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SECTION I

INTRODUCT ION

Facilities designed to test the ablation response of
various materials have been the subject of continuing re-
search. Recently, however, there has been increased
interest in erosion by hypervelocity impact within a high
temperature environment. For example, both erosion and
ablation may occur as a missile encounters a cloud of solid
or liquid particles at hypersonic velocities. Such multi-
component clouds could contain particles with diameters up
to 500 ym. Impact of the particles on the vehicle surface
removes surface material through a complex thermo-mechanical
process and increases the overall heat transfer rates.

Various facilities have been constructed to simulate
certain aspects of hypersonic erosion. Among the most not-
able are the AEDC Dust Erosion Tunnel (AEDC DET)(1), and the
Boeing Hypersonic Wind Tunnel (BHWT)(2). Both of these
facilities operate with relatively low reservoir enthalpies
so that the ablative character of the hypersonic environment
cannot be simulated in the presence of erosi?n. Recently,
however, as an outgrowth of the RHEA studies 3), a facility
configuration employing dﬁnamic interaction of solid parti-
cles and light gas flows(#) has been investigated as a
possible technique for supplying a combined erosion-ablation
environment.

The purpose of the present studies was to examine in de-
tail the geometrical and fluid mechanical mechanisms import-
ant in the acceleration of solid particles to high veloci-
ties within a high enthalpy gas stream. The particle velo-
city - total enthalpy envelope investigated is shown in
Figure 1. The high enthalpy gas streams were provided by a
hydrogen-air combustor connected to a particle injection
chamber and a conical convergent-divergent exhaust nozzle
with a low expansion angle. Detailed theoretical analyses
were conducted to determine the nozzle configuration and
gas conditions which maximize the particle velocities at the
nozzle exit. Particular emphases was placed on developing
a particle injection system which allowed accurate control
of the particle injection rate.

The particle axial velocity and size distributions were
examined with a real-fringe laser doppler velocimeter. Be-
cause of the high particle velocities and low particle con-
centrations, conventional frequency tracking techniques for
determining particle velocity could not be used. Instead,
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a digital signal processor was designed and assembled to
allow measurement of doppler frequencies up to 90 MHz. The
signal processor was interfaced to a high speed digital com-
puter to provide real-time analyses of the particle velo-
elty.,

Detailed discussions of the theoretical and experi-
mental analyses are included in the following sections.




SECTION II

TWO-PHASE NOZZLE FLOW THEORETICAL ANALYSES
A. OVERALL SYSTEM ANALYSIS

A theoretical analysis was conducted to determine the
effects of such factors as nozzle geometry, gas flow thermo-
dynamic properties and coupling between the gaseous and parti-
culate flows on the particle velocities at the exit of a
convergent-divergent nozzle. A computer program previously
developed(5,6) was employed to solve the coupled one-dimen-
sional two-component flow equations 7) in the following form:

dug G dz 1-2 8 dz ch dz Cp8 dz
dz (1)
e R
‘s [1 CPg] ug
dT du dT. d
e =3 A P Up
dz Cog [“z iz ' (1-x) (c z T )] (2)
dup _ 9 [ tefp] (ugmup) (3)
dz 2 pprpz up

dT Cpghg(Tp=To) £
T, 3 g'e{Tp-Tg)fg
dz TpopCup [ Tp s epo(Tp“-T'“)] (4)

In equation (1), fp is defined as

Cp

1
P C
Dstokes

(5)

where Cp 1s the drag coefficlient of the particles and CDstokes
is the drag coefficient in Stokes flow. The sphere drag




coefficient correlation developed earlier by Korkan et al.(S)
was used. The correlation fits the available experimental
data within *+ 15% over a wide range of slip Mach numbers

(0.1 to 7.0) and Reynolds numbers (4.9 to 7.7 x 10%) and in-
cludes the effects of varying particle temperature.

The term fg in equation (2) is given by

Ny

Nustokes

fg =

and is given by Carlson and Hoglund(8) as

2 + 0.459 Re0:55

o=
1 + 3.42(M/Re)(2 + 0.459 Re0.55) (6)

g

Equations (1) - (6) were solved numerically with a
digital computer program described in detail in Ref. 5. A
number of numerical experiments were performed with the com-
puter program to investigate the particle velocities which
could be expected at the exit of a convergent-divergent
nozzle. The computations were conducted for two types of
facility heating systems: (1) an electrical resistance
heater operating with air delivering a maximum reservoir
temperature of 2600°R and (2) a gas combustor operating with
a variety of reactants.

The electrical resistance heater is considerably simpler
than the combustor system but does not supply the high re-
servoir Bsmperatures available with the combustor. Previous
studies( indicated that addition of helium to an air flow
will increase the maximum velocity appreciably, but requires
considerably more electrical power at a given reservoir
temperature.

A series of calculations was performed with various mix-
tures of helium and air for a number of conical nozzle ex-
pansion half angles and nozzle throat sizes. Silicon dio-
xide particles with a diameter of 100 um were assumed to be
injected into the subsonic region of the nozzle and all cal-
culations were conducted for a reservoir pressure and tem-
perature of 2500 psia and 2600°R, respectively. The particle
velocity for various nozzle exit area ratios are shown in
Figure 2 as functions of the parameter tan z/R¥.

It 1s evident that the particle velocity is maximized
by decreasing the value of tan ¢/R¥. This is accomplished

5
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by either decreasing the nozzle half angle (t) or increasing
the throat radius (R¥). At a fixed area ratio, decreasing
tan z/R¥ increases the particle resident time in the flow
field and leads to a more gradual acceleration of the parti-
cles. Hence, decreasing tan z/R¥ allows the particles more
time to respond to the gas velocity increases.

With air, the maximum particle velocity is approximately
5000 ft/sec while with helium velocities near 9000 ft/sec can
be achieved. The results also indicate that only small in-
creases in particle velocity result from increasing the
nozzle area ratio above approximately 25. Finally, at a
fixed nozzle geometry, addition of helium beyond a helium
mass fraction of 0.6 leads to little additional increases in
particle velocity. Note, however, that a helium mass frac-
tion of 0.6 corresponds to a mole fraction of 0.92 so that
the nozzle flow is nearly pure helium at this mass fraction.

Comparable calculations were performed for a combustion
heated facility. Stoichiometric mixtures of hydrogen and
air, methane and air, and hydrogen and oxygen at a reservoir
pressure of 2500 psia were investigated. Adiabatic flame
temperatures were calculated with a modification of the com-
puter program described in Ref. 10. The maximum thermo-
dynamic velocities obtained with these combustion systems
with varying amounts of helium addition are shown in Figure
3. The maximum thermodynamic velocity is given by v2H, and
is a measure of the maximum particle velocity which could be
expected regardless of the nozzle configuration. For a per-
fect gas, it can be expressed as 12YR T g

y=1)m ©

From Figure 3 it can be seen that little is gained by
adding helium in a combustion heated flow. The velocity in-
crease due to the decrease in gas molecular weight resulting
from helium addition is offset by the decrease in adiabatic
flame temperature (Tp).

Particle velocities near 8000 ft/sec were considered
adequate in these studies and can be obtained with Hp-air
combustion if a high velocity recovery can be achieved.
While Hp-02 and CHy-0p combustion systems will yield much
higher velocities, the added complexity of handling high
pressure (2500 psi) oxygen at high flow rates was not war-
rented. Hence, the Hp-air system was selected for further
study.
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B. NOZZLE DESIGN

As discussed in the previous section, maximum particle
velocities are obtained in a convergent-divergent nozzle by
minimizing the parameter tan ¢/R¥. While the nozzle half-
angle should be minimized, the nozzle boundary layer should
not be allowed to fill the entire flow field. Hence, an
analysis of the boundary layer thickness distribution within
the nozzle and its effects on the overall flow field was
conducted. The empirical correlation developed by Lee (11
for the boundary layer displacement thickness in the form

.0064 M1.25
Rey 10

& - (7)

was used and the effects of displacement interaction on the
flow field were included.

The minimum reservoir pressure of interest was 600 psia
at an Hp-air adiabatic flame temperature of 3160°R. With a
geometric nozzle area ratio of 20 and a throat diameter of
0.10 inches, the nozzle boundary layer will just fill the
nozzle at the exit when the nozzle expansion half-angle is
0.50°. This gives an effective inviscid flow half angle of
0.25°, an effective area ratio of 16, a value of tan z¢/R¥ of
.087 and a nozzle length (throat to exit) of 2.9 feet.

C. PARTICLE SIZE EFFECTS

Any commercially available solid particle will contain
particles with various diameters. The particle velocity dis-
tribution at the nozzle exit will depend upon the range of
particle sizes injected into the flow. A sample of silica
dioxide known as Silica Gel (Grace Chemical Corp.) was
analyzed to determine the distribution of particle sizes in
a sample with a nominal particle diameter of 100 um. The
results are shown in Figure 4 in terms of particle volume
and mass distribution. It can be seen that the particle
diameters of the sample range from 20 to 100 um with an
average particle diameter of 80 um.

The variation in particle size will lead to variations
in the particle velocities at the nozzle exit. The particle
diameter distribution of Figure 4 was used to compute a
velocity distribution at the low pressure design conditions
of 600 psia at a reservoir temperature of 3160°R accounted
for the presence of the nozzle boundary layer. The results
of these studies are given in Figure 5, displayed as a velo-
city histogram. As expected, the smallest particles have
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the highest velocity and the particle velocity recovery var-
ies from approximately 58 to 75% of the gaseous velocity.

The particle temperature history through the flow field
is also of interest since ablation of the injected particles
should not occur. Particle temperature distributions for
three particle diameters are shown in Figure 6.

As can be noted, the theory predicts a maximum in par-
ticle temperature, which 1s reached before the particle pas-
ses out of the nozzle. This is the direct result of the bal-
ance between the heat transfer resulting from the differences
in the gaseous and particle velocities and the decreases in
gas temperature due to the expansion. The location of the
temperature maximum as well as the magnitude of the particle
temperature are strong functions of the particle diameter.
Calculations were also performed to determine the distribu-
tion of particle temperatures at the nozzle exit due to the
variation in the particle size. Figure 7 gives the result-
ing particle temperature histogram. The maximum particle
temperature occurs for the 30 um particle and 1s approxi-
mately 1700°R. Since the melting point of silicone deoxide
is 3870°R, the particle temperatures are all well below that
necessary to cause loss of the particles by melting.

D. COUPLED/UNCOUPLED THEORETICAL ANALYSES

The numerical calculations described in the previous
Sections were for the uncoupled flow situation (A=0), i.e.,
where the gas affects the particles but the particles do not
affect the gas. In the present study, particle loadings on
the order of 10% were anticipated, and a theoretical inves-
tigation was conducted to determine the effect of a finite
A on the parameters of interest. Consideration of A greater
than zero results in a coupled flow situation where the gas
affects the particles and the particles affect the gas.

With the two~phase computer program previously des-
cribed, numerical calculations were performed for a reser-
voir temperature and pressure of 3160°R and 600 psia, res-
pectively, with A values up to 0.15. Values of coupled to
uncoupled particle velocity ratio are given in Figure 8. It
can be seen that the effect of a finite value of A 1s to de-
crease the predicted particle velocity. Further, the results
indicate that as the particle diameter is increased from
20.2 ym to 32.0 um, the effect of A becomes more severe.
That is, at a A of 0.15 for a particle diameter of 32.0 um,
the particle velocity would be over-predicted by approxi-
mately 9% with the uncoupled flow solution. However, as the
particle dlameter increases above 32.0 uym, the effect of A

12
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is diminished. For particle diameters on the order of 128.0
um, there is very little difference between the coupled and
uncoupled velocities.

Values of the coupled to uncoupled particle tempera-
ture ratio are shown in Figure 9. For particles with a dia-
meter of 20.2 um, the coupled flow solution predicts a lower
temperature than obtained with uncoupled techniques. How-
ever, as the particle diameter increases, the ratio of cou-
pled and uncoupled particle temperatures increases.

The ratios of the maximum particles temperatures ob-
tained from the coupled and uncoupled solutions are shown
in Figure 10. For all particle diameters studied, the cou-
pled solution indicates higher maximum particle temperatures
than would be predicted by the uncoupled calculations.

16
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SECTION III
PARTICLE INJECTION SYSTEMS
A. REVIEW OF PARTICLE INJECTION SYSTEMS

In dealing with multicomponent flows, the injection of
particles into a flowing stream with good control of the
particle flow rate 1s a formidable problem. Various tech-
niques have been devised which apply in different particle
flow rate ranges. However, in the present study, the par-
ticles must be injected into a high enthalpy stream and par-
ticles with relatively large diameters must be employed. A
review of particle injection techniques 1s given in Ref. 12
and several of these techniques are discussed below.

The simplest particle injection system consists of a
conical hopper where a pressure differential is created by
reducing the pressure in the feed tube with a venturi. It
is recommended that the angle of the side walls be equal to
or greater than the angle of repose for the particles and an
agitator should be used to reduce clogging. However, the
venturl limits the pressure ratio available across the par-
ticle supply tank.

A lead screw which carries the particles from the con-
tailner to the feed tube can be used to increase the control-
lability of the particle flow rates. The conical hopper in
this device 1s pressurized and the particle feed rate can be
controlled by the particle contalner pressure ratio and the
speed of the lead screw. However, rotating seals for the
lead screw must be used and can cause difficulties in a high
enthalpy test facility.

The vortex pump has been used extensively to transfer
powder to and from vortex chambers. It consists of a cylin-
drical chamber with air injected tangentially which creates
a vortex. In this device, the particle flow rates can be
controlled by the air pressure driving the vortex. However,
the complexity of the system 1is a major drawback. The de-
sign must be optimized for a given particle size to achieve
maximum pumping efficiency.

8. BENCH-TOP PARTICLE INJECTION FACILITY

A bench-top particle injection facility for testing var-
ious particle injection techniques was assembled. Various
particle injector methods were tested with the intent of de-
veloping a technique suitable for use with an erosion-
ablation test facility with particle flow rates up to 10% of
the facility mass flow rate.

19




The bench-top facility 1s shown in Figures 11 and 12.
It consists of a conical nozzle with an exit Mach number of
approximately 3.6 (A/A¥* ~7.3) exhausting as a free jet. A
Barton pressure differential gauge was installed to accur-
ately measure the difference in the total pressure of the
facility and that of the particle container. The flow of
particles was regulated by the differential pressure supplied
to the particle contalner and an orifice located in the feed
tube. . Various orifice sizes were used and it was found that
the orifice size controls the sensitivity of the particle
mass flow rate to the applied pressure differential. While
small orifices were subject to clogging, the particle flow
through large orifices was less controllable. Orifice sizes
from 0.1 to 0.25 inches were found to be optimum for the
particle size range of interest here.

Laser scattering techniques were employed to measure
the time history of the particle flow through a point on
the free jet centerline one inch downstream of the nozzle
exit plane. A 3 mw helium-neon laser was projected across
the free jet and the scattered light from the particles was
collected and measured with a 1P28A photomultiplier tube.
The signal was preamplified and sent to an A/D converter
where it was digitally sampled and displayed in real time on
a cathode ray tube.

To obtain the particle mass flow rates, the variation
of the welght of particle container with time was measured
with the instrumentation system shown schematically in Fig-
ure 13. The mass of the container and particles was moni-
tored by a strain gage arrangement placed on a thin wafer
attached to a cantilever beam. To reduce beam vibrations,
a small oill dashpot was attached to the end of the beam.
The signal was conditioned with a portable Consolidated
Engineering Corporation Type 8-108 unit, preamplified, and
digitized.

C. RESULTS AND ANALYSIS

Because of the success achieved on a previous study (3)
with a fluidized bed particle feed system, this was the first
injector to be tested on the bench-top facility. The test
configuration, identical to that of Reference 3, is shown
schematically in Figure 14. The variation of scattered laser
light versus time is shown in Figure 15. The fluldized bed
injector typically exhibits a large initial burst of particles,
followed by a severe drop in particle mass flow rate to con-
stant level which persists until the supply of particles 1s

20
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PARTICLE INJECTION BENCH TOP FACILITY.

FIGURE 12,
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NONDIMENSIONAL INTENSITY VARIATION
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FOR FLUIDIZED BED.

FIGURE 15.




L

depleted. Initially the particles are ejected in bulk from
the container until the air has sufficiently mixed with the
particles and the bed becomes fully fluidized. For a short
time the particle mass flow rate is constant as the mixture
level drops. As more particles leave the container, the con-
centration of particles in the container decreases and the
particle mass flow rate decreases rapidly. The difference
in the performance of the injector in this study and that of
Reference 5 appears to be due to the differences 1n particle
size. The average particle size of this experiment was ap-
proximately 80 um whereas in Reference 5 the fluidized bed
concept worked well when the particle size was on the order
of 1 um.

A pressurized tank system consisting of a cylinderical
tank attached to a conical hopper was tested. A normalized
scattered light intensity versus time plot for this device
is shown in Figure 16. A nearly constant particle feed rate
was maintained for approximately two seconds. Increasing
the volume of the particle container by a factor of four
increased the time of uniform particle flow to approximately
six seconds. However, numerous clogs and bursts in particle
feed rate were experienced with this device.

To reduce the clogs and bursts obtained with the dry
feed particle injectors, a slurry of an appropriate fluid
and particles was employed. The scattered light intensity
variation with time for a mixture of two parts particles to
three parts of water by volume is shown in Figure 17. A con-
stant particle feed rate is apparent for a time period of
22 seconds. The corresponding container weight variation
versus time is shown in Figure 18. As can be seen, the
weight varied linearly with time with a mass flow rate of
slurry equal to 93gm/sec, for the associated pressure dif-
ferential of 110 inches of H5O.

To examine the degree of repeatability and controllabil-
ity, a series of tests using a 0.108-inch orifice in the par-
ticle feed tube was conducted for various values of pressure
differential for both the 1/1 and 3/2 water/particle mixture
ratios. The resulting mass flow rates of the slurries are
shown in Figure 19 as functions of the pressure differential
across the particle container. For comparison, pure water
was also used to determine a baseline to which the other
mixture ratios could be compared. The results shown in Fig-
ure 19 indicate that the mass flow rate of the slurry can be
predicted for any preselected pressure differential.

The only significant problem encountered with the slur-

ries was assoclated with settling of the particles within
the container. To eliminate settling, the particle injector

26
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NONDIMENSIONALIZED INTENSITY VARIATION

FOR DRY FEED SMALL TANK.

FIGURE 16.
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was modified by the addition of a motor equipped with a shaft
and propeller. During operation, the motor and propeller
were run continuously at 1000 RPM in the particle container
to keep the particle suspended in the liquid. This modifi-
cation to the particle injector added considerable mass to
the system and required a counterbalance to maintain the re-
quired sensitivity of the strain gage-cantilever beam con-
figuration. Operation of the motor introduced additional
vibrations into the system, reducing the signal to noise
ratio in the mass-measuring instrumentation system. How-
ever, as shown in Figure 20, the weight variation as a func-
tion of time indicates sufficient sensitivity with an easily
defined slope of mass versus time. The components of the
particle injecto<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>