning electron microscope observation,
the particles were found to consist of very fine unit particles (less than 0.1 ym)
which agglomerated to form larger particles. Very few agglomerations greater
than 2 - 3 pm were found.

3. In the boundary region tangent to the nozzle exit angle (just inside visible
coreflow), the particulate samples were made up of about 60 to 80 percent
Aly03 and 20 to 40 percent solid carbon, C;. The size distribution of the Al;O3
particles was very nearly the same as for the inner core, The largest C, particles
were 0.5 gm with most of them less than 0.25 pm.

4. Particulates were also found in the boundary region between the core flow
(tangent to nozzle exit) and the underexpanded plume boundary. The particles
were a mixture of Al;O3 and C; in about a 40 percent/60 percent ratio. The size
distribution was approximately the same as found in the inner core near the
boundary, but the density of particles collected was much less.

5. Particles collected in a2 water ingestion sample did not appreciably differ in size
from the dry sampling method.

6. No conclusive reasons have been found to indicate a biasing of the particle sizes
by the sample handling procedure, but breakup within the probe bow shock
cannot be ruled out as a possibility.

These results affect the analysis of the orbiter damage assessment in that the impact damage
from large particles may be ignored. However, the erosion effect from many small particles
must still be considered. Moreover, it appears that there is no preferred orientation of the
IUS thrust axis with the orbiter position with respect to particle size. The flux of particles as
a funciion of plume radius has, however, not been determined.

It is not possible to generalize these resuits to other SRM configurations. The carbon-
carbon nozzle used in the TUS motors evidently does not permit condensation of Al>04 in
the throat region, since it is clean and uniform after the firing with no apparent AlOj3
deposits. The larger particles observed previously from Minuteman class motors using
ablative nozzles are possibly the result of this wall effect. It is thus recommended that
sampling of the exhausts of other SRM’s of interest be undertaken before general
conclusions are drawn.
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Figure 2. Probe installation for IUS-DS8C motor in J-5 test cell.
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Figure 6. Schematic of water ingestion probe.



a. 24,000 X

b. 36,000 X
Figure 7. High magnification photographs of Al,0; particles.
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Figure 8. SEM photograph of one area of witness stub from sample No. 1
with X-ray analysis.
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Figure 9. Histogram of Al;O; particles from 1US Motor DS-4A,
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Figure 10. Photograph and histogram of IUS-DS8C centerline probe — Bottle 1,
1.5 sec, (ALQC;,).
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Figure 11. Photograph and histogram of IUS-DS8C centerline probe — Bottle 2,
13.5 sec, (ALOy).

L-E8-HL-2Q3V



§¢

Percent of Total Particles

10

¥*Particles do exist in this

region, but due to the res-
— olution of the SEM an actual
count was not possible.

I

0 0.51.01.52.02.53.03.54.04.55.05.5

Microns, um
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Figure 14. Photograph and histogram of IUS-DS8C tangent probe — Bottle 1,
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Figure 15. Photograph and histogram of IUS-DS8C tangent probe — Bottle 2,
13.5 sec, (Al O3).
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Figure 16. Photograph and histogram of IUS-DS8C tangent probe — Bottle 3,
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Figure 19. Photograph and histogram of IUS-DS8C tangent probe — Bottle 2 (Cy).
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