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1. Introduction

High-performance aircraft, specifically high-temperature, high-speed (HTHS)
systems, have driven new requirements for aviation materials and a need to develop
reliable test methods for evaluating material performance in-situ. HTHS material
characterization presents unique challenges for data collection. Reaching the high-
flow velocities and temperatures needed to degrade the material limits, many
traditional material testing techniques, like digital image correlation, cannot be used
to correctly analyze the results. In some cases, the flow conditions cause the
underlying material to deteriorate by ablation or erosion. During ablation, a material
can be vaporized or dissolved when high heat is applied,! whereas during erosion,
the material is worn or chipped away,” but this can occur in the same HTHS
environment. Hot particulate ingestion rigs provide a unique capability for testing
materials and components at conditions similar to those found in the combustion
section of the turbine. These are often referred to as “burner rig” or “hot torch™
systems and are designed to generate a high temperature and velocity flame using
a combustor with a contracting nozzle, similar to a low-speed wind tunnel. Typical
operating conditions for this type of equipment are temperatures of approximately
1300 °C at flow speeds of Mach 0.3,° but temperatures and velocities can be pushed
to 1600 °C or Mach 0.8, respectively.® Extensive research has been carried out using
these systems, primarily focusing on thermal cycling and corrosion effects of
various thermal barrier coatings when contaminants such as sand or ash are
intentionally added to the combusted flame.*”* However, these systems have also
been used to study the oxidation of metals and ceramics, and to test the
thermomechanical behavior of ceramic matrix composites.!® !> A few studies on
silicon carbide (SiC) have been conducted using burner rig systems to examine the
oxidation and thermal cycling behavior of that material.!>"!>

SiC is of particular interest in HTHS applications due to its high-temperature
resistance, low weight, beneficial mechanical properties, and ablation
resistance.'®!” SiC has been shown to retain its strength at temperatures in excess
of 1500 °C and retains its fracture toughness.'® SiC also provides oxidation
resistance in air at temperatures in excess of 1700 °C, making it an ideal material
for high-temperature applications.!” It is a favored material as a matrix for
reinforcing fiber in SiC—SiC or carbon fiber—SiC composites*® and is commonly
used in ultra-high temperature composite (UHTC) blends due to its ability to form
lower temperature eutectics, improve sinterability, and reduce the overall weight of
the UHTC while improving mechanical properties such as strength, most notably
in zirconium and hafnium carbide and diborides.?'*



While SiC has a wide range of applications, the required conditions for ablation or
erosion of SiC are of interest for the current study. Different methods of ablating
SiC samples have been shown to result in different minimum ablation temperatures.
When using an oxyacetylene flame, the ablation of a C/SiC material has been
shown to occur at temperatures above 2000 °C.* Although the density and methods
used to create the material have some effect on the variance seen in the ablation
temperatures, there is also variance using similar techniques with an oxyacetylene
flame. Research using plasma spraying, which is the injection of erosion particles
with a plasma jet, showed ablation temperatures in excess of 3000 °C.% In some
cases, the use of an air-based plasma can cause ablation below 2000 °C,?® but this
lower ablation temperature was caused by a geometry change in the test sample.
Studies using laser pulsing with an Nd/YAG millisecond pulsed laser at a
wavelength of 1064 nm demonstrated SiC ablation at a wide range of temperatures,
between 2700 and 3500 °C. However, in this case the laser was observed to be
ablating the carbon in the sample that had not been converted into SiC during the
sample generation process.?’” Erosion results are more variable than ablation
because flow direction, temperature,?® particle velocity, and distribution of
particles?” have been shown to change erosion rates. In SiC, erosion can occur at
temperatures as low as 815 °C,*° when high speeds and larger particles are present.
The higher the temperature, the lower the particle size as the temperature weakens
the material itself,’! also impacting the erosion rate.

One key challenge in comparing the range of previous studies is the wide variety
of experimental techniques used to generate SiC ablation or erosion. This study
evaluates one aspect of the experimental methods for ablation of SiC, specifically
the boundary conditions of high-speed jet-based erosion. Two methods for
generating the erosion of an SiC sample are shown—one conducted at the U.S.
Army Combat Capabilities Development Command (DEVCOM) Army Research
Laboratory (ARL) and one at NASA Glenn Research Center—followed by a
discussion of how best to characterize the erosion conditions of SiC. The results
will show that fundamentally similar flow conditions, when characterized using the
obvious metrics of flow speed and temperature, will produce drastically different
erosion conditions. Flow-field results from particle image velocimetry (PIV) testing
will be used to understand how the input flow conditions must be adequately
matched to determine temperature and velocity combinations required for erosion
or ablation. Finally, recommendations for improvements to testing standards will
be discussed.



2. Experimental Methods

2.1 Materials and Fabrication

The SiC test samples used in this study were hot-pressed using an oxygen benchtop
hot press. SiC powder (Kyocera UF15) was mixed with boron carbide (Hoganas
HS) and alumina (Baikowsi A16) on a rolling milled with SiC milling media and
ethyl alcohol, a basic ceramic armor mixture.*? The dried powder was weighed and
placed into a 38.1-mm-inner-diameter graphite die ensemble mold, forming small
coin-shaped samples (Figure 1). Three thicknesses of sample discs were created:
9.91 mm labeled as “thick,” 6.65 mm labeled as “intermediary,” and 3.33 mm
labeled as “thin.” Thick samples were designed to enable measurement of the
erosion process, where the material was expected to erode over time. The two
thinner samples were designed to allow for some aero-structural deformation of the
material. The size of the samples was selected to ensure that that majority of the
samples would be covered by the jet flow produced by the test setups used, with an
aim of reducing the temperature gradients on the outer edges. The sizes and weights
of the samples are also shown in Table 1.

25.4 mm

Figure 1.  SiC puck with target as-pressed diameter and thickness dimensions of 38.1 and
9.91 mm, respectively.

Table 1.  Sample parameters.

Measurement
Test locations Thickness Weight Diameter
(mm) (® (mm)
ARL
Thick sample 9.91 36.16 38.1
NASA Glenn
Thin sample 3.33 10.12 38.1

Intermediary sample  6.65 22.67 38.1




2.2 High-Speed and Temperature Jet Flow for Erosion Testing

To better understand the variability between different experimental setups,
mounting, and boundary conditions, two different erosion setups were used. Initial
tests were conducted at NASA Glenn, where erosion was observed. Follow-on
testing was conducted in a similar test facility at ARL with different sample
mounting conditions. Table 2 shows the test conditions in the two experimental
facilities, which are described in more detail in the sections below. The erosion jet
velocity was held constant for all tests, as were the size and type of the eroding
particles, but the temperature and eroding particle inflow rate varied slightly between
facilities. While erosion was observed for both thick and thin samples at the NASA
Glenn facility, erosion was not observed at the ARL facility despite comparable
temperatures, jet velocity, and a higher eroding particle flow rate.

Table 2.  Burner rig test times.

Test locations Temperature Flow speed Particle amount  Time
(W) (m/s) (g/min) (h)
ARL
Thick sample 982-1427 150 4.2 1
NASA Glenn
Thick sample 1427 150 2.0 3
Intermediary sample 1315 150 2.0 3

2.2.1 High-Velocity Burner Test Rig at NASA Glenn

Initial erosion testing was conducted at the NASA Glenn Erosion Facility using the
high-velocity burner rig shown in Figure 2. The erosion burner rig facility at NASA
Glenn contains a jet burner with Mach 0.3—1.0 flow speed capability using Jet-A
fuel and a preheated air mixture to accelerate the flow. A powder feeder (HA 5000
F-SA, Hardface Alloys, Inc.) was used to inject eroding particle material. This
system sends 50-um alumina through a feed line into the burner chamber, after which
the particle-laden flow passes through a 19-mm-diameter nozzle where it is accelerated
to 150 m/s. The speed and size of the particle were chosen to match the conditions
tested at the ARL testrig.” A 305-mm-long duct is attached to the exit of the nozzle,
carrying the particle flow out from the burner chamber to near the test sample.
Samples were tested in this facility with flow temperatures of 1427 °C at 20-min
intervals. After 20 min, the flame was turned off for 10 min to allow for
measurement of the erosion process and imaging of the cooled sample. The test
sample was clamped into a vice grip and placed at the end of the duct with a standoff

* The 50-um particle size is found in the ASTM G76-13 standard for erosion by solid particle
impingement> as a well-defined size because of its use.



distance of 3 cm from the duct exit. Figure 2 displays the burner exit nozzle, the
unattached duct, and the vice grip with sample.

|

§

natgcheﬂ Duct e
4| | = / Jet Nozzle

Figure2.  (A) High-velocity burner rig at NASA Glenn Erosion Facility located in NASA
Glenn Research Center. (B) Close-up view of the burner rig with the nozzle and duct labeled.

2.2.2 ARL Jet Burner Test Setup

Additional tests were conducted using an open atmospheric HTHS flow generation
system located in ARL’s jet burner facility. A combusted-flame open-jet flow was
generated by igniting jet fuel (F24%) in the combustor of the burner rig. Air and fuel
are fed into the system near the back of the combustor with additional air fed into
the system near the nozzle to generate turbulence and enhance mixing. Note that
unlike the NASA Glenn Erosion Facility, the flame generated by the ARL
combustor exited through a 5-cm nozzle, forming an open expanding jet that
interacted with the SiC sample at a standoff distance of 20 cm. Care was taken to
validate the flow speed and temperature at the sample mounting position, which
aligned with testing at NASA Glenn. Most studies on erosion and ablation report



an incoming flow speed only, so this difference was not expected to result in
different erosion behaviors. As before, the sample was held tightly in a steel vice,
which allowed for a fixed, repeatable positioning of the test samples. A type-R
thermocouple, located radially 2 cm away from the nozzle, was used to measure the
jet temperature at the center of the flame. Throughout the test the temperature
ranged from 982 to 1427 °C. Two different experiments were conducted with each
sample: one where the sample was entered directly into the flame and one where the
location was the same but there was no flame, just compressed air blown from the
rig controlled by pressure.

2.3 Particle Image Velocimetry (PIV)

PIV data was collected as part of the ARL testing (Figure 3). This test setup fed
50-pum alumina particles into the jet prior to combustion; the particles survived
the combustion process and were used as the seed particles for PIV. [llumination of
the PIV seed particles was done with an EverGreen HP ND-YAG dual-pulse laser
aligned with the center line of the jet exit. Alumina was used due to its high
refractive index, and early preliminary testing showed that the 50-um size gave
the best distribution of particles in the field of view (FOV). Each head of the
laser has a maximum power of 200 mJ/pulse at 15 Hz. Image pairs were collected
using Dantec FlowSence CV cameras with Dantec Dynamic Studio software for
data collection. Optical band-pass filters at 532 nm were installed on the cameras
to reduce the light from the flame. The cameras have 4-MP complementary metal-
oxide semiconductor sensors with a resolution of 2336 x 1728 pixels for double-
frame images up to 200 Hz. The resulting FOV of each camera was 43.4 x 27.1 cm.
There was approximately 10% overlap between the two FOVs in the streamwise
direction, creating a total FOV of 78.4 x 27.1 cm. Image pairs were collected with
adelay time of At=0.225 ms to maintain a maximum particle displacement between
images of less than 7 pixels. The correlation window size was 16 x 16 or 18 x 18
pixels, depending on the case. The flow fields presented in this work are the time-
average of 60 s of data to develop a sufficient average flow field for the highly
turbulent jet.

For tests at high temperatures, the burner rig was allowed to reach steady
temperatures, after which the feeder was turned on at a rate of 4 g/m and the sample
was moved into the jet flow. Flow around the sample was allowed to stabilize for
approximately 30 s before the PIV images were collected. For the room
temperature, or “cold” tests, the same test process was used but without the need to
allow the rig to stabilize at set temperatures.
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Figure 3.  Side view of PIV test setup.

3. Results and Discussion

This section discusses the jet—sample interaction for both NASA Glenn and ARL
test results. As noted previously, the tests at ARL did not result in erosion. Instead,
the eroding particles collected on the sample resulting in an increased final mass. A
discussion of the different boundary conditions will demonstrate the need for
improved testing standards for erosion of HTHS materials.

3.1 NASA Glenn Erosion Testing

The test conditions of the NASA Glenn experiments were observed to be sufficient
for erosion, with the erosion results shown in Table 3. Material was primarily lost
by erosion caused by the alumina particles and not due to ablation, since ablation
temperatures for the samples were not reached during the experiments. The
samples were observed to erode as a function of time (Figure 4), with the bulk of
the erosion occurring in the first 20 min of testing. After this initial erosion period,
a slower, linear decrease in mass was observed through the remaining 160 min of
testing. After the first inspection interval, initially rough surface of the samples had
been smoothed significantly by the erosion process. At later inspection intervals,
small voids were also observed forming on the surface (Figure 5b), which were
likely present in the interior of the sample as part of the manufacturing process. As



shown in Table 3, the mass loss trend of both the thin and thick sample was similar
with final mass losses of 0.11 and 0.16 g, respectively. Confocal microscope
measurements of the surface roughness are shown in Figure 4, where the erosion
and smoothing of the surface can be easily observed. The average surface
roughness, S,, was found to decrease on the surface of the two samples tested from
an initial 11.9 and 16.6 um, to 4.2 and 4.8 pm after 3-h testing. Images of the
full sample (Figure 5) show that the erosion was nonuniform. The circular eroded
section suggests that despite the high temperature and speed of the jet, only a small
center region resulted in erosion. The well-known studies by Livingood and
Hrycak* and Gauntner® showed that the heat transfer profile of a jet impinging on
a plate is Gaussian in nature, with high-heat transfer near the center of the jet
decreasing significantly by approximately five nozzle diameters from the centerline
of the jet. Similarly, it is shown in both Gauntner®> and Livingood and Hrycak>*
that there are multiple jet interaction regions including, in order, flow
establishment, development, deflection, and the wall jet region after the jet deflects
outward. One key difference comparing this study to those is that the sample size
was small relative to the jet diameter. While this would nominally suggest that the
sample would be fully contained in the jet, the results shown in Table 3 suggest that
the flow around the samples may be affecting the results. However, the results
broadly suggest that this case reasonably aligns with a jet impinging on a wall, with
the momentum clearly forced outward and a small region eroding in the process.

Table 3. Erosion results.

Sample size Starting weight Posttest weight Material eroded
(2 (2 2
ARL
Thick sample 36.16 36.18 —0.02
NASA Glenn
Thick sample 22.67 22.51 0.16
Thin sample 10.33 10.24 0.11
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Figure 4.  Surface roughness measurements (A) and sample mass loss as a function of time
due to alumina particle erosion via NASA Glenn high-velocity burner rig (B).

A

Figure 5. Sample images: (A) pretest; (B) post-120-min surface, NASA Glenn; and (C)
post-60-min surface, ARL.



3.2 ARL Testing

Despite similar jet temperatures and velocities, erosion was not observed on the
samples tested at ARL. As observed in Figure 5, the alumina particles intended to
aid in eroding the sample appear to have instead built up on the surface of the
sample over time. At the end of testing, a layer of alumina was observed to build
up on the mounting hardware, which flaked off upon removal of the sample. The
buildup of particles on the sample occurred over a wider area than the erosion was
observed for the NASA Glenn tests. This suggests that the size or spread of the jet,
in the established flow region,**3> was larger in the ARL tests, which was expected.
However, the measured jet velocity and temperature were comparable, which
suggests that other factors affected the erosion process.

To investigate which factors are affecting the erosion process, PIV data was recorded
for the ARL tests, including a cold-flow baseline with no combustion to study jet
expansion due to temperature in the ambient room. A “hot” flow case was also
recorded, with a combustor outlet temperature of 982 °C. The cold flow results with
no sample installed are shown in Figure 6A, which expectedly resulted in
significantly slower flow conditions than the combusted jet output. The mounting
clamp for the sample was installed for all PIV testing to determine the jet velocity
around the mounting hardware. While the jet flow was significantly decelerated for
the cold flow case, there was not a significant deflection of the jet around the mounting
hardware.

The experiment was then conducted with hot flow (Figure 6B) to assess the quality
of the PIV measurements when the light from the jet burner was illuminating the
sample. A filter was added to the PIV camera lenses to ensure that the cameras could
clearly distinguish the alumina particles from the image background. The hot flow
results were similar in appearance to the cold flow, with the jet near the sample
having a diameter of around 10 cm. The velocity in the core of the jet measured
using PIV was 150 m/s, which matches the speed of the particulates exiting the jet
in the NASA erosion tests.

10
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Figure 6. (A) Cold flow and (B) hot flow velocity measurements from PIV.

The flow field around the test samples is presented in Figure 7 for the cold flow
and Figure 8 for the hot flow. In the cold flow (Figure 7) the jet was observed to
directly impinge on the samples. There was a clear deflection of the jet upward
around the sample and increasing jet velocity when the pressure settings of the
burner rig were increased to the highest pressure (~150 m/s). As expected, there was
no erosion observed for cold flows. Increasing the temperature of the jet altered the
jet behavior, resulting in a slower jet in the high-velocity regions. In the worst case,
this jet diffusion resulted in velocities near the sample of only 100 m/s. These flow
field results clearly demonstrate that jet exit velocity and temperature are insufficient
for setting erosion conditions in experiments.
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Figure 8. Hot flow visualization: (A) 982 °C and (B) 1204 °C.

The reason for the difference seen in the results shown in Figure 5, and also for the
difference in the flow speed observed in Figure 8, is most likely due to the boundary
conditions of the experimental setup. Figure 9 is presented to schematically describe
the issues with variable flow boundary conditions in erosion and ablation
experiments. Figure 9A-B schematically shows the experimental conditions in the
ARL setup and the NASA Glenn setup, respectively. Allowing free expansion of the
eroding jet into the quiescent air in the lab reduced the total velocity and ability of
the jet to impart both momentum and temperature onto the samples. Focusing the
jet and limiting the jet expansion, like during the NASA Glenn experiment, caused
an erosion condition. Based on this, it becomes clear that the jet impingement
conditions are critical for repeatable experiments. When the jet diameter is larger
than the sample size, or has significant room to expand around the sample, it becomes
less likely that erosion will occur. Jet velocity and temperature are clearly insufficient
to characterize erosion in the lack of a well-defined criteria for jet impingement.

13



Figure 9C shows an ideal case where the sample size, relative to the jet diameter,
is sufficiently large. This ideal case is confirmed with the NASA Glenn test, the jet
diameter being smaller than the sample and leaving a small unaffected rim around
the erosion area (Figure 5B). Therefore, it is recommended that either the sample
diameter or surrounding mounting conditions have a length of at least two to three
times the jet diameter of the incoming hot flow conditions. Close proximity of the
impinging jet is also recommended to limit expansion, but more work is needed to
identify sufficiently close conditions for the jet exit.
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Figure 9. Boundary conditions of jet burner (A) at ARL, (B) at NASA, (C) with a wall
plane.

4. Conclusions

SiC samples were tested in an HSHT environment intended to create erosion and
ablation damage. In the NASA Glenn test, it was found that for temperature and
speed combinations of around 1371 °C and 150 m/s, SiC would erode when the hot
flow outlet was 1.9 cm in diameter with a standoff of 3 cm. In this configuration,
the surface of the SiC was worn smooth from an S, of 12—16 pm to a post-3-h S, of
4-5 pum, revealing void content from the manufacturing process inside the sample. In
the ARL setup, the SiC did not erode or abrade, but instead accumulated the
particles meant to erode the sample. The exiting jet diameter of 5 cm expanded to
around 10 cm near the samples, approximately 20 cm from the jet exit. Over this
distance the alumina particles meant to interact with the sample were found to
scatter as the hot flow column expanded in the room, resulting in much of the flow

14



energy being directed away from the sample. Increasing the hot flow temperature
and the amount of alumina in the flow did not lead to erosion.

Based on the observations in this study, the temperature and velocity of an impinging
jet are not sufficient to define erosion conditions. The impinging jet expansion
conditions, including standoff and the ratio of sample diameter to jet diameter, are
critical for repeatable experiments in this space. The authors recommend the sample
diameter be at least two to three times the jet diameter and that efforts be taken to
minimize the standoff distance of the jet exit. Under these conditions, repeatable
HSHT testing for erosion and ablation becomes more likely.
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List of Symbols, Abbreviations, and Acronyms

ARL Army Research Laboratory
DEVCOM  U.S. Army Combat Capabilities Development Command

FOV field of view

HTHS high-temperature, high-speed

NASA National Aeronautics and Space Administration
PIV particle image velocimetry

SiC silicon carbide

UHTC ultra-high temperature composite
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