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SECTION 1

INTRODUCTION

1.1 BACKGROUND.

Both strategic and tactical aircraft may be forced to operate in environments which contain
significant loadings of dust and debris. These environments may be generated by a nuclear strike,
by conventional weapons laydown or by naturally occurring conditions such as those encountered
in Desert Shield/Storm operations. Small and well-distributed dust particulates can remain airborne
in post-burst and natural environments for significant periods. Detection and avoidance of such
dust environments by operational aircraft may not be feasible within mission constraints. Thus,
the ability of critical aircraft components to survive flight through extended dust environments is an
important vulnerability issue.

The significant hazard to aircraft operations posed by airborne dust environments has been
well established through a number of commercial aircraft encounters with volcano- generated ash
clouds (Reference 1 and 2). These encounters have resulted in the loss of all engines (for a
significant period of time), severe hazing of forward windscreens and landing light lens, plugging
of air data sensors (pitot-static probes) and removal of paint on leading edges and forward-facing

surfaces.

In order to address aircraft erosion issues, PDA Engineering, in 1983, developed a
laboratory-scale facility to evaluate the effects of particle erosion on surface materials and key
aircraft components. Since 1986, when DNA assumed sponsorship, this facility has been known
as the DNA Dust Erosion Test Facility and has been located in PDA Engineering's laboratory
facilities in Santa Ana, California. It was designed to meet a wide imange of flight environments and
provided precise control over the key physical impact parameters. The approach taken in the
facility design was to sweep a small particle jcz over a 6-in by 6-in test area in a controlled and
uniform manner. Compared to a dusty wind tunnel design this approach requires lower air flow
rates and provides better control over particle impact parameters. The facility has been used
extensively to evaluate particle impact effects on aircraft transparencies (windscreens and canopy
materials), composite materials (leading edge, control surface and radome materials) and sensor
windows (IR transmitting materials). These tests complemented other DNA sponsored efforts to
evaluate dust ingestion effects on aircraft engines. Data generated in this facility have demonstrated
that aircraft transparencies and sensor windows are highly vulnerable to particle impact effects.



A key romponent of commercial aircraft that has proven vulnerable to volcanic ash

encounters is the air data sensor (ADS) or pitot-static probes which are subject to plugging from

ingested particles leading to a loss in air speed data. Boeing 747 aircraft have experienced loss of

air data in volcanic encounters in Java (Mt. Galunggung) in 1982 and Alaska (Mt. Redoubt) in

1989. For strategic aircraft such as the B-IB, which must be able to perform low altitude

penetration missions ir. post-strike nuclear environments, the ingestion of dust and debris is a

vulnerability issue. This is panicularly true for the B-IB since the ADS system provides vital

inputs to the flight control and weapons delivery systems.

In order to conduct an initial evaluaticn of the vulnerability of the B-lB ADS to dusty

flows, the DNA Dust Erosion Test Facility was modified to provide a suitable simulation of flight

through a dusty environment. The principal modifications to the facility inc!uded the design and

development of larger nozzles (exit diameters of 0.5 and 0.635-inches), the installation of a

precision screw feeder system for improved particle metering, development of a water injection

system to simulate cloud moisture, and the installation of a computer based data acquisition system

for recording, analyzing and displaying facility data and ADS pressureitemperature outputs.

1.2 OBJECTIVES.

The DNA dust erosion test facility (Reference 3) was used to evaluate the effects of dust

laden flows on B-IB ADS probe performance. The primary objective of this test program was to

determine dusi exposure conditions sufficient to degrade the performance of the ADS probe.

Particle type, size, velocity and total mass loading were simulated in order to assess the effects of

the key flight parameters. Performance was evaluated based on ADS pressure outputs and

ingested particle mass as measured with laboratory instrumentation.
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SECTION 2

TES.T DESCRIPTION

2.1 OVERVIEW.

The basic approach used to evaluate the tcsponse of vhe B-I B ADS (pitot-static) probe
consisted of mounting the probe in a high speed dust laden jet and monitoring its performance with
pressure transducers. The gas/particle speed, mass flow rate and water content of the jet were
controlled in order to simulate flight through a late-time nuclear dust environment. This test
configuration is shown schematically in Figure 2-1. The gas jet consisting of dry nitrogen (GN2)
was formed in a specially designed converging-diverging nozzle having a constant diameter
extension. Particles were metered into the flow upstream of the nozzle via a precision screw feeder
system mounted in a pressure plenum. An external control unit allowed the feed rate to be adjusted
and the on/off functions to be controlled remotely with the flip of a switch.

The nominal nozzle ex:it diamete*r for the B-lB ADS evaluations was 0.5 inches. Jet
conditions were achieved by controlling the nozzle inlet pressure. For a given particle size, the
particle velocity in the jet becomes a function of nozzle inlet pressure and axial position. Thus,
nozzle inlet pressure and axial distance of the probe from the nozzle exit were selected to provide a
specified particle velocity at the ADS total pressure port. A no"inal separation distance of 1-inch
between the probe and the nozzle exit was used. A small high precision laboratory pitot-static
probe was used to obtain pressure distribution measurements within the jet in order to characterize
gas flow conditions at the ADS total pressure port and to compare with the ADS pressure readings.

In order to simulate cloud moisture, a very fine stream of water was injected into the nozzle
(aloag the centerline) at high pressure via hypodermic tubing. This stream, which disintegrated in
the nozzle, formed a spray of vapor and a very fine mist which was carried in the jet along with the
dust particles. The liquid flow was controlled via a positive displaccenent metering pump with the
flow rates being selected via prior calibration so as to simulate two different cloud liquid water
content conditions,

Also, an AC power source was connected to the heater in the B-IB pitot-static probe to
simulate operation of the probe in the anti-icing mode which is a common operating condition. A
surface thermocouple was mounted on the probe (aft of the static pressure ports) in order to
monitor probe surface temperature. Since the probe was tested at approximately room temperature,
power to the probe was adjusted so as to simulate the probe inflight temperature.

3
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Thy pressure outputs from the ADS were connected to pressure transducers. Dust filters were

placed inline ahead of the transAucers to trap any particles that passed through the probe. Probe

temperature was meksured on some tests with a surface mounted thermocouple. Pressure and

temperatui outputs were routed to s, computer-based Data Acquisition System (DAS) along with

the facility diagnostics such as plenum and nozzle inlet pressure and temperature. The DAS

displayed the time histories of each output and logged the data to disk for later analysis and

display. The DAS handles up to 16 analog input channels.

The actual test consisted of mounting the B- 1B probe. setting test conditions, initiating the

clear gas flow for a period to time to allow flow conditions and temperatures to stabilize, initiating

particle flow for a specified period and finally shutting down the jet. During the test, pressure and

temperature measurements were recorded and displayed. Following the test, the probe was

removed and weighed to determined the mass of particles trapped within the probe. Also the dust

filters on each pressure output line were weighed to determine dust mass which passed through the

probe and which could be transported to the ADS transducer.

The primary objective of these evaluations was to determine the exposure threshold where
dust ingestion affects the ADS pressure outputs and to determine the mass of particles trapped by

the probe and the inline filters. The test's primary approach was to expose a clean pitot-staftic

probe to a specified dust flow environment for a spoecific period of time in order to establish particle

ingestion data for the probe (and the inline filters) and observe any degradation in pressure

measurements. Prelinmnary data indicated that the amount of particle ingestion was a function of
the total particle loading. This appeared to be true for a range of particle flow rates and exposure

times. Preliminary data also indicated, that for some conditions, long exposure times (on the order

of an hour) would be required to fill the probe with dust and to degrade the output pressure

readings.

A second approach was also examined. This involved filling the total pressure port of the

pitot-static probe with particles to determine the maximum particle mass that could be collected.

This filled or parnially filled probe was then exposed to the particle flow while the total pressure
was monitored. This provided information on the pressure performance of a filled probe and its

subsequent response to continued exposure to the dust flow environment. By carefully monitoring

the response of the "filled" probe, it was hoped that information could be obtained to help
determine damage thresholds for various test environments. However, several attempts to fill anJ

expose the probes failed to provide useful damage threshold data. The probe filled with dry dust

did not show any significant degradation in pressure response and quickly cleared when exposed

5



to the high speed jet. Most of the "fill" particles were forced into the pressure line leading to the

transducer.

2.2 TEST FACILITY AND EXPERIMENTAL APPARATUS.

A valid experimental simulation of solid particle impact effects on aircraft

surfaces/components requires a unique facility which can provide a match to the key physical

parameters associated with the impact phenomenology. These parameters include particle

type/size, mass concentration, impact velocity, impact angle and gas dynamic pressure. Since
aircraft operation is predominantly at subsonic cruise speeds, a supersonic particle velocity test

capability is not a primary requirement. However, highly accurate measurements of impacted

particle mass and velocity are required over a broad range of subsonic velocities (e.g. 100 to 1000

fps) in order to determine the erosion characteristics of critical materials.

In order to meet these simulation requirements, PDA Engineering developed what is

currently known as the DNA Dust Erosion Test Facility which is located at PDA Engineering's
laboratory facilities in Santa Ana, California.. This facility, which has been in operation since

1984, was designed to meet a wide range of particle environments and provides precise control
over the key physical parameters in a laboratory test environment. The test facility and key features
of the experimental apparatus including particle inje~tion system, water injection system and

gas/particle flow characteristics are described below.

2.2.1 DNA Dust Erosion Test Facility.

In order to accomplish simulation requirements, dust particles are accelerated in a high
speed gas jet and caused to impinge on a test specimen. The transport gas stream is provided by

either compressed air or pure nitrogen (GN2 ) with regulators and pressure transducers to measure

and control the pressure at the nozzle inlet. Dust particles are metered into the transport gas stream

from a pressurized screw feeder system. With this system both screw type, diameter and RPM can

be controlled to provide a wide range of flow rates with particle sizes from a few microns to

millimeters. Particle flows are uniform and stable. The dust mass flow rate is established by prior
calibration for each particle size range or special blend. The total particle mass delivered to the

specimen is then determined from the measured exposure time and the calibrated particle feed rate.

Dust velocity is determined as a function of the nozzle inlet pressure and the particle size by
pre and post-test calibration. A laser doppler based velocimeter (LDV) is used to rapidly obtain
accurate velocity distributions for large particle sample sizes. Thus, for a given test with a

specified particle size, a specific test velocity is selected from this velocity versus pressure

6



calibration. Once the pressure condition is established, particle velocity is verified via both pre-
and post-test measurements using the LDV system.

Particle size, velocity, impact angle and loading can be controlled independently. This
provides an excellent capability to parametrically evaluate the response of critical aircraft materials

to solid particle impact effects. Materials from such components as leading edges, windscreens,

radomes, paints and any special coatings can be evaluated in a well controlled laboratory

environment under realistic particle impact conditions. Details of this facility are described in
Reference 3. A photograph of the primary test hardware at the beginning of the ADS ev, 'uations is

presented in Figure 2-2. This figure shows the gas flow control panel, an earlier (fluidized bed

type) particle feed system, the test chamber, switching box for diagnostic instrumentation and a
strip chart recorder. Separate areas for specimen preparation, physical examination/measurement

and optical evaluation are located adjacent to the test celi and are a key part of the laboratory

facility,although they are not shown in the photograph.

For tests involving flat coupons or coupon arrays up to 6-inches square, a small diameter
nozzle is used to produce approximately a 0.25-inch diameter jet . Since the diameter of this dust

,jet is smaller than the test specimen area, the specimen holder and jet are articulated so that the test
specimen is moved through the dust jet in a uniform manner. This articulation provides a uniform
particle loading (dust mass intercepted per unit surface area) over an approximately square area of

310 cm 2 (i.e. 6.9-inch square). This is the primary mode of testing used for evaluation of aircraft
surfaces including windscreens, canopies, paints/coatings and sensor windows.

The evaluation of ADS sensor response in dusty flows required capabilities that were not
available in the the DNA Dust Erosion Test Facility at the beginning of this program in 1991.

Specifically, the ADS probe must be submerged in a steady two-phase (gas/particle) flow with the

capability of adding a third phase (liquid water) in the form of a fine spray or mist, Also, since the
ADS probe response was based on the measurement of various probe output pressures, a

computerized data acquisition system was required to collect and store the various diagnostic and

probe performance measurements.

In order to achieve the required test capabilities for evaluating pitot-static probes in dusty

flow environments, upgrades to the DNA test facility were required. These included (1) changing
the particle feed system from a fluidized bed system to a precision screw feeder system, (2)

developing a large (> 0.5-inch) diameter nozzle, (3) developing a water injection system which
was compatible with the dust flow and large nozzle and (4) acquiring necessary data acquisition

capability. Each of these areas of upgrade are described in the following subsections.
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2.2.2 Particle Injection System.

A fluidized bed systcm was origiiially developed to provide a steady. low mass flow rate

particle source for dust erosion testing. Although this system was successful employed for over
eight years, it had significant limitations. These included a high level of required maintenance, a

limited range of flow rates, complex adjustment procedures and difficulties in maintaining steady

flow for long test exposures. In order to eliminate most of these restrictions, a precision scre~w
feeder system (Accu-Rate Series 300) was obtained and installed. Adapting the feeder to the test
facility required the design and fabrication of a pressure vessel to hold the feeder. Since the
particles must be metered into the transport gas stream at high pressure prior to expansion through
the nozzle, the entire screw feeder was enclosed in a pressurized plenum chamber capable of

operating pressures to 100 psig.

A funnel was used to collect the material as it was discharged from the screw feeder nozzle.
Since the transport gas also flows through the plenum and funnel, it entrains !he particles and

transports them through the nozzle to form the particle jet. Photographs of (1) the screw feeder

showing the discharge nozzle and (2) the plenum chamber showing the collection funnel are

presented in Figure 2-3. As seen in the photograph, a vibrator was attached to the discharge nozzle
to improve flow uniformity for the smaller particle sizes. Available screw sizes included 0.25,

0.375 and 0.50-inch diameter. For the ADS evaluations, the two larger diameter screws were

used.

Three particle type/size ranges were considered in the ADS evaluations. These were a

particle blend (identified as Blend #15) which was used for B-lB engine testing, < 38 jtim crushed
silica and a 53-74 jim crushed silica. Each of these particle mixes is discussed in morc detail in
Section 2.3.4. In order to know how much particle mass has been expended at any time during the

test, it is necessary to obtain a particle mass flow rate by prior calibration. Therefore, the screw

feeder system was calibrated over a range of flow rates (i.e. screw speeds) for each particle
type/size and screw diameter used in the testing. The calibration consisted of measuring the mass

of material discharged from the feeder over various prescribed time intervals. The calibration
results for all three particle mixes are presented in Figure 2-4. For the larger particles shown in
Figure 2-4 (a), the 3/8-inch diameter screw was used and the measured mass flow rate was a linear

function of screw speed setting. The flow rates for these two larger particle sizes were very close.
The small particle mixture, Blend #15, showed a linear relationship with screw speed at the lower

speeds (e.g, 80 to 500) which were used for the testing. However, above a screw speed setting of

approximately 500, the flow rate was increasing at a significantly lower rate which is indicative of

poor screw filling. Typical feed rates used in the tests were 2.5, 5 and 10 gm/min.
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(a) Screw feeder with vibrator.

(b) Pressure plenum with collecting funnel.

Figure 2-3. Particle feed system.
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Figure 2-4. Screw feeder calibration curves for particle mass flow rate.
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2.2.3 Water Injection System.

A key parameter that was addressed in the ADS sensor evaluations is the water content of
the gas/particle flow. Since the dust cloud environments also contain water, it was important to be
able to simulate dusty flows with moisture. Cloud liquid water can be in the form of fog or small
droplets or for higher water contents as rain or ice. For simulation purposes, the approached taken
was to inject liquid water into the gas/particle flow to form a fine spray or mist. A liquid metering
pump was used to provide a controlled high pressure water flow. This flow was injected along the
axis of the gas/particle flow/nozzle through a length of hypodermic tubing to form a very small
diameter liquid jet. This water jet disintegrated in the nozzle forming a spray of vapor and very
fine mist which is carried along in the dusty jet. The gas/particle flow and water injection
configuration is illustrated in Figure 2-1.

A schematic of the water injection system is shown in Figure 2-5. Water flow rate was
controlled by the pump configuration/parameters (i.e. piston size and stroke length) and the
diameter of the injection tube. The pump system which consisted of a Chem-Tech Series 400
reciprocating, positive displacement, piston type metering pump manufactured by Pulsafeeder, Inc
is shown in Figure 2-6. The pump is driven by an attached 1/4 h-, 60 Hz gear motor. Piston
diameters from 0.25 to 1.0-inch are available for this pump. The piston stroke length is increased
or decreased using a micrometer type adjustment thereby accurately controlling output of the pump.
Two different flow rates (low and high) were used for the ADS sensor evaluations. The low flow
condition, having a nominal 8 ml/min flow rate, utilized a 0.25-inch pump piston and a 0.010-inch
diameter injection tube. The high flow condition with a nominal 185 ml/min flow rate used a
0.625-inch diameter piston and a 0.0275-inch diameter injection tube. As is shown in Figure 2-5,
the water injection pressure was monitored with a dial gage in order to detect any significant
changes in the operation of the injection system.

The water flow rate was determined by pre and post-test calibration. For the two specific
configuration and pump settings, the water injection system was calibrated by measuring the
volume of water exiting the injection tube over various selected time intervals. Calibration curves
for both the high and low flow conditions are presented in Figure 2-7. These are plots of the actual
volume of water collected over each specific time period. Thus, tle slope of the linear curvefit
represents the volumetric flow rate as indicated on each plot.
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Figure 2-5. Water injection system schematic,

Figure 2-6. Photograph of metering pump used with water injection system.
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2.2.4 Large Nozzle Flow Characteristics.

A key clement in simulating dusty flow conditions on the B-lB ADS pitot probe was the

generation of a high speed gas/particle flow surrounding the forward portion of the probe.
Specifically, the design and calibration of a large (0.5-inch exit diameter) nozzle for expanding the
gas/particle flow to high subsonic Mach numbers wa,, a critical issue. The primary criterion used
in sizing the nozzle was that the dusty jet formed by the nozzle must provide a relatively uniform
flow environment over the total pressure port on the ADS probe. This port located in the front of
the probe is approximately 0.3-inches in diameter.

The nozzle design utilized in the ADS evaluations was based on a scaled-up version of the
standard nozzle used in the DNA test facility. A sketch of the nozzle geometry is shown in Figure
2-8 with a photograph of the nozzle included in Figure 2-9. As seen in Figure 2-8, the nozzle is a

converging/diverging design with a constant diameter extension. The converging/diverging section
accelerates the gas to high speeds while the constant diameter extension provides residence time for

the gas flow to accelerate the particles. With the sharp breaks in the nozzle throat contour, the gas
flow is quite complex at transonic and supersonic operating conditions (i.e. at nozzle inlet
pressures greater than approximately 30 psig).

In order to characterized the the gas/particle jet formed by the nozzle, several different
diagnostic measurements were made. These included the use of a small pitot-static probe to
measure flowfield pressures (total and static pressure), a thermocouple probe to measure
temperatures, and a laser doppler velocimeter (LDV) to measure particle velocities. Initially,

measurements were made as a function of nozzle inlet pressure at one location in the jet in order
investigate the response of the jet. Once specific operating conditions were selected scans were

made along all three jet coordinates.

Flowfield pressures were measured with a small precision pitot-static probe obtained from
Davis Instrumentation Mfg. Co. in Baltimore, Maryland. The probe which has a 0.091-inch
diameter head and a 0. 157-inch diameter tube utilizes a modified ellipsoidal nose which does not
require calibration and is less susceptible to directional errors than other designs. A photograph of

the small pitot-static probe mounted on the jet axis is presented in Figure 2-10. The various optical
components/mounts located just to the right of the probe in the photograph are part of the LDV
optics. The coordinate system used to define positions within the jet is shown in Figure 2- 11 and
includes scan lines abeve and below the horizontal plane through the jet axis. These scan lines
were used to measure jet pressure and temperature in a plane normal to the jet axis at a distance of

one inch from the nozzle. This corresponds to the B-lB probe position used during the ADS tests.
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Figure 2-8. Nozzle configuration for ADS evaluations.

Figure 2-9. Photograph of gas/particle nozzle used for ADS evaluations.
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Figure 2-10. Photograph of small pitot-static probe mounted in gas jet.
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Figure 2-11. Jet coordinate definition for pressure scans.
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Pressures measured on the jet axis at a axial distance of one inch using the small pitot-static
probe are presented in Figure 2-12 for nozzle inlet pressures (Pn) up to 80 psig. The flow

generated at nozzle inlet pressures greater than 30 psig is complex with sonic and supersonic
conditions developing in the nozzle and jet. The measured total pressure actually declines slightly

between nozzle pressures of 30 and 50 psig while the static pressure increases over this same
region. A total pressure of approximately 10 psig is obtained at the maximum nozzle pressure of

80 psig. Static pressures, as expected, are quite small.

Three operating conditions were used for the ADS evalaations. These corresponded to
nozzle pressures of 40, 70 and 80 psig. The primary testing, however, was done at 70 and 80
psig with the low pressure condition corresponded to a low particle velocity environment.

Horizontal scans with the small pitot-static probe were conducted along the scan lines shown in
Figure 2-11 for the three nozzle inlet pressures used in the ADS evaluations. Plots of the total
pressure variation across the jet at each of seven vertical locations are presented in Figures 2-13
through 2-15 for nozzle inlet pressures of 40, 70 and 80 psig, respectively. The centerline scans
indicate that the pressure is relatively uniform over a width of approximately 0,25 to 0.3-inches

depending on nozzle pressure. The pressure distributions become more peaked further from the

centerline as would be expected for an axisymmetric jet. For a nozzle pressure of 40 psig, the total
pressure along the vertical axis between -0.15 to +0.15-inches 'Varies only about ±6%. For a

nozzle pressure of 70 psig, the total pressure variation over the same distance is about ±10% and

for the 80 psig nozzle pressure this variation is closer to ±18%. For all of these conditions, the
total pressure in the vertical direction tends to be near minimum on axis and increases above and

below the axis to a maximum at a distance of approximate 0.12 to 0.13-inches from the axis.

Temperature scans were also conducted at nozzle inlet pressures of 70 and 80 psig using a

thermocouple probe. The probe consisted of a bare type K thermocouple bead with insulated wvires
mounted parallel to the flow. Figure 2-16 presents temperature scans at three vertical locations.
The temperatures appear to vary approximately linearly between the center and the edges of the jet.
Also, temperatures above and below the centerline scan appear to be lower than those measured on
the centerline. The temperature measured by the thermocouple probe is neither the total nor the

static temperature at the probe location. For high speed flows, where viscous dissipation is
important, the thermocouple should rea'd the local recovery temperature (in the absence of heat
conduction in the thermocouple leads). Thus, the temperatures in Figure 2-16 should be close to
the recovery temperature. Temperatures on the jet axis one-inch from the nozzle were between 40
and 45 'F for nozzle inlet pressures of 70 and 80 psig. Based on these temperatures and calculated

flow Mach numbers, the total temperature foi all three conditions is approximately 51 'F.
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Particle velocity measurements were made with a LUser Doppler Velocimeter (LDV) system

developed for the DNA Dust Erosion Test Facility. This system which is described in Reference 3

utilizes a non-intrusive technique which provides accurate and rapid measurement of the velocity of
individual particles. The optical probe volume is small compared to the jet diameter allowing the

velocity distribution across the jet to be determined. At any position within the jet, a nominal

particle sample size of 2000 ir used to determine mean velocity. Since the system utilizes a
computer to store and process data, velocity measurements for a sample of 2000 particles can be

completed in a matter of a few seconds.

Velocity distributions across the jet (i.e. the "Y" axis in Figure 2-11) at an axial position of

one inch from the nozzle exit are presented in Figure 2-17. This Figure 2-contains two plots, one
for a nominal test velocity of 288 rn/s and the second for a lower velocity of 186 m/s. All three

particle sizes were evaluated at the nominal velocity while only the <38 gm crushed silica particles
were evaluated at the lower velocity. The velocity distributions are relatively constant across the
center of the jet which includes a diameter equivalent to the total pressure aperture of the B- lB

pitot-static probe (approximately 0.3-inches). In fact, this constant velociiy region appears to grow
as particle size increases. For the nominal velocity, which corresponds to flight at Mach 0.85 at an
altitude of 1,000 feet, all of the particles in the core of the jet are within ± 10% of the target velocity

of 288 m/s. For the lower velocity, which corresponds to flight at Mach 0.55 at an altitude of

1,000 feet, the uniformity across the jet is even better with particle velocity within approximately
±2% over a diameter of 0.55-inches.

Flow properties on the axis of the jet at one-inch from the nozzle exit were computed based
on pitot-static and temperature probe measurements. Mach numbers at the nominal velocity
condition were 0.82 and 0.89 corresponding to nozzle inlet pressures of 70 and 80 psig,
respectively. This was close to the desired Mach number of 0.85 noted above. At the lower

speed, the computed Mach number was 0.48 compared to the target of 0.55. The gas velocities for
the nominal condition (266 and 285 m/s) were in the same range as the particle velocities shown in

Figure 2-17. For the lower speed, the computed gas velocity was 160 m/s which was

approximately 14% below the particle velocity.

Thus, based on results of pitot-static, thermocouple and particle velocity measurements in
the gas/particle jet, it appears that the nozzle design and operating conditions provide a reasonable

simulation of the selected flight environments. It should be noted that these conditions, however,

exist only in a region of the flow corresponding to the position of the total pressure port on the B-
lB pitot-static probe. Conditions, at other locations on the B-lB probe will not be as well

simulated.
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2.3 TEST ITEM DESCRIPTION.

The test item consisted of a B-lB air data sensor (ADS) Model 857AC manufactured by
Rosemount Inc. This is an aerodynamically compensated pitot-static and angle-of-attack (AOA)
probe which is mounted on the forward fuselage surface. A total of six probes (three on each side)
are used on the aircraft. The probe provides total, static and AOA pressure outputs. Two
operational probes were available for testing and one rejected probe was utilized for procedural
checkout and calibration. The rejected ADS unit had a defective angle of attack output but was
operational in all other respects. The ADS unit has both pressure and electrical interfaces. These
include four pressure output ports and one (five-pin) electrical connector. The characteristics of the
pitot-static probe and associated subsystems for pressure measurements and electrical power are

identified in this section.

2.3.1 Air Data Sensor.

A specification drawing of the B-lB air data sensor is presented in Figure 2-18. In the test
configuration, the probe was mounted horizontally utilizing the mounting flange and fastener holes
on the ADS unit, The probes consisted of right side and left side mounting configurations. The
only difference in the two configurations was the position of the drain hole on the bottom surface.
The two fully operational test items consisted of one right side and one left side probe. Test item
label information for the right side probe is presented in Table 2-1.

Table 2-1. Air data sensor label information.

AIR DATA SENSOR
AERODYNAMICALLY COMPENSATED
FUSELAGE MOUNTED, RIGHT SIDE
ELECTRICALLY HEATED, 230 VOLT, 400 HZ
RMT MODEL 857AC2-FT1, S/N 1813
ROSEMOUNT INC., FSCM NO. 59885
BURNSVILLE, MINNESOTA
MFG DATE 06/88
R.I. SPEC. NO. L431C2026-1, REV D
NSN 6610-01-204-7281
CONTRACT NO. F34601-88-C-6608-0002
U.S.A.
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The probe has four sensing ports. These are (1) the total pressure port which forms the
0.28-inch diameter opening at the tip of the probe, (2) two small static pressure ports (O.C70-in
dia.) on top and bottom of the barrel of the probe approximately 1.9-inches aft of the total pressure
port, (3) two small (0.070-in dia.) ports which are approximately 2.4-inches aft of the static ports
and located on opposite sides of the flared section of the probe and (4) a single small
(approximately 0.030-in) diameter moisture drain hole for the total pressure duct. The moisture
drain ;?olc is approximately 6.2-inches aft of the tip of the probe. When the probe is mounted on
the aircraft, the moisture drain hole is positioned on the bottom surface of the probe barrel.

2.3.2 Pressure Transducer Interface.

The four output pressure lines emerge from the base of the pitot-static probe and terminate
with threaded fittings as shown on the drawing in Figure 2-18 and in the photograph presented in
Figure 2-19. When installed on the aircraft, these fittings provide the connections for the pressure
transmission lines which attach to the B-1B air data transducer (Rosemount Model i58IC3).
Initial attempts to utilize an actual B- lB transducer and provide a more complete simulation of the
ADS system response were unsuccessful. The ADS transducer digital output required a
specialized and proprietary transponder which could not be provided by the Air Force. Rockwell
International or Rosemount. Thus, for the dusty flow evaluations, separate commerciai pressure
transducers were connected via flexible pressure line to each of the output pressure fittings for the
measurement of total, static and angle of attack pressures.

For these ADS evaluations, the primary probe output was the total pressure since that was
the only port likely to ingest dust particles during an exposure to the high speed particle flow.
Also, since the flowfield in the laboratory tests was an expanding jet, a significant axial decay in
pressure was experienced. Thus, the static and angle-of-attack pressure readings were not
expected to correspond to flow conditions at the total pressure port location at the tip of the probe.
However, the pressure outputs from the static and AOA ports were monitored with pressure
transducers in order to detect degradation or change in pressure which may indicate dust ingestion
in those ports.

The pressure transducers and their characteristics are listed below in Section 2.4. A
transducer with a 0-15 psig range was used on the total pressure line while more sensitive 0- 1 psig
and 0-2" H20 transducers were used on the static and AOA pressure lines. Also, in order to
collect any solid particles that may be transmitted by the pitot-static probe to the pressure
transducers, particle filters were installed in-line just ahead of the transducers. A photograph of the
pressure transmission lines and particle filters attached to the probe is shown in Figure 2-20.
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Figure 219. Sensor fittings and connections.

Figure 2-20. Pressure transmission lines and particle filters.
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2.3.3 Sensor Heater Interface.

The electrical connection on the base of the ADS probe, which is shown in Figure 2-19,
provides power to internal heaters. The pitot-static probe has resistance heaters located in the head
of the tube and in the mast. The two heaters are electrically isolated from each other but are

connected together by external wiring to operate in series as shown in Figure 2-21. The elec•rical
power requirements are 230 VAC, 400 HZ, single phase with a maximum output after 5 minutes

of operation cf 395 watts in still air at ambient temperatures of 680 to 86°F. The heaters are self-
regulated in such a manner that the power dissipated through the heaters is an inverse function of

the heater-elemeat temperature.

For the dusty flow evaluations, the heaters when ia use were supplied with 208 VAC, 60
HZ, single phase electrical power. Since the heater elements are essentially resistors, they are

iisensitive to the AC frequency and the readily aviilable 60 HZ laboratory power was utilized.

During testing the supply voltage and current flow to the probe were measured to insure that the

room temperature power limits were not exceeded. Nominal heater voltage used was 208 VAC

and the current was 1.8 A which provided approximately 375 watts.

CONNECTOR
LS 27503Y14E5P
OR EQUIVALENT _

D HEAD
HlEATER

230 VOLTS
400 HZ
SINGLE
PHASE E

MASTHEATER

B-

Figure 2-2 1. ADS heater schematic.
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2.3.4 Description of Particle Blends.

The B-IB air data sensors were subjected to three dust particle blerds. The first dust blend
used in these evaluations was Blend # 15, a particle mixture used in B-IB engine tests. and provided

by Calspan Corporation. This blend, which is intended to represent soil from a particular region of
the earth, was constructed from four constituents in the following proportions:

Blend #15: 25% Ottawa Quartz, 25% Red Clay, 25% Feldspar and 25% synthetic glass.

The remaining two blends used in these evaluations were obtained from a different bulk

material. Referred to as brown foundry sand, this material consists of crushed silica with
approximately 4% impurities. It was purchased from Whitehead Brothers Company in Leesburg,
N.J. and sieved on site at PDA to obtain two different size distributions. The two sizes were <38

gtm which included all material passing through a screen with 38 jIm hole size and 53- 74 gm

material which was collected between the 53 and 74 jtm screens.

Particle size distributions were obtained for the two crushed silica particle ranges and for all
of the components of the Blend #15 except the synthetic glass, The synthetic glass was not

available as a separate component but appears to be in the samte genei-al size ranges as the other

Blend #15 components. Particle sizing was conducted by Horiba Iiistruments, Inc. in Irvine,

California using laser diffraction analysis. Table 2-2 summarized the particle size results in terms
of the median diameter and the 90% tinder diameter. Blend #15 is significantly smaller than the

crushed silica particles as is also shown by the photomicrographs of the tnree particle blends

presented in Figure 2-22.

Table 2-2. Particle size data.

PARTICLE SAMPLE MEDIAN DIA. 90% UNDER DIA.
(6'm) (jIm)

BLEND #15 COMPONENTS

Quartz 5.16 11.56

Red Clay 7.28 14.38

Feldspar 12.16 26.98

CRUSHED SILICA

<38 jm 35.83 55.12

53-74 jim 78.12 114.36
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2.4 INSTRUMENTATION.

Instrumentation was required to support primary measurement functions: (1) facility

diagnostics, (2) ADS probe response and (3) pre/post-test characterization and calibration. A list

of the test instrumentation including function, make/model, range and accuracies is presented in

Table 2-3. The run-time facility diagnostics consisted primarily of gas pressure measurements.

The key diagnoatic parameter was the nozzle inlet pressure which (in conjunction with the particle

size distribution) determined the gas/particlc jet char nen.'is:ics. The pressure and temperature in the

particle feeder plenum as well as the nozzle inlet temperature were monitored to verify flow

stability. Also, the injection of water to simulate cloud moisture eff, ; introduced an additional

system. Since the water flow rate was a function of the injector tube size and metering pump

settings, it was determined by prior calibration as discussed in Section 2.2.3. These diagnostics

were integrated into the computerized data acquisition system and were recorded during each test.

2.4.1 Ha'dware Description.

The primary ADS response measurements were the pitot-static pressure outputs. Probe

suirface temperature was also monitored with a surface thermocouple mounted aft of the angle-of-

attack ports during certain tests when the probe was being heated. The probe pressure

measurements included the total pressure, static pressure and average pressure at the Zwo angle-of-

attack ports. These probe pressures and temperature were recorded along with the facility

diagnestic measurements using the computerized data acquisition system.

Pre- and post-test measurements included probe and filter weight measurements. The

weight measurements were made using the electronic balance for the dust filters or other small

items. Since the pitot-static probe weighs over a kilogram, a larger scale was required to measure

probe weight changes. Also, the probe was cleaned by a backflow of compressed air. Particles
flushed from the probe were collected in a filter and weighed. This procedure provided a check on

the particle mass as determined from the difference in pre- and post-test probe weight.

The jet flowfield diagnostics included the particle velocity, gas flow pressures (total and

static) and gas temperature distributions across the jet at the location of the B-i B ADS total

pressure port, which was located 1-inch aft of the nozzle exit plane. The particlC velociti

measurements were conducted using a Laser Doppler Velocimeter (LDV) as discussed in Sectio i
2.2.4. The gas flow diagnostic were obtained using a small precision pitot-static probe to measui e

total and static pressure distributions and a custom designed thermocouple probe to measure

temperature distributions within the jet.
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2.4.2 Data Acquisition System,

To support the automated data acquisition and analysis requirements, a PC computer

system with capable data acquisition/analysis hardware and software was utilized. The computer

used was a 486/33 PC clone having a 32-bit local bus architecture and a 130 MB hard drive. A

Strawberry Tree 12-bit, 16-channel AD board and LabTech Notebook data acquisition software

provided data acquisition rates of over 10 Hz and adequate disk storage space. Figure 2-23

presents a photograph of the data acquisition system including computer, SVGA monitor and

terminal box for analog/digital connections. The nominal acquisition rate used was 5 Hz (data

point every 0.2 seconds). For a 10-min run, this data rate produced a data file having 3(M, time

points. The LabTech data files were fully compatible with Microsoft Excel 4.0 which was used for

data analysis and display.

In addition to the specific pressure and temperature measurements, observational

instrumentation was also used for documentation. These systems included a high quality optical

microscope with photographic capabilities, a 35-mm still camera system and a video camera

system.

Figure 2-23. Data acquisition system.
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2.5 TEST PROCEDURE.

Prior to formal evaluation of the air data sensors, calibration measurements were performed
on the particle feed system, the water injection system and the gas/particle jet. These calibration

results are discussed above in Sections 2.2.2 through 2.2.4. The gas/particle jet measarements

were used to establish facility operating conditions and provided both axial and radial distributions
of particle velocity, total gas pressure, static pressure and temperature within the high speed

gas/particle jet. Measurements were made using the facility Laser Doppler Velocimeter (LDV)
system (particle velocity), a small high accuracy pitot-static probe (flowfield pressures) and a small
thermocouple probe (temperature). Also, flow rate calibrztions were con( ucted for the screw

feeder based particle metering system and the positive displacement (water) mn. ,.ering pump system,
used for moisture injection. These calibration measurements were conducted for each test

condition prior to and following formal testing.

Except for a few test runs to investigate special effects, the same basic procedure was used
for all of the dust exposure runs associated with the ADS evaluations. A description of the general

procedure used as well as a detailed list of specific steps including both moisture injection and

probe heating options are included in this section.

2.5.1 General Description.

An overview of the primary test method was presented in Section 2.1 and illustrated in
Figure 2-1. It involves the exposure of a clean B-IB ADS probe to a calibrated dust jet. The

exposure was initiated with a clear gas flow (no particles or water) for a stabilization period of
approximately 1 to 2 minutes. This initial period was utilized in order to (1) allow the jet and probe

flow conditions to stabilize and (2) obtain baseline ADS pressure data which are essential for
determining performance deviations. Once stable conditions were established, a steady particle
flow was initiated and continued for a planned exposure period.

Typically, data acquisition was initiated just prior to o7pening the GN 2 valve so that
diagnostic data were available during the initial stabilization period. Data were acquired throughout
the exposure until GN2 valve closure, A nominal sampling rate of 5 Hz was chosen to provide

good temporal resolution without exceeding storage array-size limits for a normal 10 to 15-min

exposure. During the exposure, ADS probe output pressures and surface temperature (if specified)
were recorded along with key facility diagnostics. The LDV system was utilized to make particle
velocity measurements at the entrance to the total pressure port for a selected dry particle exposure.
The LDV could not be operated with water injection due to contamination of the exposed optics.
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One modification that was required for flows with water injection was the addition of heat
to the nozzle. Specifically, with the initial wet flow runs, ice buildup was observed on the lip of

the total pressure port. This was apparently caused by the low gas temperature in the nozzle and jet
which promoted freezing of the water mist. The problem appeared to be most severe on the

interior surface of the constant diameter section of the nozzle near the exit. Moisture appeared to

collect, freeze and break off to produce relatively large ice particles that impacted the probe. Fear

that these ice particles may be contributing to plugging of the total pressure port, led to the addition
of a he.ater to maintain the nozzle at a temperature above the freezing point of water. This was

accomplished using a propane torch to heat the bottom of the nozzle. A thermocouple was installed

on the top exterior surface of the nozzle to monitor the nozzle temperature and control the heating

rate.

After each run, the probe was carefully removed from the mounting fixture, the pressure
transducers disconnected and the pressure lines disconnected from the probe. Before the particle
filters were removed, compressed air was used to fore particles from the lines into the filters. The

ADS probe and individual particle filters were weighed in order to determine the amount of dust

collected in the probe and the amount deposited in the lines leading to the transducers. In the case

of moisture addition, the exterior to the probe usually was coated with moist particles (i.e.mud).

Thus, the exterior surface of the probe was cleaned, in this case, prior to taking a post-test weight

measurement.

In addition to the nominal dust exposure runs, test runs were also conducted with water
injection only (no dust particles) in order to determine the baseline response of the ADS probe in

the moisture environments. In addition, two runs were conducted to explore the response of an

ADS probe in a gas flow environment after it had been filled with dust particles.

2.5.2 Basic Test Procedure.

The specific procedure that was employed to evaluate the response of a clean B- 1B pitot-
static probe to a dusty flow environment including moisture injection and probe heating was as

follows:

(1) Weigh test article (ADS probe) and filters separately without pressure lines.

(Moisture injection ) Prime metering pump and verify water flow.

(2) Mount and align the ADS probe in the test facility so that the tip (total pressure port)
is at an axial distance of one iach from the facility nozzle exit plane and the axis of
the probe is align with the nozzle axis, The nominal probe orientation is such that
the moisture drain hole is pointing vertically downward.
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(3) Connect the pressure transducers to the probe's pressure output ports via flexible
tubing with dust filters mounted inline just ahead of each transducer.

(Probe heating) Attach the electrical connector from the heater power supply to the
probe.

(4) Check type and quantity of pa.irticles i.a the screw feeder. Verify feeder mass flow
rate settings and make sure fteder switch is in the off position.

(5) Initialize computer-basd data acquisition system. Initiate data acquisition and
verify operation of active data channels.

(Probe heating) Turn on probe heater power supply, verify current flow and
monitor probe surfax temperature.

(6) Initiate test by opening GN2 supply valve and adjusting pressure regulator to
achieve specified nozzle pressure. Operate facility at test conditions for
approximately one minute to allow temperatures and pressures to stabilize while
verifying data outputs.

(Moisture injection ) Initiate liquid metering pump, open valve and verify water
spray in the jet.

(7) Initiate dust flow by switching on screw feeder. Note data acquisition system time
and start stop watch with feeder initiation in order to time dust exposure.

(8) Record particle velocity data using LDV system at specified time intervals during
test if LDV measurements are included.

(9) Terminate screw feeder operation at specified exposure time or if GN2 supply can
no longer support operating pressure. Close GN2 pressure regulator to shut down
nozzle flow and terminate data acquisition.

(Moisture injection ) Close water flow valve and turn off metering pump

(Probe heating ) Turn off probe heater power supply.

(10) Cover ADS total pressure port with tape, disconnect pressure transducers (and
probe heater plug), and remove test item from mounting fixture.

(11) Weigh ADS probe after carefully removing tape from pressure port. Remove and
weight each dust filter. Document weight data, exposure time and test
observations.

(12) Clean ADS probe by back flowing compressed air through each pressure port.
Place flexible tubing with attached filter over each probe surface port and collect
purged dust particles in the same dust filter. Weigh probe and filter. Compare
piobe weight with initial weight to verify that probe. is clean.

(13) Examine recorded data files and plot key pressure/temperature outputs.
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SECTION 3
TEST RESULTS

The purpose of this experimental program was to evaluate the effects of gas/particle flows
on the B-lB air data sensor (pitot-static probe) performance. The primary goal was to determine
dust exposure conditions sufficient to degrade the performance of the probe. The key test
parameters were simulated and performance was evaluated based on pressure outputs and dust

mass collected by the probe and associated pressure feed lines. This section of the report presents

the results of these evaluations. It includes a review of the key test parameters, a discussion of the

test matrix, the results of the test runs and a discussion of the data/absorvations. A detailed

description of the original test plan is presented in Reference 4.

3.1 TEST PARAMETERS.

The primary parameters considered in evaluating ADS response to dust particles were (1)
particle type/size distribution, (2) flow velocity and (3) integrated particle loading. Secondary
parameters which were also considered to be important in the ADS response included (4) the
moisture content of the gas-particle flow and (5) the temperature of the probe. These five
parameters were considered in the development of the test matrix and in the conduct of the test

program. They are discussed in this subsection.

3.1.1 Particle Size.

Particle size was identified as a potentially key paxameter. Bridging or plugging of internal
passages such as the moisture drain hole could be sensitive to particle size. Since very fine
particles are bettei able to follow the gas flow, they may not easily deposit within the probe. Thus,
it was important to consider a range of particle sizes in the ADS response evaluations. A minimum

of three particle sizes were considered in this test program. Particle size selection was guided by
cloud environment analyses and available materials. Particle sources included crushed silica from
< 38 gtm to 250 gim and the fine particle blends (5 10 gim) being used for engine ingestion tests.

One of the fine particle blends identified as Blend #15 was used in B-lB engine evaluations.

A sample of Blend #15 was provided by Calspan for use in the ADS testing. This material
was formulated to represent a "most likely" dust mixture based on specific B- I B missions, The

other two particle sizes included in these evaluations were significantly larger than the Blend #15

and were identified as <38 gm and 53-74 gm crushed silica. These sizes represent sieve screen
sizes which produced that particular particle range. As discussed in Section 2.3.4, the median
particle sizes are approximately 36 gm and 78 gim for these two crushed silica samples. These
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larger particle sizes were selected in order to explore particle size effects and since larger particles
may be present in the real environments. For example, a sample of volcanic ash was recovered
from a plugged pitot-static probe on a commercial Boeing 747-400 airliner. This aircraft had
encountered an ash cloud from Mt Redoubt (Alaska) in December 1989. An analysis of the
particles recovered from the probe yielded sizes from a few microns to over 100 Pm. Thus, it was
believed to be important that a full range of particle sizes be included in these ADS evaluations.

3.1.2 Particle Flow Velocity.

Although particle velocity is an important parameter in evaluating ADS response to dusty
flows, the range of air speeds are limited for the B-IB during penetration where particle
environments are likely to be encountered. Depending on fuel load, the B-lB cruise speed will
range from Mach 0.79 to 0.88 (approximately 520 to 580 knots at 1,000 ft altitude). Since the
variation in particle speed across the dust jet (in the laboratory testing) will be in this same range,
one nominal particle velocity corresponding to Mach 0.85 was selected for the primary testing.
Limited evaluations at a lower particle speed (i.e. Mach 0.55) corresponding to a minimum aircraft
flight speed was also included. The measured particle velocities obtained in the post-test

calibrations are presented above in Figure 2-17.

3.1.3 Particle Loading.

The total amount of particle mass encountered by the ADS probe per unit area (normal to
the flow) is a primary test variable. If cloud particle concentrations are very low and/or exposure
duration is short, the amount of dust encountered by the probe may be insufficient to cause
plugging or bridging within the probe. Thus, the evaluations of probe response were conducted
based on particle loading as an independent test variable. For the laboratory test environment,
particle mass loading is related to particle flow rate, nozzle size and exposure duration: however, in
the flight environment, the particle mass loading is related to cloud concentration, flight speed and
exposure duration. These relationships can be represented as follows:

Particle Loading (gm/cm2) = m-dot At =0.006 C ,A

where m-dot = particle mass flow rate (gm/min)

At = exposure duration (min)

A = flow cross sectional area (cm 2)

Cc.= cloud mass concentration (gm/m 3)

V = velocity (m/s)
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Thus, for a specific laboratory test condition, an equivalent cloud concentration can be
determined using the above relationship and solving for Cc. Figures 3-1 and 3-2 present
equivalent concentrations as a function of particle flow rate with flow diameter (Figure 3-1) and
with particle velocity (Figure 3-2) as parameters. A range of flow diameters is shown in Figure 3-
1 since the effective diameter of the particle je.t is difficult to specify. If the jet did not spread and
the particle concentration and velocity were constant across the jet, the flow diameter would
correspond to the 0.5-inch diameter nozzle. However, with the jet spreading and the drop in
concentration and velocity near the outer edges the effective flow diameter may be 0.625-inches or
larger. For the particle flow rates selected for these evaluations, the corresponding range of
equivalent cloud concentrations was between lx 10-6 and 5xlO"6 gm/cm 3. While these values are at

the upper end of the predicted ambient cloud concentration ranges, they are reasonable for a
laboratory simulation where exposure time drives the test conditions. Also, preliminary particle-
flowfield interaction analyses for the forward B-1B fuselage indicate that the effective particle
concentration in the vicinity of the pitot-static probes may be higher than the ambient concentration
due to flew deflection effects over the nose of the aircraft.

3.1.4 Moisture.

Another important parameter in the ADS response was the moisture content of the gas-
particle flow. A mixture of water and dust particles forms a slurry that may bridge or plug probe

passages. Thus, evaluations were conducted with both wet and dry particle flows. Since only two

fully operationai B-lB pitot-stati-I probes were available, cleaning the probes following exposure
was an important issue. Experience had shown that dry particles can be easily flushed from the

probe with air flow. However, mud formed by fine particles and water could be more difficult to
remove. Therefore, tests with water injection were performed after the dry particle testing. Also, a

water backflow technique was developed which provided an effective cleaning method. Two

water flow rates were utilized in the evaluations as discussed in Section 2.2.3.

3.1.5 Probe Heating.

Heating of the ADS probe in the anti-icing mode is a common operating condition. The

effetcts of elevated temperature on probe response to gas/particle flows was examined as part of the

evaluation matrix. Heating of the pitot-static probe was not expected to affect the response to dry

particles. However, in the presence of moistuie, it was postulated that an elevated probe

temperature may promote caking and bridging of internal passages as the wet particle mixture dries

and solidifies. Thus, heating effects were considered in conjunction with moisture testing as

discussed in Section 2.3.3.
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3.2 TEST MATRIX.

The original test plan and rational are reviewed and the completed test matrix including

modifications and additions is presented and discussed in this section.

3.2.1 Test Plan.

A recommended test sequence for evaluating the effects of dusty flows or., the B- I B ADS

probe was constructed well in advance of the actual data rur.s and was presented in Reference 4,

This plan. shown in Table 3-1, consisted of 24 test conditions defining particle type/size, flow

velocity, particle flow rate, exposure duration and the pme:,ence of water flow and/or probe heating.

The test series was organized so as to address dry gas/particle flows first, then flows with low

moisture content, followed by heavier water flows and finally the lower velocity condition. The

specific particle environments specified in this original plhin were estimated based on preliminary

test data and were rmodified as required during the evaluations to best chaacterize ADS response.

Except for the last three runs listed in Table 3-1, which utilized a planned particle velocity

of 186 mis (Mach 0.55), all tests were run at a nominal velocity of 288 n/s (Mach 0.85). A.l test

were conducted with the probe aligned with the dust jet centerline (zero degrees angle-of-attack).

The primary limitation associated with the specified tcst conditions was exposure duration. Since

bottled GN2 was used as the gas source, the relatively high flow required by the nozzle for these

test conditions limited continuous .-um ,mes to approxim'nately 15 minutes or less. Thus, the p.article

flow rates were selected to provide the maximum particle loading for the available exposure time.

Whi'e these flow rates result in equivalent cloud concentrations that are slightly greater than 10-6

gmn'cm 3, the particle mass flow rates are still less than one percent of gas flow rate. Preliminary
tests with <38 gm crushe.d silica particles showed that tte amnount of particle mass collected ir, the

pitot-stvtic probe was a linear fuiction of Lh:' total particle loading and (for a constant particle flow

rate) a linear function of exposure time.

For each particle size, one run was allocated to evaluating the response of an ADS probe

that is filled with particles. The particle flow rates and exposures for these runs were to be

deterrnined (TBD). Additional runs were also anticipated in order to successfully ieeritify probe

degradation thresholds for the varioub particle types and size ranges. Probe hea.ing wai lirnited tc

uars with moisture in order to conserve resources for higher priority tests aad since temperature

was not e;zpected to significantly affect dry dust flow within the probe. The lower moisture flow

rate shown in Table 3-1 was seiected to be c;onsistelit with th' dut flow ;ates, so that the solid

particle-to-water weight ratio v'il. be representative of predicted cloud environments.
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3.2.2 Compieted Test Matrix.

The completed test matrix is summarized in Table 3-2. The table lists all of the exposures

of the B- IB ADS probe. conducted during the formal test ohase of the program between 4 March

and 19 May 1993. Results are listed in chronological order by facility run number. The table does

not include preliminary runs conducted with the damaged pitot-static probe. Those runs were used

to refine test procedures and acquire preliminaiy response data. Also, exposures to define baseline

ADS performance using gas flow only wete conducted as part of the pre and post-te3a calibrations

and were not included in Table 3-2. However, the flows with GN 2 plus water (no particles) were

conducted as part of the formal testing per the basic procedure outlined in Section 2.5 and are

included in Table 3-2.

The completed test matrix consisted of 78 runs which was slightly over three times the

number of specified test conditions presented in Table 3-1. The large number of runis consisted of

additional runs to (1) duplicate observed effects, (2), expand the parameter range and (3) explore

important observations. The initial set of exposnres were conducted with dry particle flows and

consisted of 19 rans of which five runs were clear air rmns to explore the response of pre, filled

probes. These dry exposures included the 12 planned test conditions plus seven duplicate runs

which were used to verify results. Results of these exposures plus the three lower velocity

exposures are presented below in Section 3.4.

The bulk of .he testing was conducted with wet flow conditions. A total of 55 exposures

were completed involving the two water flow rates and probe heating. The major variation from

the original test plan was the addition of several runs covering a range of dust flow rates. Thus, a

series of exposures sivmilar to the dry particle runs were conducted wilh all three particle sizes for

each of the two water flow rates. As noted on Section 2.5.1, it was necessary to heat the nozzle

during water injection runs in order to prevent ice buildup. This icing problem was discovered

zfter several of the initial wet flow ions were completed. Thus, reruns of these several test

conditions with nozzle heating were conducted to eliminate uncertainties associated with nozzle ice

buildup. All of the planned test conditions were accomplisned, Results of the wet flow exposures

are presented in Section 3.5.

3.3 BASELINE ADS PERFORMANCE.

In order to identify any performance degradation to the B-lIB air data sensors due to solid

particle flow effects, it was necessary to establish the baseline performance of the probe for each of

the three gas flow conditions. Since the primary testing was conducted at •aozzle pressures of 70
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Table 3-2. B-IB ADS completed test matrix.

RUN PARTICLE PART. rART. RUN PART. WATER PROBE
NO. TYPE SIZE FLOW TIME MASS FLOW - COMMENTS

(l.trn) (gn'Jmln) (min) (gm) (gm/mln) HEAT ID

122e Blend #15 <20 5.0 10.0 50.0 None Off 2
1227 |10.1) 5.0 50,0
122. 8 10.0 10.0 100.0

1229 .. .. .Pre-filled Probe
1230 ..... Pre-filled Probe
1231 Crushed Silica <8 5.0 10.0 50.0 1
1232 10.0 5.0 50.0

1233 1G.0 10.0 100.0
1234 T I.... --. Pro-filled Probe
1235 Crush6d Silica 63 -74 5.0 3,2 15.9 Data File Lost
1236 5.0 10.0 50.0 I Data File Lost
1237 10.0 5.0 50.0 Data File Lost
1238 10.0 5.0 50.0
1239 10.0 5.0 50.0
1240 10.0 10.0 100.0
1241 | ... .. .. Pre-filled Probe
1242 7 ... Pre-filled Probe
1255 Blend #15 <20 10.0 5.0 50.0
1256 i0.0 5.0 50s -l

1257 Blend #15 <20 5.0 10.0 50.0 8.1 Off 2
1259 ----.. 1 8.1 Moisture Only
1260 10.0 6.0 50.0 8.1
1261 2.5 6.0 15.0 6.1
1262 20.0 50.0 8.1
1283 3.8 12.0 45.0 8.1
1264 5.0 10.0 50.0 8.1 On
1265 5.0 10.0 50.0 8.1 Off
1266 5.0 1 0.0 50.0 8.1 On
1267 5.0 10.0 50.0 8.1 On
1268 5. 8.0 40.0 8.1 Off
1269 5.0 5.0 25.0 8.1 Off Nozzle Heatitng
1270 5.0 8.0 40.0 8.1 On
1272 5.0 5.0 25.0 8.1 Off 3
1273 5.0 5.0 25.0 8.1 On
1274 2.5 5.0 12.5 8.1 On
1275 2.5 10.0 25.0 8.1 Off
1276 1.3 10.0 13.0 8.1 On
1277 Crushed Silica <38 5.0 5.0 25.0 8.1 Off
1278 2.5 14.0 35.0 8,1 Off
1279 5.0 4.0 20.0 8.1 On
1280 V 2.5 10ý0 25.0 81 On
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Table 3-2. B-lB ADS completed test matrix (Continued).

RUN PARTICLE PART. PART. RUN PART. WATER PROBE
NO. TYPE SIZE FLOW TIME MASS FLOW - COMMENTS

(pom) (gm/mmn) (min) (gin) (gm/mmn) HEAT ID

1281 Crushed Silica <38 2.5 10.0 25.0 8.1 Off 3 Nozzle Heating
1282 5,0 14.0 70.0 8.1 On I
1283 I 2.5 12.0 30.0 8.1 On
1284 10.0 5.0 50.0 8.1 Off
1285 10.0 5.0 50.0 8.1 On
1286 2.5 15.0 37.5 8.1
1287 10.0 3.0 30.0 8.1 1
1288 Crushed Silica 53 -74 10.0 4.0 40.0 8.1 Off
1289 5.0 15.0 75.0 8.1
1290 5.0 10.0 50.0 8.1
1291 2.5 8.0 20.0 8.1
1292 10.0 3.0 30.0 8,1 On
1293 5.0 10.0 50.0 8.1
1294 2.5 18.0 45.0 8.1
1295 -- - - 184.8 Off Water Only

1296 - - 184.8 On Water Only
1297 10.0 11.0 110.0 184.8 Off Nozzle Heating
1298 5,0 10.0 50.0 184.8
1299 2.5 10.0 25.0 184.8 1
1300 10.0 10.0 100.0 184.8 On
1301 5.0 10.0 50.0 184.8
1302 V 2.5 8.0 20.0 184.8
1303 Crushed Silica <38 10.0 13.0 130.0 184.8 Off
'1304 5.0 10.0 50.0 184.8
1305 2.5 10.0 25.0 184.8
1306 10.0 10.0 100.0 184.8 On
1307 5.0 10.0 50.0 184.8
1308 V 2.5 7.0 17.5 104.8
1309 Blend #15 <20 10.0 11.0 110.0 184.8 Off
1310 1 5.0 10.0 50.0 184.8
1311 2.5 10.0 25.0 184.8
1312 10.0 10.0 1C3.0 184.8 On
1313 5.0 10.0 50.0 184.8
1314 V 2.5 1.0.0 25.0 184.8

1315 Crushed Silica <38 5.0 10.0 50.0 None Off 3 Velocity = 186 rn/s
1316 10.0 5,0 50.0 None
1317 10.0 10.0 100.0 None
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and 80 psig, both axial and radial pressure scans were conducted using the B-lB probe at these
flow conditions. In addition to establishing the baseline pressure response, the scans also provide
data on the positional sensitivity of the probe. Axial scans were conducted from distances of
approximately 0.05 to 1.35-inches from the nozzle exit plane. Horizontal scans were conducted
over a one inch span through the jet centerline at an axial position of one inch.

Figure 3-3 presents the axial scan results for the B-I B probe at a nozzle inlet pressure of 70
psig. Measured total and static pressures are shown as a function of axial position . Since the
probe tip diameter is nearly 60% of the nozzle exit diameter, flow blockage effects appear to occur
when the probe is near the nozzle. However, at axial distances greater than 0.4-inches, the total
pressure is nearly constant at a value of approximate 8 psig. This value is in good agreement with
the small probe centerline measurements shown in Figures 2-12 and 2-14. The static pressure
measured with the B-1B probe shows a continuous decrease beyond approximate 0.4-inches. The
static pressure, howeve-r, does not agree closely with the small probe measurements since the B-lB
ADS static pressure ports are approximately 1.875 inches aft of the total pressure port at the probe
tip. Although the static pressure values are not consistent with the total pressure measurements,
they do provide a basis for assessing the effects of dusty flow on probe pressure response.

Horizontal pressure scans obtained with the B-IB probe at a nozzle pressure of 70 psig and
at axial positions of 0.75, 1.0 and 1.25-inch are presented in Figure 3-4. Although the diameter of
the total pressure port in approximately 0.3-inches, the B-lB probe measures nearly a constant
pressure over a 0.35-inch span centered on the jet axis. The static pressure profiles show a similar
span of approximately 0.3-inches were pressure values are relatively constant. The axial variation
in static pressure profiles are consistent with the axial scan data shown in Figure 3-3. Thus, the
total pressure response of the B-1B probe is relatively insensitive to positioning errors at a nozzle
pressure of 70-psig and axial position of one-inch. Axial position error of up to ±0:.25-inches and
a horizontal error of up to ±0. 15-inches will product essentially the same total pressure 'eading.

Axial and horizontal pressure scans corresponding to a nozzle inlet pressure of 80 psig are
presented in Figures 3-5 and 3-6. The results at this nozzle pressure condition are very similar to
those at 70 psig. The axial variation in total pressure increases from approximately 6 psig at 0.2-
inches to 10 psig at 1.0-inches. Again, the pressure at one-inch is in good agreement with the
small probe data presented in Figures 2-12 and 2-15. Static pressure variations are very similar to
results obtained at 70 psig. The pressure profiles presented in Figure 3-6 show a little greater
variation near the centerline than the results at 70 psig; however, there still exists a region of
relatively uniform pressure within approximately ±0. 15-inches of the jet axis.
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Figure 3-3. Axial pressure scan with B-LB ADS probe - Pn= 70 psig.

50



9 -- B-lIBPttot-Static Probe-

S 7 
--- ----- - - _ _ _

__Horizontal Pressure Scans
2 Nozzle Diameter - 0.5 In

0 Nozzle Pressure - 70 psig

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Radial Position OIn)

01

-0,02 0 -0-.1 -0-.2 -03 -0.4 0.5 0.6 0.7 0.8 0.9

-0,04__ __ B-i1 B Pitot-Static Probe

'a -0.06- Nozzle Diameter = 0.5 Inches

Figure ~ ~ ~ ~ ~~ozl Presur HoiotlpesuesaswihBl 0 proe- l0 sg

-051



25

20 Axial Pressure Scan
Nozzle Diameter - 0.5 Inches
Nozzle Pressure = 80 pslQ

15 B- 1B Pitot-Static Probe

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Axial Position (inches)

0 1[ " ..... - --" t "

-0,02 0 0.2 0.4 0.6 0.8 1 1.2_ 1.4

-0.04 Axial Pressure Scan

-0.06 -Nozzle Diameter = 0.5 inches
J ,Nozzle Pressure = 80 psig

*-0.08 -____ __ -B- 18B Pitot-Static Probe

-0.12 IL

-0,14 ___ __

-0.16 -

-0.18 I_ _
-0.2

Axial Po.Milon (inches)
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Axial and radial pressure scans were not conducted with the B-I B probe at the lower

velocity condition (nozzle inlet pressure of 40 psig) due to limited time and resources. Pre-dust

exposure, measurements associated with the three dust exposures (Runs 1315 through 1317) were

used to assess the baseline pressure readings for the B-IB probe. The results for these three runs

were essentially identical with a total pressure of 2.70 ± 0.15 psig and a static pressure of -0.010 ±

0.005 psig. In fact, there was no noticeable effect when the particles were turned on. Pressure

data obtained with the small pitot static probe at the 40 psig operating condition were presented

above in Figures 2-12 and 2-13. The pressure measurements obtained with the B-1 B probe were

in good agreement with the centerline total pressure in Figure 2-12. The pressure scans taken with

the small probe and shown in Figure 2-13, however, were approximately 0.4 psig lower than

either the small probe data in Figure 2-12 or the B-lB data obtained in Runs 1315 through 1317.

In order to evaluate the effect on water injection on the jet flowfield and resulting pitot-static

pressure measurements, separate exposures of the B-lB probe to water only environments were

conducted as part of the data runs. A total of three water only calibration exposures were

conducted. These were run numbers 1259, 1295 and 1296 and are listed in Table 3-2. Run #1259

was conducted with the lower water flow rate (8.1 mI/min) at a nozzle operating pressure of 70

psig. This nozzle pressure corresponds to the conditions used for the Blend #15 and the <38 gm

crushed silica runs. Figure 3-7 presents the total and static pressure measurements for Run #1259.

The gas flow was established with dry GN 2 and the water flow was initiated at 81-sec into the run

and continued for approximately 10 minutes. As seen in the figure, the total pressure which varied

between 9 and 9.5 psig with gas flow only dropped to between 8 and 9 psig with the initiation of

water flow. After 5 minutes, the mean total pressure was approximately 8 psig with a significant

and periodic variation which was due to pulsations from the water injection pump. This pattern

was consistent and continued through the completion of the run at 670 seconds. The static

pressure which was consistent with the dry flow calibration values also showed the same periodic

variations as the total pressure from approximately 3 minutes to the completion of the run. Thus,

the lower water flow rate does not have a significant effect on the B-lB probe response other than

introducing more noise into the signal. Mean pressure values are approximately the same as

shown in Figures 3-3 and 3-4 for a position on the jet axis ce-nterline at 1-inch from the nozzle exit.

The pressure response measured with the B- lB probe at the higher water flow rate (184.8

ml/min) was evaluated in Run #1295 and #1296. These runs were at a nozzle operating pressure

of 80 psig which corresponds to the condition used for the 53-74 gim crushed silica. Run #1295

was run without probe heating while Run #1296 was with probe heating. Since there was no

significant difference in the pressure measuienients between the two runs, only the results for Run
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Figure 3-7. B- lB ADS probe baseline pressure response - low water flow.
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#1296 are included here. Figure 3-8 presents the pressure histories for Run #1296. As shown in
the figure, the total pressure trace indicates a significant drop from 10 psig to approximately 7.5
psig when the water flow was initiated. The total pressure remained constant at that level
throughout the 5-minute exposure. The static pressure was also constant throughout exposure
with water injection; however, that appears to be due to reaching twe minimum range of the
pressure transducer. This was also observed during the initial portion of the static pressure history
in Figure 3-7.

Therefore, the total pressure response with the high water flow rate is redteced from the dry
air calibration values. The reduction in jet gas velocity due to droplet drag effects is the likely
cause. A jet of water was seen flowing from the probe drain hole. There were no indications of
water being transmitted beyond the probe since none of the inline filters showed an increase in
weight; this is based on pre- and post-test measurements.

3.4 DRY PARTICLE FLOW RESULTS.

The initial phase of the B-lB ADS evaluation involved the response of the pitot-static probe
to dry particle flows where the transport gas was dry GN 2 and no water injection was used. These
exposures consisted of the nominal velocity condition (Run #1226 through #1256) plus three runs
at a reduced velocity (Run #1315 through #1317). The specific particle mass flow rates and
exposure durations are presented in Table 3-2. Two dust flow rates (either 5 or 10 gm/min) were
used in conjunction with exposure times of 5 and 10 minutes. Thus, the total amount of dust
expended during the exposures was either 50 or 100 grams. All of the nominal velocity runs were
conducted using probe #2 (right side configuration) with no probe heating or water injection while
probe #3 (left side configuration) was used for the low speed exposures.

Results of the ADS probe evaluation in dry particle flow conditions consist of two data
sources. These are the pressure responses measured during the exposure and the pre- and post-test
weight data obtained from the probe and inline particle filters. The pressure results included the
total pressure, static pressure and the average of the two angle-of-attack (AOA) pressure inputs.
Pressures were recorded during the complete test including clear GN 2 startup flow, particle flow
initiation and shut down. The weight data and visual inspection of the components provided
particle collection results for the probe and the various pressure measurement lines.

3.4.1 Pressure Response Data.

A review of the recorded pressure histories and the post-test observations indicated that
there was no significant degradation in the performance of the ADS probe in the dry flow
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environments. There was no loss in pressure which would indicate significant blockage or

bridging wit-in the probe. Typical pressure histories for the nominal velocity condition of 288 ra/s

are presented in Figures 3-9 through 3-11 for the three particle type/sizes. Figure 3-12 presents

pressure histories for the low velocity ( 186 m./s) test condition which was conducted with the <38

.im crushed silica. All four runs were for a particle flow rate oi5 gm/min. However, based on an
examination of the 10 gm/ntin flow rate data, no differences were found in pressure response

netween the two particle flow rates. Each of the four figures shows total, static and AOA pressure

histories.

The pressure histories for the Blend #15 and the <38 gim crushed silica which are presented
in Figures 3-9 and 3-10, respectively, show excellent agreement with calibration results for the 70

psig nozzle inlet pressure. Total piessure values were approximately 8 psig throughout the
exposure while the mean static pressure was in the -0.15 to -0.020 range. The pressure histories

for the 53-74 gtm crushed silica run presented in Figure 3-11 correspond to a 80 psig nozzle inlet

pressure and were also in good agreement with the calibrations results presented in Figures 3-5 and
3-6. Total pressure values were approximately 10.5 psig and mean static pressure was in the same

range as the results for the 70 psig nozzle pressure . The AOA pressure for all three runs was

approximately O.XI psig.

Except for the AOA pressilre in Figure 3-9, the resoiution of the static and, particularly, the
AOA pressure data was poor. This was due to a lack of high sensitivity transducers in the carly
stages of testing. Higher sensitivity transducers becarme available as the test series progressed.

Since the first priority was accurate total pressure measurements, the ;pecific values of the static
and AOA pressures were not as important. Since static and AOA pressures were not consistent

with total pressure (or each other) due to probe si7e and jet flowv characteristics the primary interest

in these secondary pressure measurements was to monitor variations which may correlate with

particle ingestion effects and indicate probe performance degradation.

The pressure response of the #3 B-AB ADS probe at the lower velocity test condition
presented in Figure 3-12 shows no degradation in pressure with dust particle flow. The total

pressure is essentially constant over the duration of :he exposure with no difference seen between

the start up (dea, GN?) flow and the initiatin of the paiticie flow. The static pressure shows

some variat-on with the ipjiricle flow; however, it is relatively small. The AOA pressure is slightly

negative at this lower nozzle pmesrurc and hence lowei velocity test condition. Since Run #1315

was conducted late itn the iest pr,-grain, 0 to 'I-in H2C (0.074 psig) pressure tran:sducers were Used

for both the static and the AOA pressure meast:ucients. Pressure response resut',; similar to 'he, e

were also obtained for t' i , gm/rin particle flow rate lc't*s conducted in Runa #1316 ,nd #1317.
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3.4.2 Dust Ingestion Data,

The B- 113 pitot-static probe and thie Hiline particle filters were weighted before and after
each exposure in order to determine the mass of dust particles Collected during the run. Three
identical dust filters were used for these evaluations. These were mounted on Ohe total, static and
AOA pressure transmission lines just allead of the transducers. A fuel filter, shown in Figure 3-
13, consisting of metal canisters with a paper filter element was used to collect dust particles.
These particular filters (Fram Part # G- 15) were inexpensive, readily available and had been used
successfully in a previous dust flow experiment conducted in a large wind tunnel (Reference 5 ).

The dry particle flow pre- and post-test weight data for the B- I B pitot-static probe and the
inline particle filters are presented in Table 3-3. The weight data are in grams and are listed by
facility run number. In addition to the pre- and post-test weights of each component, the change in
weight (post-test minus pre-test) is also included in 'fable 3-3. Data for the total, static and AOA

line filters are identified as P-T, P-S and AOA filter weight, respectively.

The key features of the weight data presented in. Table 3-3 are (1) the significant variation in
run-to-run weight change experienced by the probe and total pressure filter and (2) the total lack of
any significant weight gain associated with the static and AOA filters. In nearly all cases, the static
and AOA filters experienced a ve-y slight decrease in weight which may represent

Figure 3-13. Inline filters use for particle collection.
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moisture loss from the filter paper due to exposure to the dry GN 2 transport gas. The pitot-static
probe gained weight for all runs where the probe was exposed to a particle flow. The five iuns
where the probe was pre-filled with dust and exposed to a clear GN2 flow resulted in a loss in net
probe weight due to the removal of particles during the run. In these five runs, a significant
porticn of the particle mass was flushed into the total pressure line and ended up in the filter. This
is confirmed by the large increase in weight experienced by the total pressure filter in these runs.
For the runs where the probe was exposed to a particle flow, the total pressure filter gained weight
in all cases except for the low velocity condition (Run #1315 and #1317). This weight gain ranged
from approximately 0.2 to 2 gms depending on exposure conditions. For the low velocity runs,
none of the filters collected any significant amount of dust.

Thus, the only effects of dry dusty flow on the B-lB ADS appears to be the ingestion of
dust into both the probe and the pressure line leading to the total pressure transducer. Dust
collection in the probe did not appear to affect the pressure output performance of the probe. The
effect of dust particles in the total pressure line is not known. These particles will likely collect in
the pressure transducer. Since the necessary hardware and technical support for reading the B-1 B
pressure transducer output could not be obtained for this evaluation, effects of dust particles on the
B-1lB transducer will have to be assessed separately. The transducers used in these laboratory
evaluations were not affected by duct particles since they were protected by the inline filters. Thus,
dust ingestion effects must be considered as a potential hazard to the ADS system until their effects
on the B-lB pressure transducer can be assessed.

Dust ingestion effects are summarized in Figures 3-14 and 3-15. Figure 3-14 presents a
correlation of the total particle mass collected in the system (i.e. probe and line filters) versus the
total mass of dust expended during the exposure (particle flow rate x exposure time). As shown in
the figure, the total mass collected in the probe and filters is essentially a linear function of the total
particle mass expended. The rate at which mass is collected appears to vary with particle type/size
and/or nozzle operating conditions (since the 53-74 crushed silica utilized 80 psig nozzle pressure).
Also, the efficiency at which the ADS probe collects particles is surprising. For example,
approximately 28% of the total <38 gxm crushed silica expended during a run was collected in the
ADS system. The linear equations corresponding to the curvefits are included in the plot.

The effect of particle velocity on dust ingestion is examined in Figure 3-15. This figure
presents a plot of collected mass versus total expended mass for the <38 gtm crushed silica paiticles
at both the nominal 288 m/s and the lower 186 m/s. As seen in the figure, the total mass collected
at the lower velocity condition is approximately half that of the higher velocity although the same
amount of particle mass was expended. The equations describing the linear fits are also included.
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3.5 WET PARTICLE FLOW RESULTS.

The primary testing effort associated with this evaluation of the B- 1 B air data sensor
involved particle flows with water injection. These wet particle flows were designed to simulate

natural moisture/rain that is expected to be present in the dust environments. The same basic
variation in particle type/size, flow rate and exposure duration used in the dry flow evaluations
were repeated with two levels of water injection. Additional runs were also added to assess probe
heating effects and o investigate a lower, particle flow rate (i.e, 2.5 grrmin). All wet flow testing

was conducted at the nil;minal particle velocity of 288 m/s. For the initial series of exposures, a
nominal water flow r'te of 8 nil/min was used while the remaining series of exposures were
conducted with a much higher water flow rate of approximately 185 ml/min. The specific particle

mass flow rates, water flow rates and exposure durations are presented in Table 3-2.

The test configuration used for the wet flow evaluations was modified slightly from that

used for the dry particle flows. The probe position and orientation were the same; however, a
sheet metal shroud was designed and installed around the aft portion of the probe. The purpose of

the schroid was to collect most of the water/dust spray created by the expanding jet. The facility

dust collector was connect to the shroud in order to provide a flow and remove any particles that
did not deposit on the shroud surfaces. The recirculation of the flow surrounding the jet boundary

resulted in a fine spray of water and dust being deposited on the nozzle and LDV optics. The latter
were covered for protection which precluded making real time particle velocity measurements.

A photograph of the ADS probe mounted in the test facility is presented in Figure 3-16.
The photograph was taken just following an exposure to a wet particle flow. The aluminum tape,
which is visible in the photograph, was placed over the total pressure port immediately following

the particle flow shut down. This helped prever' loss of water or dust from the probe during the
jet flow shut down and subsequent probe removal. Clear plastic covering on the LDV optics and
surrounding area are also visible.

Differences between the wet and dry flow exposures were dramatic. At the lower water
flow rate of 8 m/min, consistent blockage or bridging of the total pressure port of the B- 1B pitot-

static probe was observed in conjunction was a complete loss in total pressure output (i.e. zero

psig reading). In all but one case (Run #1264), once the total pressure port was blocked and
pressure response lost, there was no recovery. Continued exposure failed to clear the probe.

However, when the water flow was increased to the 185 ml/min, no probe blockage or loss in
pressure output were observed. In most of these cases, the high water flow rate appeared to flush

the ingested dust out the probe drain hole with no dust or water being transmitted to the pressure
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lines, filters and transducers. However, there were some cases involving the small Blend #15

particles where the drain hole becan1- blocked. In these cases, water and dust were diverted into

the total pressure line with the Associated flooding of the pressure line and dust filters. No

significant degradation ixi pre-.surc was observed for the static and AOA outputs.

Results of the ADS probe evaluation for wet particle flow conditions consisted of two

primary data sources, These we,'e (1) pressure response measurements during the exposure and

(2) pre- and post-test weight data obtained from the probe and inline particle filters. These

measurements were augmented with visual inspection of the probe and pressure lines (o identify

any evidence of blockage or other forms of degradation. The pressure results included the same

data as obtained for the dry particle flow exposures which were total pressure, static pressure and

the average of the two angle-of-attack (AOA) pressure inputs. The weight data and visual post-test

inspection of the components provided particle and water ingestion results for the probe and
various pressure measurement lines. The pressure response data as well as the dust/water

ingestion measurements are discussed in the following subsections.

Figure 3-.16. Wet flow test configuration.
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3.5.1 Pressure Response Data.

A total of 35 runs were conducted with particle flow accompanied by water injection at a
rate of 8 ml/min. Of these runs, 24 runs resulted in plugging or blocking of the total pressure port
and a loss in total pressure output while several other runs produced only a temporary decrease in

total pressure. The runs where no significant pressure degradation occurred corresponded to the

lower particle flow rates and suggests that longer exposure times (if they were possible) may have

produced plugging. As noted above in Section 2.5.1, it was necessary to heat the nozzle during

water injection runs to prevent ice buildup in the nozzle. The initial 10 runs with water injection

and dust flow were conducted without nozzle heating. These included Run #1257 and Run #1260

through #1268. Nozzle heating was utilized on the remaining 25 runs of which 19 experienced

probe plugging and total pressure loss, These 19 runs included several with low particle flow rates
of 2.5 g/min. The runs with nozzle heating are believed to represent the higher quality data.

Typical pressure histories for a run with blockage and pressure loss is presented in Figure

3-17. This corresponds to Run #1269 which utilized Blend #15 at a particle flow rate of 5 gm/min
for an exposure time of 5 minutes. As illustrated in the figure, the measured total pressure, is flat

and stable for the first minute of exposure then experiences a slight decrease (from 8 to 7 psig)

over the next 15-sec. This is followed by a sharp drop from approximately 7 psig to zero in about

10-sec. This sharp drop in total pressure was seen in all of the runs where plugging of the probe

cccurred. Tht; static and AOA pressure generally did not show any consistent trends with particle

buildup and blockage of the probe. Typically, static and AOA pressure outputs did not respond

strongly as will be seen in some of the later figures. However, the AOA pressure in Figure 3-17
did show a sharp increase and then a drop in conjunction with the loss of total pressure. Similar

pressure histories were obtained for runs with <38 .tm and 53-74 p.m crushed silica and are
presented in Figures 3-18 and 3-19. Both of these runs show the total pressure output dropping

shexply to zero with the blockage of the total pressure port. This occurred while the static and
AOA pressure responses remained essentially unchanged.

The response characteristics for those runs which experienced complete loss of total
pressure output are summarized in Table 3-4. This table lists, (1) the basic test conditions, (2)

exposure time to initial (total) pressure response, (3) exposure time-to-failure and (4) the
corresponding expended particle mass at failure where failure is defined as the point where the total

pressure output drops to zero. The time to the initial pressure response and to failure were

obtained from the recorded pressure histories such as those shown in Figures 3-17 through 3-19.
The total particle mass expended at the time of failure was determined as the product of the particle

flow rate and the time-to-failure.
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Figure 3-17. B-IB ADS pressure response with wet particle flow - Blend #15.
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9 Run #1277
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Figure 3-18. B- IB ADS pressure response with wet particle flow - <38 microns cr-ashed silica.
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Figure 3-19. B-1B ADS pressure response with wet particle flow - 52-74 micron crushed silica,
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Tableh 3-4. Total pressure ftilure response char'acteristics.

- - - -________ _______ ___________ _____ ____ - I
RUN PART. PART. RUN INITIAL PT PT TIME PART. NOZZLE PROBE
NO. SIZE FLOW TIME RESPONSE TO FAIL MASS HEAT HEAT(g~m) (glmin) (min) (mm.3s) (mm:s8) (gm)

- --, '. .. ... . . '|'•---,m

1257 Blend 5.0 10.0 5:10 6:24 32.5 NO OFF
1260 #15" 10.0 5.0 0:45 2:00 20.0 ..
1264 5.0 10.0 2:00 3:00 15.0 ON
1266 5.0 10.0 3:20 4:10 20.8 "
1268 5.0 8,0 4:10 5:20 26.7 OFF
1269 5..; 5.0 1:10 1:25 7.1 YES 4
1270 5.0 8.0 4:10 5:20 26.7 ON
1273 ".0 5.0 1:30 2:40 13.3
1274 2.5 5.0 1:40 3:00 7.5
1277 <38 5.0 5.0 4:'0 5:20 267 OFF
1278 " 2.5 14.0 9:50 10:00 25.0
1279 5.0 4.0 1:50 2:,0 10.0 " ON
1281 2.5 10.0 6:20 6:30 16.3 OFF
1282 5,0 14.0 1:50 12:40 63.3 ON
1284 10.0 5.0 2:30 3:00 30.0 OFF
1285 10.0 5.0 0:35 0:50 8.3 ON
1286 2.5 15.0 13:20 14:15 36.0 a
1288 53-74 11.0 4.0 2:20 2:45 27.5 OFF
1289 5.0 15.0 9:43 9:45 48.8
1290 5.0 10.0 7:,15 7:18 36.5
1291 2.5 8.0 5:17 F:19 13:3
1292 10.0 3.0 0:52 1:42 17.0 ON
1293 " 5.0 10.0 7:50 8:14 41.2

Since it is difficult to identify trends from the tabvlar data, the exposure time-to-failure and
the expended mass at failure are pre=ented graphically in Figures 3-20 and 3-21, respectively.
Separate bar charts are used for the runs conducted with and i 'out probe heating. In Figure 3-

20, the bar charts show the time-to-failure as a function of the particle type/size and the dust flow

rate. Although the data are very limited and scatter is significant (as shown by the error bars),
general trends are apparent in Figure 3-20. For the runs with the probe heater in operation, the
trends are ot' increasing time-to-failure with increasing particle size and (within a specific particle
type/size) decreasing time-to.failure with increasing particle flow rate. This flow rate dependency
is panicularly strong for the larger (crushed silica) particles. No data were taken with Blend #15 at
a flow rate of 10 g/mrin. As noted in Figure 3-20 (b). if failure does occur for the 53-74 crushed

silica particles at a flow rate of 2.5 g/min, it wil. be at an exposure time greater than 1080-sec based

on the results of Run #1294.

Time-to-i'ailure results without the B-IB pitot-static probe heater operating are shown i.
Figure 3-20 (a). These results are in general agreement with the heated probe results in figure (5)
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Figure 3-2G. Exposure time required for total pressure output loss.
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Figure 3-2!. Expended particle mass required for total pressure output loss.
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except for the 2.5 g/min particle flow rate data which shows a decreasing time-to-failure with

increasing particle size. For the smAlest particles (Blend #15), total pressure loss did not occur

during a 600-sec run. This trend is opposite to that of the heated probe where the time-to-failure at

the 2.5 g/min flow rate occurred with the Blend #15.

The total particle mass expended during the exposure up to the time of failure is presented

in Figure 3-21 as a function of the particle type/size and the dust flow rate. As would be expected,

these results are similar to the time-to-failure data shown in Figure 3-20. The trends are the same

although the relative amount of mass expended for the different flow rates are not the same as the
relative time-to-failure values since the particle mass values were obtained as the product of the

time-to-failure and the flow rate. The results for the probe heating runs indicate that much less

particle mass is required to cause failure at the 10 g/min flow rate than at the either of the lower

flow rates. Thus, even on a total mass expended basis, the strong rate dependency associated with

total pressure output failure is evident. With the unheated probe, Figure 3-21 (a), the trends are the
same as for the time-to-failure results with the 2.5 g/min data showing decreasing particle mass
expended with increasing particle size which is opposite to the heated probe results.

The remainder of the wet particle flow tests (Run #1297 through 1314) were conducted
with a high water flow rate of approximately 185 ml/min. These exposures included particle flow

rates of 2.5, 5 and 10 g/min for each of the three particle types/sizes with and without probe

heating. As note above, failure was not observed in the pressure outputs for any of these high

water flow runs. While there was no apparent loss in total pressure as seen at the lower 8 m/rnin

water flow rates, the total pressure values measured under the high water flow conditions were

somewhat lower than measured for the other conditions as noted in Section 3.3 and shown in

Figure 3-8. Also, the data scatter (or noise) associated with the pressure outputs was higher than
for the low water flow and dry particle flow conditions. These observation are illustrated in

Figures 3-22 and 3-23 which present representative pressure data for the high water flow

conditions. Figure 3-22 shows the pressure histories for Run #1298 which was conducted with

53-74 gam crushed silica at a flow rate of 5 g/min. Figure 3-23 shows similar results for Run

#1310 which utilized Blend #15 at the same flow rate of 5 g/min.

3.5.2 Dust Ingestion Data.

As discussed in conjunction with the dry particle flow results in Section 3.4.2, the B-IB

pitot-static probe and the inline particle filters were weighed before and after each exposure in order
to determine the mass of dust particles collected during the run. Identical dust filters were used on

the total, static and AOA pressure transmission lines just ahead of the transducers. The

76



12 Initiated Water Flow @ 80 sec-- --- 1-

'810

I~3 1 _B Pit°-tatic: Probe #3.
:0 4 -Dust Flow Rate - 5 gm/mln --

Water Flow Rate = 184.8 ml/mln
2 - Nozzle Pressure = 80 pslg --

Probe Heater Off
0 - - . . . . . . .- - - -. . . . . . ..-- - -. . .I . . . . . . .. . . . . . . 1 . . . . I .. ..

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Time (s0)

-010 00 200 300 400 500 600 70

-0,002 - - AA __

.0-0004 Sai

S-0.006 --

S-0.008

( -0.01

9-0.012

S-0.0 14 Initiated Water Flow @ 80 sec

-0.016 1 1

-0.018

Time (sec)

Figure 3-22. B-lB ADS pressure response with high water flow - 52-74 micron silica.
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Figure 3-23. B- lB ADS pressure response with high water flow --Blend #15.
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wet particle flow pre- and post-test weight data for the B-lB pitot-static probe and the inline

particle filters are presented in Table 3-5. The weight data are in grams and are listed by facility

run number. in addition to the pre and post-test weights of each component, the change in weight

(post-test minus pre-test) is also included in Table 3-5. Data for the total, static and AOA line

filters are identified as P-T, P-S and AOA filter weight, respectively.

The weight data presented in Table 3.5 indicates (1) a lack of any significant weight gain

associated with the static mad AOA filters, (2) lack of any significant weight gain by the total

pressure filter except for the last six high water flow rate runs and (3) pitot-static probe weight

gains ranging from less than one to over 30 g. The average weight change for the static and AOA

filters for all of the wet flow runs was -0.0001 g indicating that the small variation in weight

change shown in Table 3-5 is probably representative of the measurement accuracy. Excluding the

final six runs involving Blend #15 and the high water flows, the average weight gain for the total

pressure filter was also small (-0.0307 g) indicating no significant dust/water ingestion. However,

for the final six runs, this average jumped to 23.43 g indicating a significant amount of water/dust

ingested from the probe. The pitot-static probe showed weight gains for all runs with the larger

gains corresponding to Jong exposures and the Biend #15 high water flow runs.

The six runs involving the small Blend #15 particles and the nominal 185 mlimin water

flow rate provided a dramatically different response than the other we, flow exposures. Based on
the weight data and post-test observations, it appears that the Blend #15 particles blocked (either

totally or partially) the moisture drain hole in the bottom of the B- lB pitot-static probe. In fact,

reduced water flow from the drain hole was observed during these runs. Tne partial blockage of
the probe drain hole appears to have forced the water/dust slurry through the probe and into the

total pressure line. For all of these final six runs, the total pressure line and filter were filled with
water/dust and a significant amount of liquid poured out when the line was disconnected from the

probe and filter. Thus, the actual mass of material (water plus dust) trapped in the line and filter
was greater than the values shown in Table 3-5. The effect of this response on the B- lB pressure

transducer is not known, but must be viewed with concern.

The dust/water ingestion data are summarized graphically in Figures 3-24 through 3-26 for
the low water flow rate and in Figure 3-27 for the high water flow. Figure 3-24, 3-25 and 3-26

present correlations of the total mass (water and dust) collected in the system (i.e. probe and line

filters) versus the total mass of dust expended during the exposure (particle flow rate x exposure
time) for Blend #15, <38 gtm and 53-74 g. crushed silica, respectively. Both the wet and dry

particle flow data are included in these figures. As noted above for the dry particle flows, the total

mass collected in the probe and filters is essentially a linear function of the total particle mass
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Figure 3-24. Ingested mass vG total dust mass expended - Blend #15.
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Figure 3-25. Ingested mass vs total dust mass expended - <38 prm Silica.
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Figure 3-26. Ingested mass vs total dust mass expended -53-74 pm Silica.
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Figue 327.Ingested mass vs total dust mass expended - high water flow.
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expended. The wet flow data, however, shows a significant amount of scatter which may reflect
the presence of water in the probe. The rate at which mass is collected also appears to vary with

particle type/size and test conditions. Except for the Blend #15, the mass collection rates for the
wet flow runs were significantly larger than those for the dry particle runs. In fact, the differences

between the wet and dry mass collection rates increased with increasing particle size. The linear

curvefit equations are included in each figure.

The mass ingestion data corresponding to the high water flow runs are summarized in
Figure 3-27. The total mass gain by the system is plotted for each of the three particle type/sizes.
As noted in the review of the tabular data, the ingestion of water and dust for the two sizes of
crushed silica particles was approximately the same and essentially independent of the expended
dust or exposure duration. However, with the Blend #15, the mass ingested was much higher and

appears to increase with exposure; although, the large amount scatter makes this latter observation
difficult to quantify. This increase seeka with Blend #15 appears to be due to blockage of the

nioisture drain hole and the associated ingestion of water/dust into the probe, total pressure line and
filter noted above.

3.5.3 Post-test Observations.

The physical condition of the B- lB pitot-static probe was examined after each exposure to a
particle flow environment. The condition of the external surfaces, pressure ports and drain hole
were examined. For the dry particle flows, the only physical change observed was the slow
erosion of the probe tip. Gradual roughening of the total pressure port inlet was observed initially.
This was followed by recession of the outer edge of the total pressure port which prompted the
replacement of the #2 probe with probe #3 beginning with Run #1272. TRc deposition of dust

particles in the probe left no visible clues. The pressure ports appeared to be clean and open.

With the wet flow conditions, the deposition of the water/dust slurry (mud) on both the

external surfaces and in the total pressure port was evident. The external probe surfaces were
cleaned following the post-test inspection in order to obtain accurate weight measureineuts needed

to determine ingested mass. Partial or total blockage of the total pressure port was visible on the
runs where total pressure failure occurred. Where partial blockage of the port was visible from the
front, total plugging must have occurred internally in order to reduce the pressure output to zero
No plugging or erosion of either the static or AOA pressure ports were observed.

Characteristics of the visible particle deposits in the total pressure port appeared to vary
with the particle type/size. These variations arc illustrated in Figures 3-28 through 3-30 which
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present post.-test photographs of' the totaIl pressure port f the B- I , pito(t static probe Ifor each ofI

the three particle type/sizes under wet flow conditions. The Wlend # 5 tended to Iornu a ionooth

solid bridge or plug just inside the eitrance of the port as shown it Figure 3-28. Wiih tihc Iarget

crushed silica particles, the material tended to bc deposited deepe.r in the prober and in it mort

irregular manner. For the <38 tpm dust as shown in Figure 3-29, the entrance ot the total nrer,,urc

port is not completely bridged and the deplsited malertl i,, not .mooth like the Blend #1S drtoiýts,

With the largest (53-74 pinm parlicles as ,hown in Figure 3-30. the material % A.i dlept tsit'd nictih

deeper in the probe and it was dif'ficultl in moslt casc,. to determine if the \ilel bh .k+t` •k..

complete or only partial.
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SECTION 4

SUMMARY AND RECOMMENDATIONS

4.1 SUMMARY

Potential hazards to military aircraft postd by both natural and weapon-induced
dust/particle environments have been reintorced by the experiences of commercial aircraft
encountering clouds of volcanic ash. Two Boeing 747 aircraft expenenced the loss of air data
sensor, due to fouling from Ash particles. For these surcrafl which were flying at altitude, the loss
of the air data system was not a catastrophic evrni However, for a B- I B aircraft on a low altitude
penetration mission, the loss of air data sensors would p'esent serious problems both to crew
safety and mission completion. Thus. since the ADS is sixh a critical component in the aircraft
control and weapons systems. a preliminary evaluation of the B- I B ADS probe was conducted as
the initial phase in a more oiomprehensive investigation. The vuliherability of the B- I B air data
sensors to particle impact and ingestion effects was addressed as part of the DNA aircraft hazards
effort. For this preliminary evaluation, the DNA Dust Erosion Facility was selected due to its
capabilities, operational costs and availability.

Facility upgrades and experimental evaluations were successfully conducted during the
1992-93 time period. Successful facility modifications included (1) design and development of a
large nozzle which provided a suitable gas/particle test environment, (2) the design and installation
of a precision screw feeder system for accurately metering particles into the gas flow, (3) design
and installation of a water injection system for simulating cloud moisture/rain and (4) installation of
a computerized data acquisition system for data collection and analysis. The screw feeder and data
acquisition systems have become a standard part of the erosion test facility and have been used
extensively for routine erosion testing.

The evaluations of the B- lB ADS probe were directed towards verifying the effects seen in
volcanic ash cloud encounters by commercial aircraft. Specifically, duplicating failure modes and
establishing damage thresholds were the primary objectives of these initial evaluations. Over 70
runs were conducted where B-lB probes were exposed to high speed dust environments. These
included dry gas/particles flows as well as flows with two different levels of water addition. All
planned test conditions were achieved. The primary measurements included the pressure outputs
from the ADS probe during dust exposures as well as pre- and post-test weight measurements.
Pressure measurements were recorded with the data acquisition system and store on computer disk

for later analysis and display.
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The results of these evaluations identified two primary effects of dusty flows on the B-AB
probe. These were (1) the loss of total pressure output due to plugging of the total pressure port
and (2) ingestion of Jiust and water which can be transmitted to the pressure transducer. Although
these effects did occur consistently, they occurred only under certain conditions which can he

summarized as follows:

(1) No effects were seen on any of the pressure outputs under dry flow conditions.
Even pre-filling the probes with dust particles failed to degrade the total pressure
output on subsequent exposure to a dusty flow environment.

(2) The dry flows did result in the ingestion of dust particles into both the probe and
pressure feed line leading to the transducer. This dust ingestion was only seen in
conjunction with the total pressure components. No dust ingestion effects were
seen with either the static or angle-of-attack (AOA) pressure components.

(3) With the lower water flow (8 mil/min) condition, consistent plugging of the total
pressure port and loss of pressure output was measured with all three particle
type/sizes. The probe response was characterized by a sharp drop in measured total
pressure after an incubation period of I to 15 minutes. This time-to-failure
appeared to be a function of both particle size and particle flow rate.

(4) No loss in static or AOA pressure outputs were recorded at the lower water flow
condition. Also, no ingestion of dust or water was observed at this condition.

(5) No plugging or loss of pressure was observed at the higher water flow rate (185
mi/min) with any of the particle type/sizes. Except for the smaller Blend #15, no
significant ingestion of dust or water were seen at this higher water flow rate.

(6) With the Blend #15 at the higher water flow rate, however, the probe drain
appeared to plug resulting in ingestion of large quantities of water which fille,-i the
pressure line and dust filter leading to the pressure transducer. This occurred on all
six runs at these conditions.

(7) Use of the probe heater did not alter the results noted above. The failure modes and
responses were similar between the heated and unheated probe. However, the
time-to-failure data appeared to be more consistent and correlated better with particle
size and flow rate for the runs using probe heating.

Thus, these initial laboratory evaluations of the B-I B ADS probe were successful in (I)
creating a blockage of the total pressure port which was similar to inflight failures associated with
volcanic ash cloud encounters and (2) quantifying mass ingestion of water and dust as a function
of test conditions. The results have identified moisture level as a key variable in the plugging of
the total pressure port and have developed preliminary data for assessing the effects of particle
type/size, flow rate and velocity on both plugging and mass ingestion.
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4.2 RECOMMENDATIONS.

The results of these initial evaluations have illustrated the vulnerability of the ADS probe to

certain dusty flow environments. Key questions which must now be addressed are (1) what are
the threshold and limiting conditions (in terms of the key parameters) associated with ADS
degradation, (2) how do these vulnerability thresholds relate to operational environments and (3)
how does this degradation in the air data system affect aircraft and mission performance. The first
item can be address through additional testing in the DNA dust erosion facility while the latter

issues require a broader investigation.

It is recommended that the next step be directed towards the validation and refinement of
the results obtained in this initial evaluation. Specifically, the effects of dust mass flow rate and

moisture level on ADS probe plugging and mass ingestion must be better defined. This could be
accomplished through minor refinements to the test facility and additional tests with both lower

dust and water flow rates. Lower particle flow rates are possible with the current screw feeder
system with minimum particle flow rates being approximately 0.25 g/min. This would represent

over an order of magnitude lower dust flow rates than used in the initial tests. The water injection
system, however, will require some modifications in order to achieve steady flows at less than the

current minimum condition of 8 ml/min. Options here include acquiring a smaller piston for the
current metering pump or replacing the metering pump with a gas pressurized expulsion system.
Whichever approach is used, a water flow rate capability of less than I ml/min will be required.

In order to better relate the laboratory results to the operational flight environments, a more

detailed and extensive mapping of the dust particle flux in the plane normal to the jet axis is
required. This would involve streamlining the LDV (particle velocity and data rate) measurements

so as to improve overall data rate. This may also include use of the LVDT position sensor in
conjunction with the computerized data acquisition system to automatically record the LDV

measurement coordinates. This would allow a more accurate estimate of the equivalent particle
concentration and flow rate to be determined at the total pressure port of the ADS probe.

Also, since the ADS pressure transducer is a key component in the system and will likely

be exposed to dust particles and moisture, it is important that the vulnerability of the transducer be
evaluated. The preferred approach would be to utilize the B-IB ADS transducer with the pitot-
static probe in the evaluations conducted in the DNA dust facility. This would provide a simulation
of the system up to the B-IB air data computer. If the required digital interface between the B- I B
transducer and the facility data acquisition system cannot be obtained or developed, then, the B- 1 B
transducer should be evaluated separately. This would involve the introduction of dust and
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moisture to the transducer via the pressure traaismission lines while the pressure inputs are
maintained at realistic predetermined levels.

In conjunction with more detailed experimental evaluations, an effort is needed to assess
the operational environment that the B-I B is likely to encounter. This would include developing a
map of the operational parameters such as dust concentration, moisture content, particle type/size,
altitude and aircraft speed. A comparison of the laboratory induced degradation thresholds with the
B- IB operational conditions would provide a basis for assessing overall vulnerability. If this
assessment shows a high potential for APS damage or loss under potential operating conditiors,
then, a broader investigation should be initiated. This investigation should include a detailed
analysis of the particle/flowfield interaction which could alter the particle concentration, speed and
flow angle of the dust flow at the B-l B pitot-static probe locations. A high fidelity larger scale test
series would be required to verify the degradation and failure mechanisms and thresholds
developed in the small-scale testing.
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