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ABSTRACT

Advances in the design of the liquid oxygen, liquid hydrogen engines for

the Space Transportation System call for the use of warm, high-pressure

oxygen as the driving gas in the liquid oxygen turbopump. The NASA

Lewis Research Center requested the NASA White Sands Test Facility (WSTF)

to design a test program to determine the relative resistance to ignition

of nine selected turbopump materials: Hastelloy X, Inconel 600, Invar

36, Monel K-500, Monel 400, nickel 200, silicon carbide, stainless steel

316, and zirconium copper. The materials were subjected to particle

impact and to frictional heating in high-pressure oxygen.

In the particle impact tests, nickel 200, Monel 400, and silicon carbide

were the most resistant to ignition; Monel K-500 and zirconium copper

were slightly less resistant to ignition; and Hastelloy X, Invar 36, and

stainless steel 316 were the least resistant to ignition. Inconel 600

was not tested.

In frictional heating tests of pairs of like materials, the ranking was

generally upheld, with the materials ranked in order of decreasing

resistance to ignition as follows: nickel 200, Inconel 600, Monel 400,

Monel K-500, Hastelloy X, Invar 36, and stainless steel 316. Pairs of

silicon carbide and zirconium copper failed mechanically at modest

contact pressures and did not ignite.

In tests where pairs of different materials were rubbed together, the

material rated less resistant to ignition in previous tests appeared to

control the resistance to ignition of the pair.

Tests designed to determine the effects of oxygen pressure on the

results of frictional heating appeared to indicate that the greater heat

rates per unit area required to ignite metals at high pressures resulted

from increased convective heat losses from the test samples.



PREFACE

This interim report addresses the test series that resulted fromthree

test plans written at the NASA White Sands Test Facility in response to a

request from the NASA Lewis Research Center to determine the relative

compatibility of selected turbopump materials in gaseous oxygen. The

first test plan, Determination of the Ignition Sensitivity of Selected

Turbopump Metals in High Pressure, High Temperature, Oxygen Environments

(TP-WSTF-324), proposed tests in which eight materials were impacted with

particles in hot, high-pressure oxygen and nine materials were heated

frictionally in high-pressure oxygen. The second test plan, TP-WSTF-324

ADDI, proposed tests in which pairs of different materials were rubbed

together in high-pressure oxygen to induce frictional heating. The third

test plan, Evaluation of Pressure Effects in the WSTF Friction Rubbing

Test System (TP-WSTF-356), proposed tests to determine the effects of the

test gas pressure on the results of frictional heating tests. Testing

proposed in the first and third test plans has been completed, and six of

the eight tests proposed in the second test plan havebeen completed.
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1.0 INTRODUCTION

In a continuing effort to develop a more economical Space Transport

System (STS), the NASA Lewis Research Center (LeRC) has defined a series

of propulsion goals (Cooper 1983) for a new generation of space-based

Orbital Transfer Vehicles (OTVs). The propulsion system for the OTVs

will use liquid hydrogen (LH 2) and liquid oxygen (L02) as propellants.

The OTVs will be transported to one of several space stations using an

STS Orbiter. Operating from a fueling station located near the space

station, each of the OTVs will make up to i00 round-trip flights,

transporting payloads to and from high orbits. Consequently, the OTV

propulsion system must be able to use fuel more efficiently, have a

longer life, and require less maintenance than the systems that are

currently being used.

In an effort to meet these performance goals, Aerojet Liquid Rocket

Company, under NASA Contract NAS 3-23772, has developed a new design

concept for LH2/LO 2 engines. The design uses warm gaseous oxygen (GO2)

at high pressure to drive the turbine in the LO2 turbopump. While this

design concept eliminates several problems common to currently used

engines, it creates new ignition hazards associated with the use of

warm, high-pressure GO2.

Two important ignition sources are present in rotating machinery such as

the proposed LO2 turbopump. Ignition of the turbopump parts may be

caused when heat is generated by mechanical rubbing due to thermal

expansion or bearing failure. Ignition may also be caused when particles

of foreign material entrained in the flow of GO2 or released at high

velocity from the rotating turbine blade are impacted onto the surface of

metal parts.

To determine the feasibility of the new turbopump design, the LeRC

requested that selected materials be evaluated for their resistance to

ignition in warm, high-pressure GO2. LeRC requested that tests be

conducted at the WSTF using several of the methods developed at WSTF to



determine the relative resistance to ignition of the materials.

These methods consisted of an apparatus that expose materials to

frictional heating and an apparatus that exposes materials to the impact

of high-velocity particles.

A series of particle impact and frictional heating tests was conducted at

WSTF. This report designated as volume I, will define the objectives of

the test program, describe the test systems and procedures of the

particle impact and frictional heating tests, and presents the test

results. The raw data obtained from both the particle impact and the

frictional heating tests are contained in appendices, designated as

Volumes II through V.

2.0 OBJECTIVE

The overall objective of the program was to determine the relative

resistance of nine selected materials to ignition when subjected to

particle impact and frictional heating. To accomplish this overall

objective, the program was divided into the following specific

objectives: (1) To determine the resistance to ignition of the selected

materials when exposed to or ruptured by the impact of particles en-

trained in a high-velocity oxygen stream at elevated temperatures and

pressures. (2) To determine the resistance to ignition of the selected

materials when pairs of like or different materials were rubbed together

in gaseous oxygen at a constant pressure. (3) To determine the effects

of varying oxygen pressure on the frictional heating of materials.

3.0 PARTICLE IMPACT TESTS

Particle impact tests were performed on targets configured as impact

plates made of each of eight materials: Hastelloy X, Invar 36, Monel

K-500, Monel 400, nickel 200, silicon carbide (SIC), stainless steel

316, and zirconium copper (Zi-Cu). Particle impact tests were also

performed on targets configured as rupture disks made of type 316

stainless steel.



3.1 BACKGROUND

The initiation of fires in oxygen systems by the impact of high-velocity

particles has been suspected for manyyears (Lapin 1972). Although the

mechanismfor ignition of metals by particle impact is not entirely

understood, recent tests reported by Benz, Williams, and Armstrong

(1985) have provided some insights.

The kinetic energy of impacting particles converted to heat after impact

serves to ignite and burn the impacting particles. The heat produced

from the burning particles serves to ignite the target materials. These

two processes must occur in the short time period while the particles are

in intimate contact with the target material. Thus, the rate of energy

delivered to a specific cross-sectional area of the target material

(energy flux density) by the burning particles is believed to be a

critical parameter influencing the ignition phenomena.

Whenassessing the susceptibility of a system to ignition by particle

impact, the following major factors must be addressed. First,

information about the particles must be ascertained, such as the types

and sizes of the particles. Then the environment that the particles will

experience has to be addressed to determine if the particles contain

sufficient kinetic energy to ignite. For example, at very high

velocities (greater than 450 m/s) 1600pm aluminum particles ignite
readily, whereas similar-sized particles of type 304 stainless steel

do not ignite (Benz, Williams, Armstrong, 1985). And, as the size of the

particles increases for a fixed velocity, the susceptibility of particles

to ignition decreases (Thayer, 1971).

Once it has been determined that particles will ignite, the energy flux

density produced by the burning particles must be assessed. For

example, even though a small particle may ignite more easily, the number

of particles may be small or the impact profile o_ the particles may be

3



large. In both cases a lowering of the energy flux density results.

However, Nihart and Smith (1960) have shownthat whena large numberof

small particles are present manymaterials can be ignited. As the size

of the particles are increased, large energy flux densities can be
achieved. However, theparticles must ignite, and ignition of the

particles becomesmore difficult as the size of the particles are
increased.

Finally, the ignition and burn characteristics of materials that will

experience the impact of particles must be addressed. Materials which

are very resistant to ignition or have low burn factors require high

energy flux densities to ignite and burn, such as manysmall particles or

a single large particle. In the case of a large particle, the size of

the particle required to produced a sufficient energy flux density may

be prohibitive for ignition of the particle under the dynamic conditions

of the system.

3.2 TESTSYSTEMDESCRIPTION

The overall particle impact test system is shown schematically in

Figure 1. The system consisted of a 15-m3 (530-ft s) gaseous oxygen

storage vessel, a remotely operated isolation valve and pressure

regulator, a particle injection system, a heat exchanger, pressure and

temperature measuring devices, and a test chamber. Gaseous oxygen was

stored in a storage vessel at pressures up to 41.4 MPa (6000 psi). Flow

of gaseous oxygen through the heat exchanger was controlled by the

isolation valve and the pressure was set by means of the pressure

regulator. The flowing oxygen, as it passed through the heat exchanger,

was heated to temperatures ranging from 496 to 755 K (400 to 900°F).

Particles were injected into the oxygen stream by establishing a slight

push in the injector system.

Cross-sectional views of the test chamber are shown in Figure 2. Hot

gaseous oxygen entered the test chamber through a test gas inlet port in

the inlet adapter and was accelerated in an orifice. The hot oxygen then



entered into a plenum where it was accelerated to velocities greater than

mach 2. Oxygen flow was then directed onto the target which was held in

place with a retainer. The gaseous oxygen exited the chamber through

three ports spaced at 120 ° intervals around the chamber.

The targets were configured as either impact plates or rupture disks

(Figure 2). When the rupture disk configuration was used, a cup-shaped

back-up plate was installed between the rupture disk and the retainer,

forming a cavity behind the disk. Three small holes in the rupture disk

allowed the gaseous oxygen to flow into the cavity, thus equalizing the

pressure on both sides of the disk.

GASEOUS OXYGEN
STORAGE VESSEL

1530 ft 3 )

HEAT

EXCHANGER

TEST GAS INLET
THERMOCOUPLE_L]

/---- PARTICLE

/ SYSTEM

./
INJECTION

[
ISOLATION
VALVE

PRESSURE
REGULATOR

I'1
PARTICLEINSERTION

I HIGH SPEED ACCUMULATORVALVE

PRESSURE
' _ TRANSDUCER

_ PARTICLE IMPACT
TEST CHAMBER

SUPPLY
LINE

Figure 1: Schematic Diagram of the Gaseous Oxygen Test System

with the Particle Impact Chamber Installed
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!TAINER
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COPPER SEAL RING
(RUPTURE DISK)

BACK-UP PLATE

Figure 2: Cross-Sectional View of the Particle Impact Test Chamber Showing Two Target Configurations
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The temperature and pressure of the oxygen were measuredat the inlet to

the test chamber using a Type K thermocouple and a bonded strain-gauge

pressure transducer. All instrumentation was connected to a data

acquisition system which processed and recorded the data. Calibration

tests were performed to determine the differences between the inlet

oxygen temperature and the target surface temperature, see Appendix A.

The results indicated that the target surface temperature was 22 to 39 K

(40 to 70°F) higher than the oxygen inlet temperature. Calibration tests

were also performed to determine the velocity of the particles which were

injected into the oxygen stream, see Appendix B, and indicated that the

minimumvelocity of the particles were approximately 260 m/s (853 ft/s).

3.3 TESTCONSIDERATIONS

In these tests, the objective was to determine the relative resistance

of materials to ignition when exposed to particle impact -- not the

resistance of the particles to ignition. Therefore, the type and size of

particles were selected based on their ease to ignite and the quantity of

heat released during combustion. Aluminumparticles were selected for

this test because previous experience at WSTFhas indicated that aluminum

particles with diameters of greater than 1600_m could be ignited at the
conditions produced in the particle impact test chamber. Assuming that

the impact area was proportional to the diameter of the particle, the

energy released from burning one 1580_m (0.063 in) diameter spherical
aluminum particle was 0.118 kJ for an impact area of 0.020 cm2. This

energy release for aluminum was greater than or equal to the energy

release for other materials with the exception of beryllium. Therefore,

aluminum particles were considered to represent the worst case ignition

source for particle impact testing.

At least five impact tests, using new target materials, were conducted

on each material configured as impact plates. In each test, the target

material was subjected to ten 1580pm diameter particles made of aluminum

2017-T4 which represented a total energy release of 1.18 kJ, randomly

distributed across the target material surface (2.85 cm2). In addition

7



a series of 10 tests was conducted with a nickel 200 target without

replacing the target between tests.

A series of tests was conducted to determine whether target samples that

rupture upon impact were more or less likely to ignite than target

samples that did not rupture upon impact. The target samples consisted

of type 316 stainless steel disks designed to rupture upon impact by

aluminum particles. Nine tests were conducted on rupture disks 0.5 mm

(0.020 in) thick, and five tests were conducted on rupture disks 0.4 mm

(0.015 in) thick.

The relative resistance to ignition of the selected materials was

determined by varying the inlet oxygen temperature, which, in turn,

varied the surface temperature of the materials. Materials that

required relatively higher temperatures for ignition were assumed to be

more resistant to ignition by particle impact than materials that

ignited at lower temperatures.

3.3.1 SAMPLE PREPARATION

Target materials configured as impact plates were machined from stock

materials to a thickness of 0.15 cm (0.060 in). These impact places

allowed for a cross-sectional area of 2.85 cm2 (0.44 in 2) exposed to the

impacting particles. Target materials configured as rupture disks were

cut from sheet materials, 0.38 and 0.5 mm (0.015 and 0.020 in) thick,

allowing for a cross-sectional area of 2.85 cm2 to be exposed to the

impacting particles.

All target materials were cleaned by washing them with a sodium hydroxide

solution, then with a phosphoric acid solution, and finally with an

emulsion agent. The materials were rinsed with isopropyl alcohol and

then with Freon 113. The materials were then dried with nitrogen and

individually sealed in Teflon bags.

8



3.3.2 TEST CONDITIONS

In each test, 10 spherical particles, 1580_m (0.063 in) in diameter,

were injected into a heated stream of oxygen at the inlet to the chamber.

The oxygen stream was maintained at a mass flow rate of 0.45 kg/s

(1 Ibm/s), a pressure of 31.5 ±1.2 MPa (4575 ±175 psig), and temperatures

between 496 and 755 K (400 ° and 900 ° F). The particles entrained in the

oxygen stream were accelerated to a velocity of approximately 260 m/s

(860 ft/s). The average oxygen pressure in the plenum was approximately

4.1 ±0.7 MPa (600 ±100 psig). The target surface temperature was 22 to

39 K (40 to 70°F) hotter than the temperature of the gaseous oxygen at

the inlet to the test chamber. The velocity of the particles was

greater than 262 m/s (861 ft/s).

3.3.3 TEST PROCEDURE

In each test, the target material was installed into the test chamber

and the retainer was tightened. The particles were placed in the

particle insertion port and sealed. Theaccumulator was pressurized to

the maximum pressure available in the storage vessel, which was at least

2.8 MPa (400 psig) above the test pressure. After the test area was

cleared of all personnel, the pressure regulator was adjusted and the

flow of oxygen was initiated by opening an isolation valve. The data

acquisition system was activated to monitor and record temperature and

pressure at the inlet to the test chamber once every 100 ms during the

test. When the desired test conditions were achieved, the particle

injection high-speed valve was opened briefly and then cl°osed, thereby

injecting the particles into the flowing oxygen stream. Two seconds

after the particles were injected, the isolation valve was closed and

the flow of oxygen was stopped. The target was then removed and

examined for evidence of burning. In the series of 10 particle impact

tests performed using the same nickel 200 impact plate, the impact plate

was examined after each test and then replaced in the test chamber.

9



3.4 PARTICLE IMPACT RESULTS

3.4.1 Test With Impact Plates

The following sections summarize the results of tests in which impact

plates were used as targets. Appendix C contains complete test results

for each individual test.

3.4.1.1 Types of Ignition Event Observed

When subjected to particle impact, the impact plates either did not

burn, showed slight burning on the target surface, burned partially, or

burned completely (Figures 3 and 4). The results of a test in which a

zirconium copper sample did not ignite upon particle impact are shown in

Figure 3a. The dents made in the sample by the impacting particles can

be seen in the photograph. Similar dents typically appeared on impact

plates that did not ignite upon impact.

The results of a test in which a Hastelloy X sample exhibited only slight

surface burning upon particle impact are shown in Figure 3b. A small

triangle-shaped marking extends from the center of a dent made by an

impacting particle. Careful observation of the mark reveals that some of

the material has been removed from the surface of the impact plate by

erosion or burning.

The results of a test in which a type 316 stainless steel sample

partially burned are shown in Figure 3a. A hole extending through the

target material is visible and indicates that partial combustion of the

test material occurred. Burning quenched before the entire target

material was consumed. Each of the impact plates that burned partially

exhibited a similar burn pattern.

The results of a test in which a type 316 stainless steel target material

burned completely are shown in Figure 4. Figure 4(b) shows the end view

I0
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of an assembled test chamber after a type 316 stainless steel target

burned completely. The target material, the back of which can be seen in

the photograph of the pretest assembly, was completely consumed by the

reaction. The retainer was almost completely destroyed and the test

chamber was irreparably damaged. Such extensive damage to the test

chamber was typical of the tests in which target materials were totally

consumed.

3.4.1.2 Ignition Susceptibility of the Materials

The ignition events resulting from the tests in which target material

were configured as impact plates are shown as a function of the initial

oxygen temperature in Figure 5. Complete burning occurred only with

samples of Invar 36 and type 316 stainless steel. In tests with

Invar 36, the sample burned completely in 6 out of 12 tests conducted at

oxygen temperatures above 625 K (655 °F). The frequency with which the
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Invar 35 burned completely appeared to increase as the oxygen temperature

increased. In the 29 tests conducted with type 316 stainless steel at

oxygen temperatures between 450 and 625 K (350 and 665 °F), five tests

resulted in complete burning of the target, and six tests resulted in

only slight surface burning of the target. The frequency with which any

types of burning occurred was not apparent to be a function of the oxygen

temperature for type 316 stainless steel.

When targets of Hastelloy X were tested, partial burning occurred in 6

of the 19 tests conducted at oxygen temperatures above 625 K (665 °F),

and slight surface burning was observed in one other test. The frequency

of the burning events appeared to increase as the oxygen temperature was

increased.

Samples of the remaining target materials either did not burn or showed

slight surface burning at oxygen temperatures above 625 K (665 °F).

Monel 400 and silicon carbide showed no evidence of burning. Monel K-500

and zirconium copper showed slight surface burning, as did nickel 200 in

one test. However, this one test with nickel 200 that produced slight

surface burning was the ninth test in a series of ten tests using the

same nickel 200 target as the impact plate. The burning event may have

been initiated from a particle impacting on aluminum deposited on the

surface of the target in the previous eight tests. When nickel 200

targets were replaced after each test, no evidence of burning was

observed out of five tests at oxygen temperatures above 675 K (755 °F).

3.4.1.3 DiscUssion of Test Results

The objective of these tests was to determine the relative resistance of

selected materials to ignition by particle impact. In a broad sense,

Monel 400, silicon carbide, and nickel 200, can be ranked as the

materials most resistant to ignition, since no samples of these

materials were observed to burn in the limited number of tests
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performed. Similarly, type 316 stainless steel and Invar 36 can be

ranked as the materials least resistant to ignition, since samples of

these materials were observed to burn completely.

However, an absolute rating for the remaining three materials, which

exhibited partial or slight surface burning, is difficult to determine.

In general, Hastelloy X, which exhibited partial burning, can be ranked

as less resistant to ignition than Monel K-500 and zirconium copper,

which exhibited only slight evidence of burning.

Efforts were madeto further rank type stainless steel 316 and Invar 36,

the materials that exhibited commonburn types, by comparing the fre-

quencies of ignition as a function of oxygen temperature. Statistical

analysis of the test data using the Probit Method (Natrella 1963)

indicated only that a larger numberof data points was required for

analysis because of what appeared to be a randomnessof the ignition

events as a function of temperature.

3.4.2 Test With Rupture Disks

The following sections summarize the results of tests in which rupture
disks madeof type 316 stainless steel were used as targets. Appendix C

contains complete test results for each of the individual tests.

3.4.2.1 Types of Ignition Events Observed

Whensubjected to particle impact, the target materials configured as

rupture disks neither ruptured nor burn, ruptured but did not burn, or
both ruptured and burned completely (Figure 6). A rupture disk as it

appeared prior to test is shownin Figure 6a. The result from a particle

impact test in which a disk neither ruptured nor burned is shown in

Figure 6b. Dents caused by the impact of the particles are visible.

Similar dents appeared on disks that neither ruptured nor burned upon

impact.
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The result of a test in which a disk was ruptured by the particles but

did not burn is shown in Figure 6c. The dents made in the disk by the

particles are visible. In some of the tests at the lower inlet gas

temperatures, dents appeared on the rupture disk but not on the back-up

plate behind the disk, indicating that the disk was hit and ruptured by

the particles. In tests at higher inlet gas temperatures, dents appeared

on both the disk and back-up plate, indicating that the first particles

to arrive hit and ruptured the disk, and the following particles hit and

dented the backup plate.

A disk that was ruptured prior to impact by particles is shown in

Figure 6d. No evidence exists that a particle hit the disk, although

several dents can be seen on the backup plate. A rupture disk that was

burned is shown in Figure 6e. The material in the impact area was

consumed and the fire was quenched at the inside edge of the copper seal

ring.

3.4.2.2 Ignition Resistance of the Material

Of the five target materials configured as rupture disks that were

0.38 mm (0.015 in) thick, two neither ruptured nor burned and three

ruptured but did not burn (Figure 7). When the temperature of the inlet

gas was increased above 513 K (465 °F), the disk was ruptured prior to

the impact of particles. Of the rupture disks that were 0.5 mm (0.020

in) thick, two neither ruptured and nor burned, three ruptured but did

not burn, and four ruptured and burned completely. Generally, the disks

ruptured and burned more frequently at the higher temperatures. In one

case, the disk burned at only 489 K (420 °F), which was more than 28 K

(50 °F) lower than the temperature at which two disks neither ruptured

nor burned. However, it is uncertain if the disk ruptured and then

burned, or if the disk did not rupture but ignited and burned by only

particle impacts. Included in Figure 7 are the results for the type 316

stainless steel target materials configured as impact plates.
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3.4.2.3 Discussion

The results of the limited testing conducted with rupture disks did not

provide enough information to determine whether materials configured as

rupture disks were more likely to ignite upon particle impact than

materials configured as impact plates. Therefore, the process of

rupturing and its effects on the ignition of target materials could not

be discerned. A large number of additional tests would have been

required to make this determination but was prohibited because of the

lack of funds available.
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4.0 FRICTIONAL HEATING TESTS

Frictional heating tests were performed at the same oxygen pressure on

test samples made of pairs of like materials. The following nine

materials were evaluated: Hastelloy X, Inconel 600, Invar 36, Monel K-500,

Monel 400, nickel 200, silicon carbide (SIC), stainless steel 316, and

zirconium copper (Zi-Cu). Frictional heating tests were then performed on

pairs of test samples made from different materials in which stationary and

rotary test specimens were fabricated from the following materials:

Rotary Sample

Materials

Stationary Sample

Materials

Monel K-500

Silicon Carbide (SIC)

Silicon Carbide (SIC)

Stainless Steel 316

Stainless Steel 316

Nickel, Electra-Formed (ED)

Invar 36

Monel K-500

Monel K-500

Zirconium Copper (Zi-Cu)

Finally, an attempt was made to determine the effect of oxygen pressure on

the ignition of the materials when they were subjected to frictional

heating. The test samples were made of Monel K-500.

4.1 BACKGROUND

Heat produced when two materials are rubbed together has been suspected

for many years as being the cause of oxygen-metals fires in turbopumps

(Naegeli 1971; Clark and Hust 1974). The frictional energy produced from

the rubbing process can be described by the following relationships:

Qf =_L = PvA/_ (1)

where A: cross sectional area (m2)

P: contact pressure (N/m 2)
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L: torque (Nm)

v: average linear surface velocity (m/s)

u_: angular velocity (radian/s)

_: coefficient offriction

By rearranging Equation I, a power term can be obtained represented by

the product of the contact pressure (P) and average linear surface

velocity (v), Equation 2.

L_

Pv = _ (2)

The units of Pv product reduce to W/m2 but are more conveniently

expressed as N/m2-m/s or Ibf/in2-in/min. The Pv product required for

ignition provides a means for comparing the relative resistance of

materials to ignition. Materials requiring large Pv products for ignition

are more resistant to ignition than materials requiring small Pv products.

Frictional heating tests are highly dependent on the physical properties

of the material. The heat required to ignite a material by frictional

heating is dependent on the coefficient of friction which is dependent on

the surface properties, hardness, compressive strength, and temperature of

the material. Therefore, besides evaluating the resistance of materials

to ignition, the frictional heating test also evaluates the heat

generating properties of the materials during the rubbing process.

Heat generated from a rubbing process occurs in seconds, which is a long

period of time, as compared to milliseconds in the particle impact test.

Thus, mechanisms for heat transfer can play a major role in affecting the

Pv product required to ignite a particular material. For example, Benz

and Stoltzfus (1985) reported that varying oxygen pressure or rotational

speed could vary the convective heat transfer from materials which was

shown to affect the Pv products required for ignition. The effects of

varying oxygen pressure on the Pv products required for ignition are
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shown in Figure 8. The increase in the Pv product as oxygen pressure

was increased above 1MPa (145 psia) was attributed to convective cooling

caused by the increase in the oxygen density around the samples. Below

1MPa oxygen, the Pv products were observed to increase as pressure was

decreased, which was attributed to reduced oxidation rates. It was this

pressure effect on the Pv products required for ignition that generated

the requirement for the pressure study conducted in this program.
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4.2 TEST SYSTEM DESCRIPTION

The basic WSTF frictional heating apparatus was used for all tests for

this portion of the test program. A modification of the apparatus was

made during the course of this program to support the requirement for a

more accurate torque measurement.

The frictional heating apparatus (Figure 9) consisted of a high pressure

test chamber, an electrical motor and transmission assembly, and a

pneumatic actuation cylinder. The high pressure test chamber (Figure I0)

consisted of a cylindrical chamber with an outside diameter of 12.7 cm

(5 in) and an inside diameter of 3.8 cm (1.5 in) and fabricated from

Monel 400. The internal cavity of the chamber was provided with a

replaceable copper sleeve and had a volume of 49 cm3 (3 in3). The

chamber contained a rotating shaft that extended through the chamber

attached at one end to the drive motor-transmission assembly and at the

other end to the pneumatic actuation cylinder. The drive

motor-transmission assembly consisted of 15 H.P., constant speed electric

motor and a variable speed belt driven transmission. The assembly

provided the capability to rotate the shaft at rotational speeds over a

range from 3,000 and 17,000 rpm. The pneumatic actuation cylinder

consisted of a cylinder pressurized with nitrogen and actuation linkage

that provided for axial movement of the shaft and for the capability to

apply normal loads of up to 3160 N (710 Ibf) on the test samples.

Identical housings containing bearings and seals were attached to both

ends of the chamber. Sealing the chamber for high pressure oxygen was

accomplished in these housings by mounting two seals on the rotating

shaft in each housing on either side of a copper cooling block. The

copper cooling block was provided with flowing water under high pressure

to cool the seals and to provided a back pressure to the chamber pressure

seals.

The test sample consisted of two identical hollow cylinders, with outside

diameters of 2.5 cm (i in) and inside diameters of 2.0 cm (0.8 in).
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These test samples provided a rubbing surface of 1.8 cm 2 (0.28 in2). One

sample was mounted to the rotating shaft and the sample was affixed to

the chamber via a sample mounting housing. Contact of the two samples

was accomplished by pulling the shaft and rotating sample against the

fixed sample using the pneumatic actuation assembly. In the original

design, the sample housing was attached directly to the chamber such that

as the samples rubbed, torque was applied to the entire chamber.

Movement of the chamber was restrained by an extended arm, attached to

the chamber at one end, and positioned against a load cell at the other

end (Figure 11a). This design was the original method for measuring

torque produced by the rubbing samples.

ROTATIONAL SPEED

TEST CHAMBER
WITH SHAFT
ENCLOSED

DRIVE MOTOR AND

TRANSMISSION ASSEMBLY

TEST GAS

INLET/VENT LINE

HRUST BEARING HOUSING

NORMAL FORCE LOAD CELL

AIR CYLINDER

LINEAR DISPLACEMENT

TRANSDUCER

Figure 9: Frictional Heating Test Apparatus

23



PROTECTIVE COPPER SLEEVE-----_ " . "

_ ' /--_TEST GAS INLET/

C,V,TY \\ /
STATIONARY TEsT SAMPLE OTARY TEST SAMPLE

NORMAL FORCE ___ _,_"_-'--'_,=+._-_----_:_,-____k_ 4 _ DRIVE MOTOR

APPLIED BY ,,mm.,-_) I _J AND TRANSMISSION

• AIR CYLINDER _ _J ASSEMBLY

THERMOCOUPLES _

0.13 cm AND 0.50 cm
FROM RUBBING SURFACE _'_-'--THERMOPILE PORT

(2 ea.)

SCALE: I , I

2.5 cm

( 1 INCH)

Figure 10: Cross-Sectional Side View of Frictional Heating Test Chamber

24



During the course of the program, a more accurate torque measurement was

required to support testing to determine the effect of varying oxygen

pressure on frictional heating of the test samples. The method

for measuring torque was changed by mounting the sample housing in a

bearing which was attached to the chamber. Movement of the sample

housing was restrained by a pin positioned against a load cell

(Figure 11b).

Oxygen and nitrogen was provided to the chamber via a high pressure gas

distribution system which was interfaced to the WSTF High Pressure Oxygen

Test Facility. The system was capable of providing and regulating oxygen

up to 68.9 MPa (10,000 psia) and nitrogen up to 20.7 MPa (3,000 psia).

Instrumentation consisted of the following: Pressure in the chamber was

measured using a 0 to 68.9 ± 0.7 MPa (12 to I0,000 ± 100 psia) digital

Bourdon tube gauge and pressure in the pneumatic actuation cylinder was

measured using a 0 to 6.9 ± 0.07 MPa (0 to i000 ± i0 psia) bonded strain

gauge transducer. Temperature of the oxygen and the fixed test sample,

0.13 and 0.51 cm (0.05 and 0.20 in) from the rubbing surface, were

measured using sheathed Chromel-Alumel thermocouples with accuracies of

± I K (2 °F). The temperature of the rubbing surface above 1200 K

(1700 °F) was measured using a two-color optical pyrometer. Normal load

applied to the samples was measured using a 0 to 4450 ± 22 N (0 to

I000 ± I0 Ibf) load cell, and torque from the rubbing samples was

measured using 0 to 890 ± 5 N (0 to 200 ± 2 ibs) load cell. Axial

displacement of the rotating shaft or sample wear was measured using a

linear displacement transducer with an accuracy of 0.013 cm (0.005 in).

Rotational speed of the shaft was measured using a 0-20,000 rpm sensor

with an accuracy of ± 3 percent of full speed.

The data were digitally processed by a microprocessor and stored on a

floppy disk. Data from each instrumentation channel were stored every

100 ms and represented an average value of eight readings taken 8 ms

prior to the stored value.
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Figure 11: Torque Load Measurement as Made (a) in Original Frictional
Heating Apparatus and (b) in Test Apparatus as Modified
for the Pressure Study and All Subsequent Tests

4.3 TEST CONSIDERATIONS

One of the objectives of these tests was to determine the relative

resistance to ignition of selected materials when pairs of the same or

different materials were rubbed together. The test logic used to

accomplish this task, consisted of measuring and then comparing the

products of the contact pressure (P) and linear surface speed (v) or Pv

product required for ignition. The Pv products were determined by holding

the surface speed constant while increasing the contact pressure on the

samples at a fixed rate until ignition of the samples occurred. The value

of the contact pressure at the point of ignition was used to calculate the

Pv product. Ignition of the materials was defined as an event that

produced a rapid increase in the sample temperature, rapid release of

radiant energy, and rapid sample consumption. Ignition was verified by

posttest visual examination of the samples. At least three tests with new

sample pairs were conducted on each mate_ial.

Another objective of these tests was to determine the cause for the

increased in the Pv product required for ignition as oxygen pressure was
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increased (Benz and Stoltzfus 1985), as discussed in Section 4.1. It was

postulated that the cause was a decrease in the coefficient of friction, an

increase in convective cooling as oxygen pressure was increased, or both.

In both cases the temperature of the sample should decrease aspressure is

increased for a fixed PV product. The test logic consisted of rubbing a

pair of materials at a constant contact pressure and surface velocity

initially at some low oxygen pressure untiltemperature equilibrium of the

samples was achieved. The oxygen pressure was then increased to a new
value without changing the contact pressure or surface velocity until

temperature equilibrium of samples was again achieved. Three oxygen

pressures per test were evaluated. The relative changes in the coefficient

of friction and sample temperatures as a function of oxygen pressure were

measuredand compared.

4.3.1 Sample Preparation

The test samples were machined from stock material into hollow cylinders

with outside diameters of 2.5 cm (I in) and inside diameters of 2.0 cm

(0.8 in) and 2.2 cm (0.88 in) long. The samples were then washedwith a

sodium hydroxide solution, then with a phosphoric acid solution, and,

finally, with an emulsion agent. The samples were rinsed with isopropyl
alcohol and then Freon 113. The samples were dried with nitrogen and

sealed individually in Teflon bags.

4.3.2 Test Conditions

The following conditions were used to conduct tests to determine the

relative ignition resistance on pairs of like and different materials.

Oxygen test pressure was set at 6.9 ± I MPa (I000 ± psig) and at ambient

initial temperature. The rotary test sample was turned at a rate of 17,000

± 200 rpm, resulting in a linear surface velocity of 20.3 ± 0.2 m/s (67.8

± 8 ft/s). The normal force applied to the test samples was increased from

0 to 3160 N (0 to 710 Ibf) at a rate of 31N/s (7.0 Ibf/s). This normal

force resulted in an increase in the contact pressure, normal force divided
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by the cross-sectional area of the test sample, from 0 to 17.3 x 106 N/m2

(0 to 2500 Ibf/in 2) at a rate of 1.7 x 105 N/m2/s (24 lbf/in2/s).

The following conditions were used to conduct tests to determine the effect

of increasing oxygen pressure on the ignition of materials by frictional

heating. The rotary sample was turned at a rate of 5000 rpm, resulting in

a linear surface velocity of 6 m/s (19.6 ft/s). The normal force applied

on the samples was held constant at approximately 378 N (85 Ibf) or a

contact pressure of 2.1 x 106 N/m 2 (300 ibf/in 2) without changing surface

velocity or contact pressure. Oxygen pressure was increased from 0.69 MPa

(I00 psia) to 6.9 MPa (1000 psia) and, finally, to 20.7 MPa (3000 psia).

The samples were rubbed long enough at the particular oxygen pressure to

achieve temperature equilibrium.

4.3.3 Test Procedure

In each test, the samples were mounted in the test chamber, and the test

area was cleared. The test chamber was pressurized with oxygen to 6.9 MPa

(I000 psig) and vented. This pressurization/venting cycle was repeated

three times to ensure that air was purged from the test chamber. The test

chamber was pressurized to the desired test oxygen pressure and then

isolated from the oxygen source. The drive motor was then turned on and

the desired rotational speed was established.

After the initial test conditions were obtained, the data acquisition

system was activated. The test was initiated by pressurizing the

pneumatic actuation cylinder which applied the desired normal force or

contact pressure between the rotary and stationary samples. In tests

where the relative ignition resistance of pairs of like and different

materials were determined, the pneumatic actuation cylinder was pressurized

at a steady rate until either ignition of the samples occurred or the

maximum capability of the system was reached.

In tests where the effects of oxygen pressure on the ignition

of materials were determined, the pneumatic actuation cylinder was
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pressurized rapidly to a value that equated to the normal force or contact

pressure desired between the test samples. The samples were rubbed until

temperature equilibrium was achieved, at which time the oxygen pressure in

the chamber was increased without changing the contact pressure or surface

velocity.

After the test was completed, the data acquisition system was turned off,

the test chamberwas vented, and the test samples were removedand

visually examined.

4.4 FRICTIONALHEATINGTESTRESULTS

The following sections summarize the results for tests conducted to

determine the relative ignition resistance of pairs of like and different

materials, and the effects of oxygen pressure on the ignition

characteristics of materials. Appendixes D-F contains complete test
results for each of the individual tests conducted.

4.4.1 Ignition Resistance of Pairs of Like Material

4.4.1.1 General CommentsConcerning the Data

Typical data obtained for each test run are shownin Figure 12 for Monel

K-500 and illustrates the typical test parameters that were monitored

during a test run. The primary use of these data was to determine the

point of ignition and the Pv product required for ignition of the test

materials. For example, ignition of Monel K-500 in this test run is
clearly illustrated by the rapid decrease in oxygen pressure (Figure 12c),

rapid increase in the sample temperature (Figure 12d), rapid increase in

radiant heat output (Figure 12e), and rapid increase in sample wear or

consumption (Figure 12f). All of these events occur at about 45 seconds.

If only the increase in sample temperature was used, a false conclusion may

have been drawn that ignition occurred at either 13 or 33 seconds. In

reality, these large temperature excursions represent a different

phenomenon.
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A complete set of these data illustrated in Figure 12 are included for

each test run in Appendix D. A summaryof the initial oxygen pressure,

contact pressure application rate, surface velocity, contact pressure at

ignition, time to ignition, and Pv product at ignition is presented in
Table I.

In these frictional heating tests, materials were observed to either

ignite or not ignite but fail mechanically (Figure 13). An example of an

ignition is represented by type 316 stainless steel in which the posttest

view show significant consumption of the samples. Data from the

instrumentation showedall characteristics of an ignition that are

illustrated in Figure 12. Note that only a portion of the sample was

consumedduring the burning process which was typical for all material that

resulted in ignition. It is believed that the burning process was quenched

as oxygen was consumed. Since only a fixed volume of oxygen was available

in the chamber, the consumption of oxygen after ignition produced a rapid

decrease in the oxygen pressure which served to quench the burning event;

see (Figure 12c).

An example of a non-ignition (Figure 13) is represented by zirconium

copper (Zi-Cu). The posttest view shows large mechanically deformation

of the samples and the data from the instrumentation did not show all the

characteristics for an ignition. The only major change in the data was a

rapid increase in sample displacement as the samples failed mechanically.

4.4.1.2 Relative Resistance of the Test Materials to Ignition

The ranking criteria used for comparing the relative ignition resistance

was the product of the contact pressure (P) and the surface velocity (v)

at the point of ignition. Table 2 illustrates the ranking of these

materials based on the average Pv products obtained from the three test

runs conducted on each material (Table I). An increase in the average Pv

product values indicates a increase in the resistance of materials to

ignition by friction heating. Of the materials tested Nickel 200,

Inconel 600 and Zi-Cu were the most resistant to ignition. Even though
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TABLE 1: Summary of Pertinent Test Data for Pairs of Like Materials

.o

Test Initial Oxygen Contact Pressure Surface Velocity

No. Pressure Application Rate at Ignition

(MPa) (N/m2/s) (m/s)

x10 -5

Contact Pressure

at Ignition
(Nlm 2)

xlO -5

Time to

Ignition
(s)

Pv Product

kW/m2_
xlO -_

316 Stainless Steel

140 7.50 1.10 20.65 26.49 24

141 7.35 1.24 20.61 35.19 28

143 7.55 1.17 20.59 30.29 25

Nickel 200

142 7.42 1.38 20.47 111.90

144 7.59 1.24 20.28 148.12
161 7.36 1.45 20.25 167.65 a

Zirconium Copper (Zi-Cu)

146 7.56 1.24 20.36

147 7.60 1.24 20.36

148 7.41 0.97 20.36

Invar 36

149

150

154

83.48_

107.35_
157.85

8O

120

n

7.57 1.66 20..34 40.08 24

7.47 1.17 20.34 29.60 25

7.38 1.66 20.34 46.22 27

0.54

0.72

0.62

2.28

2.99

3.38

0.81

0.60

0.94

34



TABLE1: Summaryof Pertinent Test Data for Pairs of Like Materials (Continued)

Test Initial Oxygen Contact Pressure Surface Velocity Contact Pressure
No. Pressure Application Rate at Ignition at Ignition

(MPa) (Nlm2/s) (M/s) (N/m2)
xlO-5 xlO-5

Time to
Ignition
(s)

Pv Product

kW/m_
xlO -_

Hastelloy x

151 7.52 1.45 20.34 45.95 32

152 6.92 1.59 20.34 47.95 29

153 7.22 1.24 20.31 52.16 41

Monel 400

162 7.42 1.59 20.28 70.43 45

163 7.40 1.52 20.28 71.54 46

164 7.34 1.59 20.22 76.79 47

Silicon Carbide

177 7.83 1.93 20.16

178 7.27 1.52 10.68

Monel K-500

I0.2 b

24.35 b
w

m

179 2.25 1.79 20.47 80.24 45

180 6.97 1.79 20.37 68.30 41

181 7.24 1.73 20.44 67.71 45

Inconel 600

194

195

196

7.41 1.38 20.52 134.05 96

7.42 1.52 20.53 97.35 64

7.32 1.52 20.53 141.91 93

0.93

0.97

1.26

1.42

1.44

1.55

1.63

1.39

1.63

2.73

1.99

2.89

a: No ignition, samples failed mechanically at given contact pressure.

b: No ignition, samples shattered at given contact pressure.
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Table 2: Average Heat Rate Per Unit Area (Pv Product) Required for
Ignition by Frictional Heating of Pairs of Like Materials

Material
Heat Rate Per Unit Area

(Pv Product)

kW x 10-5 Standard
Deviation

Nickel 200

Inconel 600

Zirconium Copper (Zi-Cu)*

Monel 400

Monel K-500

Hastelloy X

Invar 36

Stainless steel 316

Silicon carbide (SIC)

2.88 0.56

2.54 0.48

2.36 0.77

1.47 0.07

1.46 0.14

1.05 0.18

0.78 0.17

0.63 0.09

_

* Did not ignite, failed mechanically

** Did not ignite, shattered at relatively small contact pressures
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Zi-Cu failed mechanically and did not ignite in these tests, the Pv

products before the samples failed were large enough to indicate that

this material is just as resistant or possibly more resistant to ignition
than nickel 200 or Inconel 600. Of the materials tested, Invar 36 and

type 316 stainless steel were the least resistant materials to ignition.

As a comparison, the Pv products reported by Benz and Stoltzfus (1985)
for aluminum 606!-T6 and Ti-6A1-4V at similar conditions were one and two

orders of magnitude less, respectively, than the Pv products observed in

these tests for the Invar 36 and type 316 stainless steel.

4.4.1.3 Discussion of Test Results

As pointed out earlier, the Pv product measuredat the point of ignition

represents the heat rate per unit area required from the frictional

heating process to ignite the materials. The total energy input is
obtained by integrating the Pv product over the time period of the test.

However, the contact pressure or the resulting Pv product was steadily

increased during the test run until ignition of the material was
observed. This change in the Pv product as a function of time can be

expressed as shown in Equation 3, and the total frictional energy

required for ignition can then be determine by using Equation 4.

and

where

d(Pv) = (Pv) tn (3)
dt

tiQf = A (Pv) tn dt

Jto

A: cross-sectional area at rubbing surface

Qf: frictional energy

n: time dependent exponent
t: time

ti: time to ignition

to: time equal to zero

(4)
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However, Equation 4 does not represent the fundamental ignition energy

for a particular material. Equation 4 does not account for energy that

is lost from the samples due to heat transfer and mechanical work and

added to the samples due to preignition oxidation. The fundamental

ignition energy (Qi) is that energy required to heat the material to a

critical temperature (Tc), at which point, the rate of oxidation is

sufficient to induce ignition of the material; Equation 5.

where

TcQi = m C(T)dT (5)
#To

C(T):
m:

Tc:
To:

heat capacity as a function of temperature
mass of the material
critical temperature
initial temperature

The rate of frictional energy (dQf/dt) required to heat the material to

its critical temperature is dependent on the rate of oxidation of the

material (dQrx/dt), rate of loss from the material (dQl/dt), and the rate

of any other energy losses to the system (dEm/dt), Equation 6.

dQf _ dQl + dEm dQrx (6)
dt dt _ - dt

The critical temperature is defined in Equation 6 as the temperature

that causes dQf/dt to equal zero or dQl/dt + dEm/dt = dQrx/dt.

An effort at WSTF has been initiated to develop the necessary models to

solve Equation 6.

Based on this previous discussion, the Pv products given in Table 1 and

2 represent the frictional energy rate per unit area required for

ignition of the materials in the WSTF frictional heating apparatus.

Different systems or conditions will have different Pv products required

for ignition of these same materials. However, as a relative

comparison, the Pv products listed in Tables i and 2 are applicable since

the materials were the only major parameter that was changed.
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Muchcan be learned about the ignition process by reviewing the typical

data shown in Figure 12. For example, the temperature profile of Monel

K-500 during the test run (Figure 12d) indicates the occurrence of large

temperature fluctuations prior to ignition. The other data such as

contact pressure and surface velocity cannot account for these

temperature excursions. The heat source other than frictional heating

that could have produced such large temperature excursions was

preignition oxidation. Since these temperature increases eventually

decay, a mechanismthat inhibits oxidation of the material must have

also been occurring.

It is well knownthat metals form protective oxide coatings on their

surfaces that can inhibit oxidation (Glassmanet al. 1970). If the oxide

coating fails, a fresh unoxidized metal surface is exposed and rapid

oxidation will occur. The temperature of the material will then increase
if the rate of heat generated from the oxidation process exceeds the rate
of heat loss from the material. As oxidation of the fresh metal surface

occurs, a protective oxide coating will again form and inhibit the

oxidation process. The temperature of the material will decrease when

the rate of heat loss from the material again exceeds the rate of heat

generated by the oxidation process. Since the friction test can apply

large stresses to the metal surfaces, the oxide coatings can randomly

break throughout a test run and produce multiple temperature excursions

prior to ignition. Such multiple temperature excursions are indicated in
Figure 12d. The frequency of forming and breaking the oxide coating will

increase as temperature increases since the strength of the oxide coating

will be reduced at the higher temperatures.

The randombreaking of the oxide coatings and its effects on the sample

temperatures may account for someof the variations in the Pv products

observed in Table I. In these tests, the contact pressure was

continually increased to find the contact pressures required to ignite

the sample materials. These unique contact pressures can vary for the

samematerial depending on the state of the oxide coating. For example,
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as the contact pressure approaches the valve required for ignition of a

particular material and if at the sametime, the oxide coating breaks,

the combination of rapid oxidation and frictional heating can promote

ignition of the material. However, if at this samecontact pressure,

the oxide coating retains its integrity, a greater contact pressure will

be required to compensate for the slower inhibited oxidation process.

These results indicate that the ignition characteristics of materials

could be improved by selectively altering the properties of the material

surfaces to enhance the inhibiting effects on the oxidation process. In

addition, these samesurface treatments could be used to minimize the

frictional heating characteristics of materials by selecting surface
treatments that would reduce the coefficient of friction.

4.4.2 Ignition Resistance of Pairs of Different Materials

4.4.2.1 General CommentsConcerning the Data

Typical data obtained for _ach test run were similar to the data

obtained for the tests with pairs of like materials, see Figure 12. A

complete set of these data for each test run are included in Appendix E.

4.4.2.2 Relative Resistance of the Test Materials to Ignition

The Pv product was again used as the ranking criteria for determining

the ignition resistance of materials. The Pv products along with other

pertinent data obtained for the three test runs performed on each

pair are presented in Table 3. The ranking of these material

combinations based on the average Pv products obtained from the three

test runs conducted on each combination is presented in Table 4. Monel

K-500 rubbed against nickel (ED) exhibited the highest resistance to

ignition whereas type 316 stainless steel rubbed against zirconium cop_er
or Monel K-500 exhibited the lowest resistance to ignition. In Figure

14, the Pv products required to ignite the pairs of dissimilar materials
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Table 3: Summary of Pertinent Data for Pairs of Different Materials

Test Initial Oxygen Contact Pressure Surface Velocity Contact Pressure

No. Pressure Application Rate at Ignition at Ignition
(MPa) (Nm21s) (mls) (N/m 2)

xlO -5 xlO -5

Time to

Ignition

(s)

Pv Product

kW/m_
xlO-"

Monel K-5OO/Monel K-500

252 7.61 1'31 20.07 86.31 66

255 7.73 1.38 20.10 90.10 71

256 7.35 1.31 20.07 84.37 64

1.72

1.80

1.68

316 SS/Zi-Cu

257 7.24 1.38 20.04 41.95 31

258 7.31 1.38 20.10 44.98 34

259 6.89 1.31 20.13 43.53 33

316 SS/Monel K-500

260 7.12 1.38 20.07 39.98 28

261 7.33 1.11 20.10 36.77 33

262 6.87 1.31 20.10 36.63 27

SiC / Invar 36

263 7.12 1.24 20.01 58.30 58

264 7.33 1.24 20.10 66.44 53

265 6.94 1.24 19.98 74.99 58

0.83

0.90

0.87

1.16

1.33

1.49

1.16

1.33

1.49
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Table 3: Summaryof Pertinent Data for Pairs of Different Materials (Continued)

Test Initial Oxygen Contact Pressure Surface Velocity Contact Pressure
No. Pressure Application Rate at Ignition at Ignition

(MPa) (Nm2/s) (m/s) (N/m 2)

xlO -5 xlO -5

Time to

Ignition
(s)

Pv Product

(kW/m_)
xlO -_

SiC / Monel K-500

266a 6.96 1.24 ....

267 7.30 1.24 19.98 51.74 43 1.03
268 a 6.52 1.24 ....

Monel K-500 / Nickel (ED)

272 7.33 1.38 20.07 88.03 65

273 7.38 1.17 19.92 82.24 69

274 7.05 1.17 20.01 67.33 58

1.75

1.63

1.34

a: SiC samples shattered
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Table 4: Average Heat Rate Per Unit Area (Pv Product)
Required for Ignition by Frictional Heating
of Pairs of Different Materials

Material Pair
(Rotating/Stationary)

Heat Rate Per Unit Area
(Pv Product)

Standard Deviation

Monel K-5OO/Nickel (ED)

SiC/Invar 36

SiC/Monel K-500

316 SS/Zi-Cu

316 SS/Monel K-500

1.57 0.21

1.33 0.17

1.03 a

0.87 0.04

0.75 0.03

a: Represents only one test; SiC failed mechanically in two out of the three tests
performed,
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are comparedwith the Pv products required to ignite the individual

materials when rubbed against themselves. In all cases except for

silicon carbide (SIC) rubbed against Invar 36, the materials exhibiting

the lowest resistance to ignition appeared to dominate the ignition

process of the pairs of different materials.

4.4.2.3 Discussion of the Test Results

It was believed at the onset of these tests that the resistance to

ignition of the pairs of different materials would reflect the physical

and reaction properties of both materials making up the individual pairs.

For example, the combination of type 316 stainless steel (low resistance

to ignition) and Zi-Cu (high resistance to ignition) represents a case
where the differences in the thermal conductivities of the two materials

were substantial; the thermal conductivity of Zi-Cu is as muchas one

order of magnitude greater then the thermal conductivity of type

316 stainless steel. The high thermal conductivity of Zi-Cu should
increase the heat loss (conduction) from the rubbing surface of the type

316 stainless steel and should cause an increase in the Pv product

required to ignite type 316 stainless steel. The results (Figure 14)

indicate that there was approximately a 38 percent increase in the Pv

product required to ignite type 316 stainless steel when rubbed against
Zi-Cu. The other pairs of different materials consisted of combinations

in which the differences in the thermal conductivity were small. The

scatter in the data madeit impossible to determine what effects smaller

differences in thermal conductivity would have on the ignition process.

The effects of other physical properties, such as heat capacity,
coefficient of friction were not evident in these tests. These tests

indicated that the reaction properties of the material least resistant

to ignition appeared to dominate the ignition properties of the pairs.

• The results for the combination of SiC and Invar 36 (Figure 14) did not

follow the general trend as observed for the other combinations of pairs

of different materials. WhenSiC was rubbed against Invar 36, a larger

resistance to ignition resulted than when Invar 36 was rubbed against
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itseIf. No data were obtained for SiC rubbed against itself, but the

results for the combination of SiC and Monel K-500 indicate that the

resistance to ignition of SiC is probably similar to that of Invar 36.

4.4.3 Effect of Oxygen Pressure on the Ignition of Materials

In these tests, the effect of oxygen pressure on the sample temperature

and coefficient of friction was evaluated using Monel K-500. Two tests

with new samples were conducted in which the contact pressure and surface

velocities were maintained constant while the oxygen pressure was

increased from 0.69 MPa (100 psia) to 6.89 MPa (1000 psia) and then to

20.7 MPa (3000 psia).

The results from several tests are also included jn which carbon steel

1015 samples were tested in oxygen and nitrogen atmospheres at 0.69 MPa

(I00 psia), 6_89 MPa (1000 psia), and 20.7 MPa (3000 psia). In these

tests, the normal force applied to the samples was increased at a rate of

31N/s (7.0 Ibf/s). The purpose of these tests was to determine the

effects of pressure on frictional heating and ignition of materials.

4.4.3.1. General Comments Concerning the Data

Typical data obtained for these tests were similar to the data

illustrated in Figure 12. A complete set of these data for each test

run is given in Appendix F. Pertinent data are summarized in Table 5 for

each of the test runs with Monel K-500 samples and the change in

equilibrium sample temperature and coefficient of friction are

illustrated in Figures 15 and 16. Sample temperature increase as a

function of pressure for the carbon steel 1015 samples as illustrated in

Figure 17 for oxygen and nitrogen atmospheres.

4.4.3.2 Description of the Test Results

The results from both test runs with Monel K-500 samples indicated that

as oxygen pressure was increased, the sample temperatures decreased, and
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Table 5: Summaryof Pertinent Data for the Effects of OxygenPressure on Frictional Ignition of Materials

Average Average Initial Average * Average
Surface Contact Oxygen EquiI i bri um Coeffi ci ent
Speed Pressure Pressure Temperature of Friction
(m/s) (Nlm 2) (kPa) (k)

Test # 236: Monel K-500

5.98;SD:0.01 2.03;SD:0.13 0.69 754;SD:29

5.98;SD:0.01 1.99;SD:0.11 6.89 607;SD:20

5.98;SD:0.01 1.97;SD:0.04 20.7 511;SD:55

0.16;SD:0.07

0.21;SD:0.05

0.27;SD:0.09

Test # 237: Monel K-500

5.98;SD:0.01 2.22;SD:0.07 0.69 811;SD:16

5.98;SD:0.01 2.18;SD:0.06 6.89 613;SD:40

5.98;SD:0.01 2.14;SD:0.05 20.7 488;SD:25

0.11;SD:0.12

0.14;SD:0.05

0.17;SD:0.08

*: Temperature measured at 0.13 cm from rubbing surface
SD: Standard Deviation

A7



CHAMBER
PRESSURE

1227

1089
m

950

< 811

m 672

533
W

394

255

T
I I
, I
I

._- 0.6g MPa--_.,,,,----8.9 iMPa----.-_.t.q_ 20.7 MPa.-._

/_ 0.13 cm FROM

RUBBING SURFACE
!

I

0 40 80 120 160 200 240

TIME, s

(a) Sample Temperature as a Function of Time and Oxygen Pressure

CHAMBER
PRESSURE

Z

_o o.8
I-

o.5

u. 0.4
0
I-- 0.3
Z
U.l
6 0.2
U.
" 0.1
uJ

0 0.0

.0

I I
I !
I I
0 I

"_'--0.69 MPa_6.9 MPa_--_-.4-20.7 MPa--_.-
! I
i I
I I
I
I I
I I
I I
I
, I
I I
I I
I I
I I
I I
I I
I I
! I

! I
! !

40 80 120 160 200 240

TIME,s

(b) Coefficient of Friction as a Function of Time and Oxygen Pressure

Figure 15: Effects of Oxygen Pressure. on the Sample Temperature and

Coefficient of Friction for Monel K-500 (Test #236)

48



CHAMBER

PRESSURE

1227

1089
u_
Iz 950
z)
_- 811
<{
n- 672
iii
a. 533

uJ 394
I- ,

255

I I
I I
I I
I I
I I

II ,
I I
I I
I !
I I
I '
I '-0.13 cm FROM

I RUBBING SURFACE

I
I

0 40 80 120 160 200

TIME, s

(a) Sample Temperature as a Function of Time and Oxygen Pressure

CHAMBER
PRESSURE

Z
O
r-- 0.6
0
_. 0.5
u.

u. 0.4
O

V- 0.3
Z
uJ
6 0.2
I¢.
,, 0.1
uJ
O
0 0.0

I I
I I
I i

I

I I

_-0.69 MPa i-_--6.9 MPa --J_

I
I

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

;_ ! ! I , . , I _ i J ,

0 40 80 120 160 200

20.7 MPa ---''-_

TIME, s

(b) Coefficient of Friction as a Function of Time and Oxygen Pressure

Figure 16: Effects of Oxygen Pressure on the Simple Temperature and
Coefficient of Friction for Monel K-500 (Test #237)

49



1000

900

800

700

600

500

400

3OO

m

_ 3000 PSIG

WELD
m

IN GN2

IGNITIONIN OXYGEN

200 _ _ ! .... i = i =
v 0 5 10 15 20 25 30 35

1000 - IGNITION AA

_ 9oo- 1oooPS_O ,NoxYoE.--,_J800 " /
_oo _w_o,. o.=

_ooo FV _J

300

200 ,' i i,, I I i w =0 5 10 15 20 25 30 35

1000 -

900 - 100 PSl 2 IN OXYGEN

,oo- // . ///
,oo- Jl I/I
,oo /y I f I
,oo / / /y /
,oo/.y_____.___
300 IE=_= .==_''''''_

200 i J i i i i =
0 5 10 15 20 25 30 35

I

4-0

I

4.0

I

40

TIME FROM CONTACT OF TEST SAMPLES (s)

.Figure 17: Temperature of 1015 Carbon Steel When Frictionally

Heated in GN 2 and Oxygen at 100, 1000, and 3000 psig

50



the coefficients of friction increased (Figures 15 and 16). The

magnitudes of these changes are summarized in Table 5. In test number

236, the average sample temperature decreased approximately 32 percent

and the average coefficient of friction increased approximately 69

percent as oxygen pressure was increased from 0.69 to 20.7 MPa. In test

number 237 for the same increase in oxygen pressure, the average sample

temperature decreased approximately 40 percent and the average

coefficients of friction increased approximately 55 percent.

The results for the carbon steel 1015 tests indicated that the sample

temperature increased at much faster rates when samples were rubbed in a

nitrogen atmosphere as opposed to in an oxygen atmosphere. An increase

in oxygen pressure produced significant decreases in the rates at which

the sample temperature increased. The effects of increasing nitrogen

pressure on the increase in sample temperatures were inconclusive from

these tests. This is probably due to the large tendency for the samples

to weld. These results also indicated that the temperature where rapid

oxidation and subsequent ignition of the samples decreased as oxygen

pressure was increased.

4.4.3.3 Discussion of the Test Results

These tests were designed to identify the causes for the increase in the

Pv products required for ignition as oxygen pressure was increased, as
discussed in Section 4.1. An increase in convective heat loss from the

samples and a decrease in the coefficient of friction were believed to be

the major influencing factors. In the case of the coefficient of

friction, it was postulated that at higher oxygen pressures the formation

of oxide layers between the rubbing sample surfaces would be enhanced

thereby causing the coefficient of friction to decrease. The rate of

frictional heating would decrease, and a greater Pv product would be

required for ignition. In the case of an increase in convective heat
transfer from the sample, a greater input of frictional energy (increase

in the Pv product) would be required for ignition to compensate for the
increased rate of heat loss.
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The results for Monel K-500 samples indicated that the equilibrium sample

temperature decreased and the coefficient of friction increased as oxygen

pressure was increased. These results imply that the decrease in the

sample temperature was caused by an increase in convective heat loss

since the coefficient of friction was observed to increase in these

tests. The results from the carbon steel 1015 tests also support this

same general conclusion. Thus, as oxygen pressure is increased, greater

frictional energies (larger Pv products) are required to raise the

temperature of the sample materials to their ignition temperatures.

In theory, an increased oxygen pressure, besides increasing the heat loss

from sample materials, can increase the rate of oxidation. The effects

of oxygen pressure on the oxidation rate of metallic materials are

dependent upon the type of oxide coatings that form; absorption

controlled, (Pox½), and diffusion controlled, (Pox) I/n, where n can vary

between 5 and 8 (Kofstad 1966). The effects of oxygen pressure on

laminar free convection and turbulent free convection are approximately

(Pox) I/2 and (Pox) 2/3 respectively (Rohsenow and Hartnett 1973).

Schmidt and Forney (1975) reviewed the ignition temperatures of metals

and alloys as a function pressure obtained in heated bombs. The ignition

temperatures are observed to increase, decrease, or remained the same as

oxygen pressure is increased for different metals and alloys. Laurendeau

(1969) provided evidence that ignition temperatures of metals and alloys

are dependent on the characteristics of the oxide coatings (protective or

non-protective) that form during the pre-ignition oxidation process.

Protective oxide coatings induce metals and alloys to undergo diffusion

controlled oxidation whereas non-protective oxide coatings allow metals

andalloys to undergo absorption controlled oxidation. As shown

previously, diffusion controlled oxidation is less dependent on oxygen

pressure then absorption controlled oxidation. This implies that metals

and alloys following absorption controlled oxidation should exhibit

ignition temperatures that are more dependent on pressure than metals and

alloys following diffusion controlled oxidation.
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Comparing the effects of pressure on the ignition temperatures of the

carbon steels and the Monels can provide insight into the type of

controlling oxidation processes and the properties of the oxide coatings

of these alloys. The ignition temperatures as a function of oxygen

pressure for these alloys are given in Table 6 (Schmidt and Forney 1975).

The carbon steels exhibit a decrease in their ignition temperatures as

pressure is increased whereas the ignition temperatures of the Monels

appear to be independent of pressure. The pressure effects on the

ignition temperatures of the carbon steels imply that these alloys may

not form totally protective oxide coatings and indicates that absorption

controlled oxidation may play a role in the oxidation process. On the

other hand, the pressure effects on the ignition temperatures of the

Monels imply that these alloys form protective oxide coatings and
indicates that diffusion controlled oxidation plays a major role in the

oxidation process.

The use of these alloys in oxygen system normally involve dynamic

conditions and the stresses placed on the oxide Coatings such as those

experienced in a rubbing process are a major concern. The bulk ignition

temperatures as a function of oxygen pressure for carbon steel 1015 and

Monel 400 when exposed to friction heating tested are given in Table 7.

The temperature in these tests were measuredat 0.13 cm from the rubbing

surfaces. The bulk ignition temperature of carbon steel 1015 appears to

decrease significantly as pressure is increased whereas the bulk ignition

temperature of Monel 400 is observed to remain essentially constant as

pressure is increased. Because the temperature of the rubbing surfaces

was not measured in these tests, the absolute values for these ignition

temperatures will be lower than the ignition temperatures reported by

Schmidt and Forney (1975). However, the samegeneral conclusions can be
madeabout the relative changes that are observed in these ignition

temperatures. Monel 400 when exposed to a rubbing process appeared to

retain its protective oxide coating since increasing oxygen pressure had
little effect on the ignition temperature. The oxide coating that formed

on carbon steel 1015 appeared to loose someof its protective

characteristics when exposed to a rubbing process since the ignition
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Table 6: Ignition Temperatures of Carbon Steels and Monel Alloys
Determined in Heated BombTests (Schmidt and Forney 1975)

Ignition

Pressure Temperature
(MPa) (K)

Carbon Steels

0.69 1370 - 1460
6.9 1290 - 1340

10.1 1270 - 1320

0.69

6.9

10.1

Monels

Approximately 1470
Approximately 1470
Approximately 1470

Table 7: Sample Temperature an Pv Product Required
for Ignition as a Function of Pressure

Pressure

(MPa)

Average
Ignition

Temperatu re
(K)

Pv Product

(RW/M 2)

0.69

6.9

20.7

6.9

13.8

20.7

Carbon Steel 1015

1100
750 - 870

480

Monel 400

1150

1115

1125

0.21 x 105

0.26 x 10_

0.31 x 10b

1.17 x 10_

1.45 x IOE
2.21 x 10_
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temperature decreased more dramatically as compared with the heated bomb

tests. This would imply the oxidation proces of carbon steel is becoming

more dependent on absorption controlled oxidation.

The Pv products required for ignition of carbon steel 1015 and Monel 400

in the frictional heating tests are also included in Table 6. Monel 400

required a 90 percent increase in the Pv product for ignition when oxygen

pressure was increased from 6.9 MPa (i000 psia) to 20.7 MPa (3000 psia).

Carbon steel 1015 required only a 19 percent increase in its Pv product

required for ignition for the same increase in oxygen pressure. Since

the oxidation process for Monel 400 appeared to be diffusion controlled,

increasing oxygen pressure caused a smaller increase in the oxidation

rate (less heat generation) when compared to carbon steel 1015 which

appeared to be approaching absorption controlled oxidation. Therefore,

when oxygen pressure was increased, in the case of Monel 400, convective

heat transfer may have had a major role in the ignition process since a

large protion of the oxygen was not involved in producing heat via

oxidation. Larger frictional energies were then required for ignition of

Monel 400 to compensate for the increase in convective heat loss and the

small increase in the oxidation rate as oxygen pressure was increased.

In the case of carbon steel 1015, a similar increase in oxygen pressure

would have the same effect on increasing convective heat transfer as with

Monel 400. But the larger increase in the oxidation rate experienced by

carbon steel 1015, as it approaches absorption controlled oxidation,

implies that less frictionalenergy was required to reach its ignition

temperature.

The importance of these observations, if they hold true for the general

case, is that the resistance to ignition of metals and alloys such as the

carbon steels Canbe increased if techniques can be developed to

duplicate the characteristics of the protective oxide coatings afforded

by the Monels. lon implantation, dopants, and inert coatings are

possible techniques that may result in the generation of surfaces that

are superior to the original surfaces of metals and alloys in inhibiting

oxidation.
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5.0 CONCLUSIONS

Several materials were subjected to particle impact and to frictional

heating tests in high pressure oxygen. Their relative resistances to

ignition were determined.

In the particle impact test, nickel 200, Monel 400, and silicon carbide

did not show any evidence of any type of burning and thus were rated as

materials with the highest resistances to ignition. Monel 400 and

zirconium copper showed only slight surface burning and were rated

slightly less resistant to ignition than the above-mentioned materials.

Hastelloy X exhibited partial burning and quenched before the entire

sample was consumed, whereas Invar 36 and type 316 stainless steel

exhibited burning in which the entire sample was consumed. Hastelloy X,

Invar 36, and type 316 stainless steel were rated as materials least

resistant to ignition. Tests conducted to determine if rupturing of a

target material by impacting particles would enhance ignition were

inconclusive.

In the frictional heating tests, the relative resistances to ignition

were based on the product of the contact pressure (P) and surface

velocity (v) required for ignition of the materials. When pairs of the

same materials were rubbed, nickel 200, Inconel 600, and zirconium copper

exhibited the highest resistances to ignition with average Pv products in

excess of 2 x 105 kW/m2. Monel 400 and Mone! K-500 exhibited the next

highest resistances to ignition with average Pv products of 1.47 x 105

kW/m 2 and 1.46 x 105 kW/m 2, respectively. Hastelloy X, Invar 36, and

type 316 stainless steel exhibited the lowest resistances to ignition

with Pv products of 1.05 x 105 kW/m2, 0.78 x 105 kW/m 2, and 0.63 x 105

kW/m 2 , respectively.

When pairs of different materials were exposed to frictional heating,

Monel K-500 rubbed against nickel (electra-deposited) exhibited the

highest resistance to ignition with an average Pv product of 1.57 x 105

kW/m 2. The combinations of silicon carbide rubbed against Invar 36 and
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Monel K-500 exhibited the next highest resistances to ignitions with
average Pv products of 1.33 x 105 and 1.03 x 105 kW/m2, respectively.

Material combinations exhibiting the lowest resistances to ignition were

type 316 stainless steel rubbed against zirconium copper with an average
Pv product of 0.87 x 105 kW/m2 and type 316 stainless steel rubbed

against Monel K-500 with an average Pv product of 0.75 x 105 kW/m2.

Tests were conducted to determine the effects of increased oxygen

pressure on the frictional heating properties of materials. In these

tests, pairs of Monel K-500 samples were rubbed at a constant Pv product

and only oxygen pressure was varied. The equilibrium sample temperature

decreased and the coefficient of friction increased as oxygen pressure
was increased from 0.69 to 20.7 MPa. An increase in the convective heat

transfer from the sample was concluded as being responsible for the

decrease in the equilibrium sample temperature as oxygen pressure was
inereased.

Frictional heating tests were also performed on carbon steel 1015 samples

in oxygen and nitrogen atmospheres at various pressures. Tests conducted

in oxygen were taken to ignition. Heating of the samples occurred at a

much faster rate in the nitrogen atmosphere than in the oxygen

atmosphere. It was concluded that in an oxygen atmosphere the

coefficient of friction was reduced due to the formation of oxide layers

at the rubbing surfaces. As oxygen pressure was increased, the bulk

ignition temperature decreased and the Pv product required for ignition

increased.
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APPENDIX A

Determination of the Test Sample Temperature

in the Particle Impact Tester

In the particle impact test the temperature of the oxygen at the inlet to

the test chamber was measured but the temperature of the test sample was

not. In order to determine the temperature of the test sample relative to

the temperature of the oxygen, a series of calibration tests were

performed. The test chamber was modified as shown in Figure A-I. A test

fixture which replaced the test sample was made. A port was placed in the

test fixture in which a thermocouple could be mounted to measure the

stagnation temperature of the oxygen at a location coincident until the

surfaces of the test sample in the original test chamber.

Flow checks were performed in which heated oxygen was flowed through the

test chamber at conditions similar to the testing done in this program and

the temperature chamber inlet (A) and at the test sample locations (B)

were compared. The results of these tests are shown in Figure A-2. It

was found that the temperature as measured at the test sample ranged

from 44 to 74 °F greater than those measured at the inlet to the test

chamber.

STAGNA_ON TEMPERATURE AT

TESTSAMP. SURFACE(B)
TEMPERATURE AT THE

CHAMBER INLET (A)

PLACE OF TEST SAMPLE

Figure A-l: Modified Particle Impact Chamber Used to Deter-
mine Temperature at Surface of Test Sample
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APPENDIX B

Estimation of Minimum Particle Velocity by a

Dent-Block Comparison Test

In order to make an estimate of the particle velocity in the particle

impact test a dent block comparison test was done. Several tests were

done in the gaseous oxgyen high flow test facility in which a 1600 _m

diameter particle was impacted against a copper impact plate at ambient

temperature. In each of these tests a dent with a diameter ranging from

1100 to 1200_m was made in the copper impact plate. Next, several drop

tower tests were performed in the laboratory in which a weighted

aluminum particle was dropped onto a copper plate from a known height.

The aluminum particle was held in a chuck which was commonly used in a

hardness tester as shown in Figure B-I. The particle and the impact

plate were identical to the ones used in the particle impact test. In

the drop tower the dents that were made ranged from 1100 to 1200 _m in

diameter.

,i,.,._ WEIGHT

THREADED ROD

CHUCK

1/16" DIAMETER
ALUMINUM PARTICLE

Figure B-l: Plummet Used in Dent Block Comparison Test
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Two assumptions were made in order to calculate the particle velocity
based on the data obtained from the tests described above. First, the

work done making the dent in the particle impact test,

Epl = I/2 mpg (Vp22 - VpI2) (I)

was equal to the work done making the dent in the drop tower test,

EDT = 1/2 mwg (Vw22 - VW12) (2)

or,

Ep I = EDT (3)

for dents that were the same size. Where,

Epl = Work done making the dent in the particle impact test [=] ft Ibf

mp = Mass of 1600 um diamater aluminum particle[ = ] slugs

g = 32.174 [=] Ibf s 2 Ibm -I ft -1
-I

Vp2 = Velocity of particle as it rebounds from impact [=] ft s-i
Vpl = Velocity of particle prior to impact [=] ft s

EDT = Work done making the dent in the drop tower test [=] ft Ibf

mW = Mass of the weighted particle used in the drop tower test [=]

slugs -I

VW2 : Velocity of the weighted particle after impact [=] ft s

-I
VWI : Velocity of the weighted particle prior to impact [=] ft s

Since W = mg we have,

Epl = 1/2 Wp (Vp22 - Vpl2)
(4)

and,

EDT = 1/2 Ww (Vw22 - VWI 2) (5)
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where,

Wp = Weight of particle used in particle impact test [=] Ibf

WW = Weight of weighted particle used in drop tower test [=] Ibf

The second assumption made was that the coefficient of restitution for the

aluminum particle and the copper plate was the same in the particle impact

test as it was in the drop tower test. Another way of stating this is that

neither the aluminum or the copper materials were strain rate dependent.

Since, in the particle impact test, the copper impact plate was

stationary, then

Vp2 (6)

epi - Vp I

where,

= coefficient of restitution in the particle impact test [=]
epI dimensionless

For the drop tower, we know that

I

VW1 = (2gchl)2

and,

VW2 = (2gch2)½

where,

(7)

(8)

hI = height from which the weighted particle was dropped [=] ft

h2 = height of rebound of the weighted particle [=] ft

gc = gravitational constant [=] 32.2 ft s-2

The coefficient of restitution for the drop tower test was

VW2

eDT = VW 1

(9)
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Substituting equation 7 and 8 into 9 gives,

eDT: _hl)

and from assumption two we have,

(10)

epl = eDT (II)

Therefore,

vp _
VP1 /"1/

(12)

or,

(13)

Now, from equation 3, 4 and 5, we have

1/2 Ww (Vw22 - VW1z) = 1/2 Wp (Vp22 - Vpl2) (14)

By substituting equation 7, 8 and 13 into equation 14, we obtain

h2

112 Ww (2gch 2 - 2gchl ) = 1/2 Wp (Vpl2 h--l- VpI2)

Ww gc(h2 - hl) = 1/2 Wp Vpl2 -

t 1'Ww h 1 h2 -

VP1= gc_ hi
hl

I Ww )½VpI = gc _ hi
(15)
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Now for a dent size of 1125_m it was found that,

Ww = 3.33 x 10 -2 Ibf

Wp = 1.278 x 10 -5 Ibf

hI = 4.075 ft

Substituting into equation 15, we have

Vpl =

½

2 (32.2) 3.83 x 10 -2 (4.075)

1.278 x 10 -5

= 887 ft s-1

Several different weights and drop heights were used and it was found
-I

the estimated particle velocity ranged from 853 to 887 ft s .
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