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The cbjective of this evalualion was to investignte the feasibility of the powder
rocicet concept.

A 3eries of rocket combustor tests were conducted at 500 and 902 pound thrust
levels, utiltzing ammonium perchlorate/alumisum propellants. Eight 590 pound thrust
fire tests were conducted to determine the effect of propellant variations on combustion.
Particle size affected combustion stability with smoother combustion obtained with reduced
particle size. Combustion oscillations ql‘ t3 percent of mean chamber pressure at a
frequency of 140 Hertz occurred utilirtng 8 micron (X-65) Al and 20 micron AP which was
the smoothest fire test. However, partial plugging of the AP infector ocenrred which was
attributed to the agglomeration tendency of the finer AP. A test with AP containing 0.2

eIT)
<(' O weight percent silica additive, improved the AP flow character but increas2d combustion
1= n>z ] oscillation level to £33 percent of mean Pec. ,
% w E = Six 900 pound thrust fire tests were conducted with scaled-up hardware utilizing
U - u: 4 50/50 by weight blend of 55 and 20 micron AP, with 3 micron (X-65) Al. Combustion
P OE: oscillation amplitude ranged from +18 to +7 percent of mean chamber pressure.
T g ;u Maximum sperific impulse performance efficiency derived was 0.90 with the
- % <:%? 300 pound thrust hardware and 0.93 for the 500 pound units.
20 g 23 A laboratory powder packing investigation was conducted to establish methods
<E=OY to maximize density of the AP powder. Some packing tests were performed with AP/Al
! .‘; % % mixtures. Results showed maximum packed density/particle density ratio ot 0.¢v .
- for AP, and 0.75 for AP/A]l mixtures. .
’ /
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FOLEWORD ' .

This repost covers the work performed by Bell Aerospace during the -
period 21 February 1972 through 1 March 1973 on the Powder Rocket Evaluation
Program, for the Air Force Rocket Propulsion Laboratory, Technology Division,
Edwards Air Force Base, California. The e:fort was performed in accordance with
Contract FO4611-72-C-0045, under the direction of Air Force Project Engineer,
Dr. D. George, RTSC.
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The Bell Aerospace Projec¢. Manager, Technical Director was Mr. H.
Joseph Loftus. Other principal contributors in accomplishing the work were:
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A. H. Rlessing L. N. Montanino -
R. C. Bryndle J. M. Nowak T
T. A. Lazzaro E. J. White
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D. Marshall
This report was submitted and approved by H. Joseph Loftus. :
The Bell Aerospace Report Number is 8651-928001.

This technical report has been reviewed and is approved. 4
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_ ABSTRACT =
|
§ °
The objective of this ev:luation was to investigate the feasibility of the : j
powder rocket concept. f }
|
A series of rocket combustor tests were conducted at 500 and 900 pound } i
thrust levels utilizing ammonium perchlorate/aluminum propellants. Eight 500 ‘
pound thrust fire tests were conducted to determine the effect of propellant varia- i if
tions on combustion. Particle size affected combustion stability with smoother ‘ 4
combustion obtained with reduced particle size. Combustion oscillations f +5 per- oo
cent of mean chamber pressure at a frequency of 140 Hertz occurced utilizing 3 ' ;:
micron (X-65) Al and 20 micron AP which was the «<moothest fire test. lHowever, :,
partial plugging of the AP irjector vccurred whi.h was atiributed to the 1gglomera- ;
tion tendency of the finer AP. A test with AP cntaining 0.2 weight percent silica | :3
cdditive, improved the AP flow character but increased combustion oscillation level : “‘
co :38 percent of mean Pc. . %
Six 909 pound thrust fire tests were conducted with scaled up hardware -
utilizing a 50/50 by weight blend of 55 and 20 micron AP, with 3 micron (X-65) Al. ; \f
Combusticn oscillation amplitude ranged from :18 to +7 percent of mean chamber ’ é
pressure, Cg
i j
Maximum specific impulse performance efficiency derived was 0.30 with Z
the 900 pound thrust hardware and 0.93 for the 500 pound units. J *§

Sy

A laboratory powder packing investigation was conducted Lo establish
methods to maximize density of the AP powder. Some packing tests were performed
with AP,Al mixtures. Results showed maximum packed density/particle density
ratio of 0.77 for AP, ard 0.75 for AP/Al mixtures.
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INTRODUCTION

Previous powder rocket combustion effort was conducted under Bell
Aerospace Indrpendent Research and Development Program sponsorship, Reference
1. Low {requency combustion osecillations, which were encountered during initial
testing, were reduced by substituting H3 type Al powder and methane ﬁuldumg
gas for H30/113 blend Al and nitrogen gas.

The work reported herein involved three tasks:

1. Combustion and feed system evaluation
2. Powder packing evaluation

3. Analyvsis of experimentas resulis

The original combustion test plan was modified to inciude 590 pound thrust
hardware tests in order to select the powder sizes to be used to evaluate 909 pound
thrust hardware. This approach was for:aulated because additional H3 Al was un-
available and a substitute Al was required. Additionally, the effect of reduced
particle size AP and magnesium additive to Al merited investigation.

Pre "ious labotatory powder packing investigations with Al were per-
formed by Bell Aerospace, Reference 2. Consequently, contractual packing effort
was direcled principally toward maximizing the packing density of AP, witn some
work performed utilizing AP/Al r.ixtures.

The experimental results from this program anl previous inv2stigations
were analyzed to assess the potential of the concept and identify technology areas
which require further work.

2.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
2.1 Summary

Design and {abrication of 900 pound tisust havdware which included two
injector types and combustion chamber of three characteristic lengths; L* 65,
85, and 105 inches, was performed. Two single elerent injecwor configurations
coaxial and mixing cup were sclected. Combustion chambers consisting of graphite
chamber and nozzle sections housed in stainless steel shells with bolted flanges + ve
utiliced. Similar 560 pound thrust hardware aveilable [rom u previoas program was
used to evaluate combustion oneration with various Al and AP powders preluminar
to 900 pound thrust fire testinz.

Cald flow and fire tests were performed flowmg the powders from the
pireton tvpe fluidized hed tank theough o hall valve 1o the imjector.,

[




A series of eight 500 pound thrust fire tests were conducted. These in-
cluded three variations of Al powder size, two different AP powder sizes, magnesium
Al blends and silica additive to AP. Six 900 pound thrust fire tests were performed
with variations in mixture ratio and characteristic chamber length using the same Al
and AP for each test. The smoothest fire test which exhibited combustion oscilla-
tions of 15 percent of mean chamber pressure at a frequency of 140 Hertz was

attained by utilizing X-65 aluminum with 20 micron (nominal) ammonium perchlorate.

Maximum specific impuise efficicney derived was 0.90 and 0.93 obtained with the 900
and 500 pound thrust hardware.

A correlation of AP powder cold flow characteristics 'with fire test flow
dita was exhibited. The Al fire test flow - AP characteristic was greater :n AP and
of decreased slope compared to the cold flow results. This caused operational diffi-
culties in cbtaining desired fire test conditions.

Laboratory scale pacling tests were conducted with as-received AT
powder using four different medes of blending for each of three particle size distri-
butions. Utilizing the best blending mode and size distribution, packing tests with
shape modified (rounded) particies were performed. Then the best blending mode,
particle size distribution and shape powder was further evaluated with three anti-
friction additives. Also, packing tests with AP/Al mixtures were performed. The
highest packing efficiency (76.7 percent) attained in this investigation was obtained
by ¢ mbining powders in the premix mode in which the constituents are blended in
a jar will and with: large diameter ratio (20/400 micron), cne constituent (400
micron) nominrally round in shape, volume ratio of 50/70 fine/coarse, fumed silica as
an anti-caking and flow additive, and surface trcatment with fluoroethane. AP and Al
powders were successfully blended by the premix mode o a packing efficiency of 75
percent, utilizing 50/50 weight percent 80/400 micron AP with I Al at an oxidizer
fuel ratio of 2.0.

2.2 Conclusions
As a result of performing this work the following conclusions were made:

Powder propellant rocket engine feasibility was demonstrated by the per-
formance of eight 500 pound thrust and six 900 pound thrust fire tests.

Low frequency combustion instability which was encountered app2ared to
be feed system coupled and forced by the heat-up and burning lag associated with the
aluminum powder. Powder particle size affected stability wi.h smoother combustion
resulting with reduced particle size.

Partial plugging of the AP injector was attributed v the agglomervation
tendency of the relatively fine AP. Addition of 0.2 percent by veight silica zreatly
improved the flow character but increased the combastion oscillation level to + 38
percent of mean P'e. The silica upparently coated the AP particles and inlnbited
deflagration processes.
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Thrust chamber wall temperature measurements agreea with apnlytical é
predictions but throat values were somewhat higher. Variations in gas side film J
coefficient, hg, or wall thermal diffusivity could have causcd higher than predicted
throat temperatures. This was probably due to difference between the assumed and o
actual thermol diffusivity characteristic of the graphite wall material, which would ;
have greater influence in the threat region than in the chamber due to the relatively 3
higher hent flux.
Injection orifice discharcge coefficients with powders were less than for N

water at equivalent flow rates. This is consistent with previous investigations which 9
showed a reduced coefficient o’ discharge associated with the two phase solids - gas 4
flow. )@
i

Partial plugging of the A! injector occurred during some cold flow and ”‘

fire tests, with large, ~ .12 inch, Al particles evident in the orifice approach '.:E
region. The particles werc app-.rently formed in the loading system bali valve by
compaction or extrusion of trac2 nowder during on-off cycling. This was allevi- f
ated by changing the loading ; ocedure to eliminate valve cycling.
The premix mode was the most effective packing technique developed in H

this mvestigation for maximizing the density of ammonium perchlorate powders. !

Fluoroethane and fumed silica additives iraproved packing efficiency of
AP powders. A decreased packing efficiency was noted with boron nitride powder
and with glass microballoons as additives.

Laboratory blending techniques can be successfully scaled-up without
loss of packing efficiency.

ey et ISR
RIS 08 e et S

2.3 Recommendations

Application studies should be conducted to establish systems in which
the characteristics of powder propellants would be utilized to advantage compased
to solid or liquid concepts.

Although AP/Al proviled a readily available combination for concept
feasibility investigations, higher performance fuels such us aluminum hydride anc

A ettt i et A A R 2 ADK cveba ot 2B e,

3.4‘ .
b g polyethylene should be five tested.
2 ) Reverse flow or stuged combustion injector vonfigurations are recon. - i
2 . L . i
B ¥ mended for future vestigations. These injector designs are expected to enhane
‘S Sl heat up and burning of the powders and vonscguently, improve combusiion stability.,
e B ) 0
Efforts should be directed to spheroidize AP powders over a range of
sizes to allow a wide lutitude in blending, 1o improve paching efficiencies, i
% ’;« The eva' ration of other anti-calung and low additives should be conimued. i
Y !
5 3
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2.0 TECHNICAL DISCUSSION .

31 Combustion and Feed System Evaluation

211 Design Approach )
3.1.1.1 Powder Selection "

Griphic comparisons of specific impuise and density times specific
impulse of typical liquid, solid and powdcr propellant combinations are prisented
in Figures 1 ana 2. The specific impulse of powdered propellants is competitive
with solid and liquid reactants, and the theoretical density times specific impulse
is somewhat better. Effect of powd.r packing efficiency is shown on the latter figure
which depicts the significance of packing on effective propellant density. Liguid
propellant density decrease resulting from bulk temperature extremes of 77 to 200" F
are shown.

In addition, powders offer a combination of flexibility and storability
advantages which are not completely achieved with liquids, solid and hybrid rockets.
For example, powder flows are easily throttled and their mass flow rate appears
to be insencitive to environmental temperature extremes.

AP and Al were selected for this feasibility investigation because of
availability and since these propellants are widely used in solid rockets. Thermo-
chemical shifting equi*ibrium performance for AP/Al combustion is presented in
Tabie I.

Powder paxticle size selection was influenced by combustion and packing
considerati »ns. Maximum combustion efficiency for a given residence time is ob-
tained with small particle size while maximum packing density is achieved with
mixture of mostly large with some small particles. Combustion of Al is rate con-
trolling which constrains fuel particle size to diameters of 40 microns ov less while
the deflagration of AP in 7000 R gases was expected to be ralatively fact, so oxidizer
particle size to diameters of 400 micron was considered. Spherical aluminum pow-
der of 3 micron (nominal)diameter was selected based on combustion results from
previous investigations, Reference (1). Also from this previous work 55 micron
(nominal) diameter AP was selected based on powder «old flow tests.

These and other powders used during this program were choracterized
to determine particle size distribution (See Table II).

3.1.1.2 Injector

Powder rocket injector design c¢riteria and techmques for powder pro-
pellants are generally similar to those viil.zea for Jiguid p.opellant injectors.
However, since the powders are injected in parde.late form propellant atomizatien
is not required. The powder injector for this application delivers a waiform flow of
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TABLE .1

AP/AL THECRETICAL PERFORMANCE PARAMETERS
Pc = 500, Shifting Equilibrium

Mixture -
Ratio
G/F

v

Specific

Impuise

€=6.0
Lb-Sec/Lb

Character
Velocity
Ft/Sec

Combustion
Temperature
°R

3.5

1.5

1.2

1.1

1.0

0.9

0.8

254

249

242

238

234

227

218

476¢

4791

" 4818

4763

4661

4508

4431

4359

4241

4081

6911

7150

7399

7621

7720

7587

7481

7311

7040

6612
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AP and A! particles to the combustion zone. Combustion of Al is the rate Hmiting

.. process in the burmng model in which the AP decomposes exothermically producing
thermal energy and oxidants for heat up and combustion of Al. Injector manifold
design was more critical due to the two phase solids/gas mixture.

. For this program the injector designs were based on experience guined
from th= previous program and were sczled-up versions to accommodate propellanpt
flow rate increases for a 900 pound thrust chamber. Two basic single element
injector configurations, coaxial and mixing cup, weresele " 7._ . .. ..
shown in Figure 3. The coaxial unit con81sted of a central AP orifice (.omaming .
vortex insert, surrounded by an annular Al eloment. The mixing cup injoctor con-
tained a center Al orifice with a vortex insert and a tapered tangentinl AP orifice,
These orifices exited into a throated mixing cup prior to injection into the combus-
tion chamber. Both injeutors aveided manifolding between the feed lines and orifice
approach to eliminate flow area expansion, and subsequent gas/powder separation
determined to be a probizm area on the previous program.

A simmary >f the injector design parameters for the two configurations
is presented in Table IIl Also shown in the table are the design parameters for the
previous program coaxi.l injector, which was utilized for powder evaluation during
the initial portion of the test program. The coaxial anuulus gaps for Al injection
were based on a minimum of 0.030 inch based on previous orifice cold flow test.
The 900 pound Al coaxi .l injection area was sized to allow for increased fuel side
AP and injection velocity, determined to be heneficial based on previous testing.
The same oxidizer velncities were maintained. The fluidized powder density values
used for calculation of nropellant velocities and pressure drops were 42.7 Ib/cu {t
for AP and 73.5 1b/cu [t for Al. Injection velocities for the Al were in the order of
45-70 ft/sec for both injectors, and the AP ranged from 80 ft/sec in the coaxial
vortex center io 140 ft/sec in the tangential premix injector.

The injectors were fabricated principally of 300 series stainless steel
with the faceplate, which was exposed to the combustion chamber, made from A-200
nickel. A bolted injectur-chamber flange joint with Viton O-rings was used.

3.1.1.3 Thrust Chamber

Design daiy used for sizing the thrust chamber for this program are
presented in Table IV The chamber assembly provides a delivered sea level thrust
of 900 pounds while us ing powdered AP/Al at an optimum mixture ratio of 2.5 and a
chamber pressure of 00 psia. The assembly can be seen in Figure 4.

The assembly consists of graphite combustion chambesr and nozzle
section liners houser? in stiunless steel shells. The nozzle and chamber sections
are assembled with bolted flanges. Viton O-rings are used to provide seals between
the graphite lirers and stainless steel housings, chamber-to-nozzle joint and
injector -to-chamber joint. Two combustion chamber pressure ports are located
at the nozzle entran.e station. Combustion residence time variation can be achieved
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TABLE IV

THRUST CHAMBER DESIGN PARAMETERS

Propellants

Propellani Flow Rate, Total, Lb/Sec
Mixture Ratio O/F

Tarust S.L. Lb

Combustiob Chamber Pressure, Psia

Isp’ Specific Impulsez, Lb-éec/ Lh (Sea Level)
C*, Characteristic Velocity, F't/Sec

CF, Thrust Coefficient

Performance Efficiencies, nlsp’ 1N C*, ‘IICF
Chamber Diameter, In.

Throat Diameter, In.

Exit Diameter, In.

Expansion Area Ratio, €

Nozzle Contour, % Bell

Chamber Length (Inj. to Throat), In.

Chamber Characteristic Lengih, In.

Cooling Mode

(1) Expected Delivered Values.

NH CLO4/AL

4
4.41

2.50
900

500

204 ¥
asg0 M
144 B
89, .95, .94
3.59, 4.05
1.265

3.100

6.0

100

9.90, 12.2
65, 85. 105
Heat Sink
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by changing <. mbustion volume, L*, and by varying chamber diameter and/or chamber
iength with the respective graphite liners. The design rated residence time for com-
plete combustion was 4 milliseconds with a corresponding 85 L* chamber character-
istic length (12.2-inh chamber length and 3.50-inch chamber diameter). The L¥ and
residence time variations possible with the graphite liners are 65 L* and 3 milli-
seconds, and 105 L* and 7 milliseconds.

Inciuded on the chamber and nozzle housings are 10 thermocouple fittings
to allow for measurement of outer graphite liner temperatures. The graphite liners
have reduced wall thickness sections of 1/4 inch in the chamber and 1/2 inch at the
throat, corresponding to the thermocouple fitting locations, see Figure 4.

Thermal analysis results were the basis for wall thickness reductions
made to obtain higher temperature levels during fire test.

Thermal Analysis

A thermal analysis of the thrust chamber was performed in order to
predict wall temperature, heat flux and total heat loss. The computation of the gas
side heat transfer coefficient considers comressibility effects, recombination of
highly dissociated gas species and variable transport properties in the boundary
layers. A modified form of the Colburn equation was used, wherein the properties
are evaluated at the Eckert reference enthalpy (Reference 3), according to the follow-
ing correlation equation:

Nus) = CRen® (POt
where Nu = Nusselt Number

Pr =  Prandtl Number

Re =  Reynolds Number

and the “uperscript* refers ‘. the reference enthalpy conditions.

For fully developed turbulent pipe {low the value of C is 0.026. It was
fcund by investigation e.g., Schacht, Quentmeyer and Jones, Reference 4, that test
firings could be correlated by varying the value of C with area ratio being a minimum
at the throat, as shown in Figure 5. The correlation constant used hy Bell Aerospace
has been extended to larger area ratioc ..

In Reference 3 1t is recommended thal the transport properties appearing
in the correlation equations be evaluated at i temperature corresponding to a refer-
ence enthalpy given by the equation:

/3,
(I IIW\ 0.22(Prvy (1 -H
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with H = enthalpy, BTU/Ib Subscriyt. s = static
Pr = Prandtl Number w = wall
.o = total

Flow properties at any axial station in the nozzle are computed using compressible
flow relations.

Thermal response of the ¢! .mber wall was estimated assuming the wall
to be a thick cylindrical slab heated on the one side and insulated on the other side.
Graphical analytic solutions for this condition were utilized, Reference 5. Using
the estimated value of the heat transfer coefficient at the throat, hg, of 0.00343
DBTU/sq in.~sec’F the temperatures at the inner and outer surfaces in the throat
and chamber were computed for both copper and G-90 graphite. The thermal prop-
erties and heat transfer coefficients utilized are shewn in Table V. Computed
temperatures at the end of a 2-second firing are shown in Table VI. It is evident
that copper would be well in excess of its melting point at the throat, however, it
would be satisfactory in the chamber. The graphite temperatures are seen to be
higher at the inner wall, however the temperatures at the outer surface would be
quite low, ie, less than 400°F. In ovder to cbtain increased temperature level during
a test firing, it would be necessary to either fire the chamber for a longer duration
or reduce the thickness of the wall where thermocouples are placed. The latter
approach was implemented in both the chamber and throat. Locally, walls of the
chamber and throat were decreased to thicknesses of 0.25 and 0.5 inch, respectively.
Predicted temperatures for the reduced thickness are also shown in Takle VI.

Total heat rejected by the hot gases to the chamber during the firings
were determined by integrating the heat flux over the surface area. The heat flux,
total heat and specific heat rejection, have been computed at both the start of a firing
with ambient wall temperature and at the 2-second peint as shown in Table VII.

Energy loss due to heat transfer may be assessed by comparing the pre-
dicted values with the values obtained from: shifting equilibrium thermochemical
calculations shown in Table VIII.

3.1.1.4 Igniter

The ignition of powdered propellants requires considerations applicable
to both liquid and solid propellants. Ignition of AP/Al requires sufficient thermal
energy to initiate decomposition of AP, at approximately 300"F, which in turn pro-
vides heat and oxidants for Al combustion, at approximately 1100"f. In order to
achieve these conditions it was desirable to have an igniter that produces high
temperature products at relatively low chamber pressure,

For this program a pyrotechnic 1gniter was developed based on a scaled-
up version of a similar 1gniter developed for the previous program. The igniter

contained a S-67 (DuPont) squib, 4 grams ot smokeless powder {(No. 1895), and 12.4
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TABLE V

AND HEAT TRANSFER COE FFICIENTS

THRUST CHAMBER WALL THERMAL PROPERTIES .

Parameter Copper Gz:ﬂx(i}te
Conductivity, BTU-—In./FtZHr°F 2500 250
Density, Lb/In.3 0.323 0.0682
Specific Heat, BTU/Lb°F ‘ 0.093 0.45
Therwmal Riffusivity, In .Z/Sec. 0.161 0.0157

GAS SIDE HEAT TRANSFER COEFFICIENTS
hg-BTU/In 2 secoF

Throat 0.00343
Chamber
4.05 Dia. 0.00077
3.5 Dia. 0.00104
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TABLE VI

‘
FRCTATENL )

B
N
)

N e el
PR PRIRR SRy

THRUST CHAMBER WALL TEMPERATURE DISTRIBUTION S R
AFTER 2.0 SECONDS .

T
RN

. ] B . o
Region - Tinside T Toutside F tyan 12 .

o

Lasd ki v

vox
by b

TRl

Throat

e

AL v LT S

U

R

Copper 2430 140 1.818
G-90 4260 70 1.818
G-90 4430 344 0.500

\

B

AP

N v,
PO R

Chamber
D - 4.05 In.
Copper 997 778 0.425
G-90 1800 350 0.425
G-90 1930 300 0.25

i

P PRV -3

D-35In.
Copper 969 490 0.700
G-90 2110 140 0.700
G-90 2270 1040 0.25
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TABLE VI

THRUST CHAMBER HEAT REJECTION

Region

Time
Sec.,

Surface
Ares
In .2

Heat
Flux
BTU/In.2-Sec

Heat
Rejecticen
BTU/Sec

Specific
Heat
Rejection
BTU/Lb

Throat

Chamber Lx

-1 65

=7 105

Dia.
In.

o
[34]

4.05

3.5

4.05

0

o

9.38

95.5

124.8

235

9.2

6.74

4.74

5.32

3.98

221

87

559

390

508

380

725

510

653

560

50

127

89

115
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. TABLE VII

EFFECT OF ENERGY LOSS ON THRUST CHAMBER PERFORMANCE

NH40104/AL
Pe =500
Energy Loss Paranieter Mixture Ratio - O/F
BTU/ ib 2.0 2.5 3.0
0
C* 4818 4791 4768
at S.L. 228.7 228.5 227.4
sp
100
C* 4717 4743 4739
1 225.8 226.7 226.2
Sp
200
C* 4677 46990 4689
1 223.5 224 223.8
Sp
300
C* 4621 4641 4639
1 221.3 222.1 220.4
sp
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grams of BKNOg ;2llets. These constituents were assembled in a cloth bag and .
. installed through the throat to the injector end of the combustion chamber. This
igniter produced 20-25 psia chamber pressure with a burn period of 0.150 to (.200

. secords. - ;
) 3.1.2 Test Setup and Procedure f%
3

. The lest program was conducted t Test Ceil 1CE2. A schematic of the ‘

¢
X

N

propellant feed system and thrust chamber assembly iicluding the location of all test

~easurements is presented in Figure 6. o

‘ The thrust chamber assembly was mounted on a flexure supported thrust 'f‘?
stand with the injeclor placed hetween the chamber and thrust plate. The stand has »j

the capacity to test engines to 20,000 pounds thrust, but for test on the order of 1,600 =

pounds thrust a 2,000 oound load cell is installed. Standard pressure, temperature, \é

thrust measurements were utilized on the stand to determine the chamber pressure, b

liner temperatures and performance of the thruster. f%

ig

3

Specific impulse and characteristic velocity were the primary perfor-
mance parameters derived from fire test measurements. In addition, the tempera-
ture response of the graphite liner at 4 stations in the chamber section and one at
the nozzle throat was measared. ’

Pt
RIS

5

RS Touvienad

.

S

f

. Also, exhaust particulate samples were collected utilizing an Air Force
. . ’&?i.

furnished exhaust sampler. Chemical analyses of the samples were performed. :3

Cold flow of the injector and feed system was conducted by removing the
chamber and attaching a special test fixture to the injector. The fixture consisted
of a flange; line, pressure and force transducers; a Pc¢ simulation orifice; and a
powder receiver. This receiver allows the fluidizing gas to vent but retains the
solid particles. Fluidization gas flow rates were nmcasured using turbine - type flow-
meters. -

e B

The powder propellants were fed from separate piston-type positive
exvulsion fluidized beds. These beds or tanks were mounted on the thrust stand and ,
connected to the injector with short fixed lines through a single bali-type flow con- ,,
trol valve. The fluidized powder tank assembly is snown in Figure 7. The gas
actuated piston follows the bed during powder expulsion and its displacement was
measured with a potentiometer. Correlation of the bed displacement and solids flow
rate from cold flow tests was used to obtain mass flow rate during fire tests. Pow-
der was transperted by introducing fluidizing gas into the bed via the piston rod and
. a porous plate mounted on the piston face. This porous plate distributes the gas

uniformly and also prevents powder backflow during fill and vent operations.

B
&
*
&
4
Z
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“
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P
"4
K
ki
T x
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OO

. The fluidization gas was introduced separately from the piston actuation
gas, which in turn is prevented from entering the powder bed by O rings on the
piston  When N, is used for fluidizing, the flumdization gas regulators were fed from
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the’ N, actuation gas regulator to provide positive control of the piston differential
pressure. When reactive gas O, was used for A? fluidization separate regulators
were used for piston actuation. For this program, fluidization gas used was CHy
for Al, Ny and Oy during 500 and 900 pound thrust tests, respectively for AP. The
gas pressure in the bed at the piston face was measured by a transducer on the end
of the piston rod. Bed pressure at the ou'let end of the tank was measured by a
standard pressure transducer and provision was also made in the tank to cither
introduce or vent fluidization gas at the outlet end.

Feed pressures in the lines just upsiream of the injector were measured
by in-line pressure transducers. The powder flow passes through the head of the
transducer where the sensing diaphragm is one wall of the flow passage. Standard
gas purge systems were provided just downstream of the valve to expel the powder
in the feed line to the injector at shutdown.

The powder propellants were loaded into the run tanks by manually filling
separate load cylinders and fluidizing the powder into the run tanks. To do this, the
run tank fluidization ports were vented, allowing the fluidizing gas to escape through
the porous plates while the powder was retained in the tank. The load lines were
then disconnected and capped prior to thrust chamber firing.

Test firings were conducted in the following manner. Preparatory oper-
ations include instrumentation checkout and powder propellant loading. The fluidized
bed tanks were pressurized with fluidization gas to a predetermined value. Piston
actuation pressure was maintained at 100 to 150 psi ahove the bed pressure. Tank
pressure was established by summing the expected combustion pressure, and injector
and feed system pressure drops derived from cold flow tests. After th~ bed and
piston actuation pressures were adjusted to the run values, the fire test was iaitiated
according to the following sequence:

1. Tuel stand valve actuated.
2. Oxidizer stand valve actuated.

3. Igniter squib energized.

The oxidizer vaive opening was delayed to give a 0 to 0.020 second fuel
lead on start. An igniter squib time delay of about 0.100 second was programmed to
allow for valve opening and line filling, before propellant entry into the combustion
chamber. All tests were conducted with a CHy gas/AP start phase cf about 0.300
second duration after which the Al powder was introduced. The CH4 gas was intro-
duced downstream of the Al flow control valve. The CHy flow control valve was
closed about 0.100 second after introduction of Al powder.

Shutdown was accomplished by de-energizing the propellant valves. The
fuel valve closes first while the oxidizer valve was delaved to provide about 0.05
second lag. s tends o eliminate the accumualation of unreacted alummom on the
chambe ¢ and no, L e suriaces,
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The data acquisition system consists of varied types of end instruments
required for obtaining flow rates, temperature, pressure, thrust, events and related
test pararneters. A listing of the pa.ameters, shown in the schematic, range of
instruments used and associated measurement error are presented in Table IX. The
measurement uncertainty of the derived specific impulse and characteristic velocity
parameters was established by statistical combinztion of the indi- idual measurement
errors shown in the table. Pcwder mass flow error of :3.3 percent was determined
from previous cold flow data (Reference 1). The predicted error associated with the
performance parameters are: i

. . Specific Impulse 2.5 Percent

Characteristic Velocity 2.4 Percent

The sensors used are of two main groups, the self generating nickups such as induc-
tive, thermoelectric, and piezoelectric, and a second type requiring excitation voltage,
namely; voltage dividers, potentiometric, strain gage bridge, and variable differen-
tial transformers. The sensor output signals may be split and recorded simultan-
eously on two or more of four principal data acquisition systems used to record test
data, namely, a Beckman system, FM tape recorder, oscillograph and graphic re-
corder. For this program, the Beckman, oscillograph and graphic systems were
used. Brush recorders were used in the test cell to monitor setups. The parameters
required for determining performance characteristics of the engine were recorded

on the Beckman system.

3.1.3 Test Resuits

P or to initiation of fire tests with the 800 pound thrust hardware, 2
series of powder stability evaluation {ire tests were conducted with the 500 pound
thrust harcware. This was necessary due to lack of supply of the original H3 Al
formerly used and found to provide the smoothest combustion during initial 500 pound
testing. The vendor, Valley Metallurgical could only supply H5 Al, with a mass
median diameter of 9.7 micron compared to 6.0 micron for the H3 Al powder.

Prior to fire test a series of injector cold flow tests were conducted, as
summarized in Table X, to establish injector and fluidized bed calibration powder
mass flow data for use in fire test setup.

The HS5 Al powder would not pass through an 80 mesh screen, routinely
used for processing Al powder prior to loading. Initial cold flow tests resulted in
plugging of the fuel annulus in the coaxial injector. Small fibrous particles were
observed, Additional powder was then screened (20 mesh) and satisfactory flows were
achieved.

Fire test data are summarized in Table XI. Operating conditions, per-
forinance, stamlity and feed system parameters are inciuded in the table Perfor-
mance parameters were omitted during tests in which, combustion oscillation
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amplitude exceeded :20 percent of mean Pc, or injector plugging occurred. The
initial firing test (Mo. 106) was with H5 Al/55 micron AP. Fire test combustion
pressure oscillation level was much more severe, : 40-44 percent of mean Pc¢ in
amplitude, than that obtained with the smaller particle size H3 Al, :12 percent of
1.ean Pc in amplitude. The next test (No. 101) was conducted with a blend H5 Al +
10 percent by weight magnesium to enhance combustion. The magnesium powder
was spherical and screened, 325 mesh (< 44 micron), by the vendor. Combustion
stability was improved to :23-38 percent of mean Pc but the level was still much
more severe than that obtained with H3 Al. The concentration of magnesium was
increased to 15 percent by weight for the next fest (No. 102) which resulted in
increased oscillation amplitude, :50 percent of mean Pc. Testing with U5 Al powder
was then curtailed.

Since it was observed that the 10 percent magnesium concentration
resulted in reduced amplitude oscillations, a fire test was then conducted (No. 103)
with this magnesium concentration blended with original H3 Al prvwder. A new
nozzle was installed. Operating conditions included higher chamber pressure, and
mixture ratio compared to the previous tests. Combustion oscillations of 140-47
percent of mean Pc resulted which were much more severe than with the neat H3 Al
powder. A test was then conducted (No. 104) utilizing neat H3 Al powder with a new
nozzle. This test resulied in the smoothest combustion obtained at the time with
oscillation amplitude of +10 percent of mean Pc at a frequency of 130 Hertz.

) The results confirmed that the Al powder particle size is the dominant
influence on combustion stability. Further, the results indicated that smaller
particle size magnesium is needed to improve stability of the H3 Al.

The next tests were concerned with evaulating 20 micron AP with 13 Al
as a means of improving combustion stability. Two injector cold flow tests, see
Table X, were made. This finer AP powder exhibited greater agglomeration tendency
and was more difficult to load than previous powders. The initial flow test was
unsatisfactory. New powder was vacuum oven dried and the second flow was satis-
factory. A fire test (No. 107) was then conducted, which resulted in oscillation
amplitude of :5-11 percent of mean Pc¢. The oscillation amplitude was somewhat
greater near start and reduced to :5 percent during the last 0.5 second of operation.
A surge in oxidizer feed pressure was indicated on the oscillograph at 1.4 seconds
from start and mixture ratio was much lower than intended. Injector nlugging of
about one third of the AP flow area was ohserved upon posl test inspection.

Since this finer AP vesulted in smoother combustion, attention was then
directed toward improving its physical character. An unticaking agent, 0.2 percent
by weight - fumed S§i0, (Cah-0-8il) was blended with the 20 micron AP. Improved
physical character was immediately obvious and ease of loading was noted. Cold
flow tests were satisfactorily completed prior to conducting @ fire lest (No. L09) with
the AP ' Si0,. Stability was adversely affected by the Si0y additive with combustion
pressure oscillations of + 38 -5 percent of mean Pe. Hwas postulated that the SiOy,
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whose melting.point i$ about 300¢"F, coated the AP particles and inhibited heac up
and deflagration processes. This suggested the need for a more volatile additive.
A final test (No. 110) was made with the 500 pound hardware to evaluate
the effect of Alecan X-65 Al powder on combustion stability. This powder, of 7.4
micron mass median diameter, was selected as a substitute for the H3, of €.2 micron
mass median diameter, which 'vas no longer available. AP powder of 55 micron
nominal diameter was used for this test. Combustion oscillations of 162 percent of
mean Pc occurred which smoothed to +8 percent during the last 0.3 seconds of
operativn. A trend of reduced oscillation amplitude with increasing run uuration
was observed during all tests. However, this last test indicated the largest and most”
pronounced change of all the tests. Maximum specific impulse performance efficiency
of 0.93 was derived from the.500 pound thrust tests. -

Based on the results of the 500 pound hardware testing, it was determined
to conduct the 900 pound thrust chamber test program with the X-65 Al fluidized with
methane and a blend of 20/55 micron AP fluidized with oxygen. The use of oxygen as
a fluidizer for AP was selected since it would be reactive and enhance burning of Al.
Methane was used with Al for all the previous tests, whereas nitrogen had formerly
been used with the AP.

Blends of 55 and 20 micron ammonium perchlorate powder were prepared
and qualitatively evaluated for flow character. The purpose of this work was to
select a blend of AP containing a large fraction of the fine component to enhance
combustion and yet provide satisfactory flow character typical of the coarse particle
powder. A 50-50, by weight, mixture was selected and a series of cold flow tests
were conducted with the coaxial injector, with center oxidizer vortex and fuel annulus.
A total of six oxidizer flows as summarized in Table X, were conductéd with AP
powder at varying tank pressures. The tests covered a range of flows from 2.54
Ib/sec to 3.20 Ib/sec. One of the tests was made flowing to atmosphere and was
recorded with high speed movies. Review of the movies showed that the flow
character of the AP was the best observed compared « all previous cold flows. The
injector AP at rated flow of 2.15 1b/sec was determined to be approximately 175
psi. The flow calibration data are presented in Figure 8. Also shown are water flow
data at equivalent flow rates and discharge pressure of 100 psi for use in calculating
orifice discharge coefficients shown beiow:

Injection Orifice Dischavge Coefficients, Coaxial Injector

Al AP
Annulus Vortex
Water 0.871 0.678
Prowder 0.526 0.340

It was noted during cold flow that increased AP across the miston was
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required to maintain piston contact with the fluidized bed during expulsion. For
example, atthe increased 900 pound thrust flow rates, 180 to 200 psi AP was
required where formerly at the 509 pound thrust flow rates 100-150 psi AP was
satisfactory. Thc increased AP was attributed to the greater piston acceleration
required for the increased flow rate. I\’Titrogen‘was used for fluidization on all tests.
Additional cold flow tests were performed to evaluate the Oy fluidization setup and
to record oxidizer/fuel flow impingement. -

A total of twelve fuel flows, as summarized in Table X, were conducted
through the fuel annulus of the coaxial injector using X-65 aluminum powder. The
tests were at varying tank pressures and covered a range of flows from 1.10 to 1.61
Ib/sec. Five of the tests were determired to be unsatisfactory due to a progressive
buildup of alun..rum particles at the entrance to the annulus, causing plugging and
excessive AP. Two of the tests were made flowing to atmosphere, one of Al aloue
and one impingement with the AP which were recorded with high speed wovies.
Review of the movies showed that the flow character of the Al alone and AP/Al
together was uniform. The fuel injector AP at the rated flow of 1.26 1b/sec was
determined .0 be approximately 60 psi. The fuel flow calibration data can also be
seen in Figuare 8, with the water flow calibration data.

Photographs of the powder injection siream patterns AP alone, Al alone
and AP/Al together c¢an be seen in Figure 9.

As mentioned previously, a pyrotechnic igniter was developed for this
program. The required igniter load was scaied up from the 500 pound thrust test
program and determined to consist of; 2S-67 (DuPont) squib, 4 grams of No. 4895
smokeless powder, and 40 BKNOg pellets (12.4 grams). A total of six igniter tests
were made in the 85 L* chamber to evaluate pressure rise and firing duration.
Values of approximately 20-25 psia and 150-200 milliseconds were obtained.

Six fire tests were conducted at the 900 pound thrust level to evaluate
the coaxial injector. The operating conditions and test results are summarized in
Table XI. Thrust chamber test installation is shown in Figure 10. The objective
of the initial test (No. 121) was to establish the effect of thrust level scale-up. This
firing was the first to use the 50/50 by weight blend of 55/20 micron ammonium
perchlorate powder with oxygen fluidization gas. The test was satisfactory except
that the mixture ratio of 3.45 was higher than the planned value of 2.5. Combustion
oscillation level was t 16-23 percent of mean Pc. Review of the data indicated that
the fuel injector pressure drop increased compared toc cold flow iest results, from
60 to 150 psi atl rated flow rate.

The objective of the next three tests (Nos. 122, 123 and 124) was to
determine the effect of mixture ratio on operation. Combustion oscillations increascd
to :18-34 percent of mean Pc during Test No. 122 which was conducted at a somewhat
lower mixture ratio than the initial test. Fuel injector plugging was observed during
Test 1CE -123, and several large particles of extruded aluminum were found in the
annular orifice approach region, see Figure 11. Since the aluminum powder is
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screened prior to loading the extruded aluminum was considered {o be formed by
mechanical action in the piston fluidization tank or flow control valves. Test 1CE-124
was a repeat of the prev;pus test but fuel injector plugging recurred. Combustion
stability level during test number 124, was : 3 percent of mean Pc near start,
increased to about +13 percent at 1.u seconds and then decreased to 17 pércent at

" 1.8 seconds. Although fuel injector plugging occurred during the mixture ratio test

series some trend in combustor operation was observed. Specific impulse efficiency
was highest (0.90) at 2.94 O/F with lower efficiency indicated at higher and lower
mixture ratios. Combustion oscillation amplitude was lowest (+3 percent of mean Pe)
at. mixture ratio of 0.89, and was observed tc worsen as mixture ratio was increased
to 2.71 {+34 percent of mean Pc). Post test inspection again showed the zeccumulation
of large size aluminum particles in the fuel annulus of the injector. Measurement of
the fuel annulus gap also show. .. ..CJ2 to §.004 .nch reduction in the 0.030 inch fuel
annuius gap, which accounts for a portion of the injection pressure drop increase.

In order to verify this, two additional X-65 alumiium cold flow tests were
conducted to verify injector pressure drop ind provide ..formation relative to the
plugging problem, utilizing the powder which remained in the tank from Test 124.

No plugging occurred and the injector pressure drop was only 5-8 psi higher than the
original cold flow data. Cycling of the aluminum load valve was then considered to
be causing the formation of large partlcles and a procedure was instituted which
eliminated valve cycling during fill.

Two additional fire tests, 1CE~126 and -127, were made t6 evaluate the
effect of the 105 L* chamber on combustion stability. Run conditions were main-
tained similar to Test 1CE-124 in order to achieve a similar mixture ratio. No
injector plugging occurred on these runs, which substantiated the loading theory.
The 105 L* results indicated slightly higher specific impulse efficiency and Pc
oscillation amplitude compared to the 65 L* tesis.

.1 oscillograph record of Test 127 is presented in Figure 12. It is
shown that oscillations are evident in combustion pressure and fuel and oxidizer
feed pressures but the fluidized bed tank outlet pressure traces were smooth. Also,
the feed pressure traces are about 180° out of phase with combustion pressure.

Some difficulty was experienced in the test setups to vary mixture ratio
for the fire tests. This was due to an increase in Al injector pressure crop compared
to cold flow tests as shown in Figure 13. The cause of this pressure drop increase
was apparently related to combustion operation since pre and postfire test cold flow
characteristics were essentially unchanged.

Maximum specific impuise performance efficiency of 0.090 was derived
from the Y00 pound thrust vests.

Testing of the 900 pound thrust premix injector was deleted {rom the
test plan. Based on 500 pound thrust tests, it was believed that this injector cou
figuration would not produce results different from those obtained during tesing of
the coaxial unit.
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Oscillograph, Test 127

Figure 12,
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- ‘Bed Calibratién :

‘Bed-calibration.was determined-during cold flow by ;ileagitriﬁg thie powder
efflux. Mass flow rate. dWg/dt was corrrlated with ‘bed piston.- dxsplacement (D) using
a Lmear potuntiométer. ‘fhe fire-test flow rate couldthen be denved from bed dis~

placement according to the following equation:

s _-

’'d

d dt ‘ & T

where T is the bed flow constant in' terms of mean solids weight expelled per unit
displacement of the fluidized bed. Fluidizatipn gas was vented from the receiver;
so, only the solids are included in equation (1). Bed calibration data are presented
in Tible XII. Packing efficiency (defined as the ratio of bed density 1o particle
dengity) of AP and Al was derived from the cold flow data.

Fluidization gas was measured during expulsion with flowmeters located
at the inlet te the bed fluidization port. The total mass flow rate (dW t/dt) of fluidi-
zation gas i$ that which occupies the propellant interstices al bed pressure and
temperature under static conditions (dWg/dt) plus that which enters during expulsion
(de.i/ dt) or stated in equation form as follows* :

L o Amm o, s it >N T o e

E‘.'YEP_ i des . dei "
dt dt}- dt
where Wgs = -I%;{r- (1-x)

P = bed pressure - lb/sq ft

\Y ~  bed volume - cu ft

R = gas constant - ft/°R

T = temperature - R

X = packing efficiency

Measurements of the fluidizatior gas flow rates during fire test are
presented in Table XIII.

It can be seen that for all tests the flow rate of CHy gas into the Al tank
was essentially zero during most of the expulsion, with a very small flow indicated
near shutdown. AP fluidization flow was indicated throughout expulsion during the
500 pound thrust testing but only during the last second of vperation during 900 pound
thrust tests. This is probably due to the difference in AP powders used.
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Bed Flow Constant, K Lb/In.

Nominal Particle Size, p

Bed Solids Density, Lb/In.°

Particle Density, Lb/In.3

Bed Packing Efficiency
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TABLE XHUI
FLUIDIZATION GAS FLOW RATES
II:IT)St ,?;;ae AP Tank AL Tank
1CE2 Sac Lb/Sec Lb/Sec
100 0.3 N2 0.0130 CH 0
1.8 0.0141 0.0020
i01 0.8 - - 0
1.8 - - 0
102 0.8 0.6107 - -
1.8 0.0127 - -
103 0.8 0.0221 -~
1.8 0.0296 - -
104 0.8 0.0086 0
1.8 0.0106 0
107 0.8 0.0127 0
1.8 0.0134 0.0021
109 0.8 - - 0
1.8 - - 0.0014
110 0.8 0.0093 ]
1.8 N2 0.0095 0.0010
121 0.8 02 0 0
1.8 0.0124 0
122 0.8 0 0
1.8 0.0285 0.0013
123 0.8 0 0
1.8 0.0109 0.0011
124 0.8 0 0
1.8 0.0104 0.6010
126 0.8 4] 0
1.8 0 G
127 0.8 0 (
1.8 09 0.0113 CH4 0.0014
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Skin Temperature Results

* M
e e A

Measurements of the graphite liner exterior skin temperatures are
presented in Table XIV. The mean temperature for the chamber region can be seen
to be about equal to the value predicted, see Table VI. Also, the discrete temper-
atures indicate a relatively cool zone near the injector. Throat temperatures are
much higher than predicted. This probably results from differences between actual
and assumed wall thermai diffusivity properties rather than variation in gas termper- :
ature or film coefficient. Here the sensitivity of skin temperature to wall properties
would be greater in the throat than the chamber region due to the higher heat flux.

Vorbtcratr

A

Heat transfer loss to ‘he thrust chamber walls would therefore be approxi-
mately equal to the predicted value of 135 BTU/Ib, which corresponds to the sum of
the chamber and throat specific heat rejection values at 2.0 seconds for the -5 and
-7 chambers shown in Table VII.

APt S AR T AN

Ezhaust Samples Results

Exhaust samples were collected in the apparatus supplied by the Air :
Force Rocket Propulsion Laboratory during Tests 121, 123, 124 and 127. An insig~ ‘
nificant quantity of product was collected during the initial test. A quantity of white i
product which appeared like a flame sprayed aluminum oxide coating was collected )
during the other tests. Samples were removed and pulverized for chemieal analyses.
Composite samples from each test were analyzed according to the procedure of '
Reference 6. Results indicated less than 1 percent by weight of unreacted aluminum
in each of the samples.

3.2 Powder Packing Evaluation
3.2.1 Approach

The plan for conduct’ng the powder packing effort consisted of three
principal subtasks:

a.  Conduct packing tests on as-received available powders ulilizing
monosize, bimodal and trimodal particle distributions with premixed, layered,
sequenced and coniinuous blending techniques. (Subsequently to be described.)

b. Select the hest distribution and blending techniques, conduct packing
tests with shape m-..fied (rounded) particles,

c. Evaluate the effect of anti-friction agents by conducting packing
tests on selected blends with silica, boron nitride, glass microballoons and fluoro-
ethane additives.

A survey of AP suppliers resulted 1n availability of the following particle
size powder for the packing evaluation- 7, 20, 50, 80, 200, 400 and 400 micron (rounded).
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‘ 7 TABLE XIv :
T“giR.UST CHAMBER GRAPHITE SKIN TEMPERATURE MEASUREMENTS - °F ‘
- AT 2.0 SEC
A Thermo-
vouple . _
Resion Station Data Test No. 1CE2
. & From Time
Injector Sec
In. 121 122 123 124 126 127
Chamber
0.3 2.0 593 726 476 418 529 416
3.25 2.0 1170 1269 874 899 954 818
5.85 2.0 1150 1273 1146 1056 1147 1190
8.45 2.0 1094 1205 1107 107 1071 1105
MEAN 2.0 1004 1118 901 867 925 860
Throat
" 12.18 2.0 525 580 591 594 646 669

Average of two thermocouple measurements 90° apart at each axial
station.
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. it was desired to classify the AP powders into narrow cut fractions,
however, a vendor for handling hazardous materials was not available. N

The volume fractions selecte‘gi_) in this effort for the bimodal AP systems
was bzsed in part on the work of Westman and Hugiil (Reference 7). Using round,
washed sand and varying the coarse/fine volumetric ratio, a minimum void (maximum
packing) obtained was at a volumetric ratio of 70 percent coarse, 30 pexrcent fine.

The particle size of the sand was: coarse, 4-6 mesh and fine, 150-200 mesh. McGeary
(Reference 8) using spherical metal shot plotted data which showed a maximum
theoretical density at about 70 percent coarse/30 percent fine. Alley and Dykes
(Reference 9) reported maximum packing at about 68 percent ¢oarse/32 percent

fine in a bimodal system-consisting of 27 and 180 micron AP.

The trimodal AP system ratios were taken in part from the work of
Alley and Dykes. AP powders selected for the trimodal were 7, 55, and 400 microns
to provide & minimum diameter ratio of 7 between commercially available sizes. A
ratio of 12/50/38 percent was reported to have the highest bulk density for AP sizes
similar to those evaluated in this investigation.
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3.2.2 Test f’i‘ocedure

Material Characterization

LSt ey ey

Characterization included particle size analysis, particle density and
photomicrographic examination. Particle size distribution was determined at Micron
Data Labhoratory Service, Grimsby, Ontario, Canada, using a Micrometries X-ray
Sedimentation Analyzer Sedigraph 5000. The powder sample was dispersed with a
selected dispersing agent in a liquid (Sedisperse - C43143) having proper' density
and viscosity. Particle detection is accomplished by passing a finely coilimated
beam of X-rays through the settling particles, with the position of the cell being
moved continuously so that the detector position changes from bottom to top of the
cell as sedimentation progresses. All movement is synchronized to the X-axis of
the recorder to indicate directly the particle diameter. Data transformation is
accomplished by a built-in digital program computer that moves the cell through
the X-ray beam. This X-ray sedimentation technique was utilized for powders of
particle size <100 microns. Screen analysis was used to establish distribution for

particle size > 100 microns.

LTy

R T A A T R S T o e

Particle density was also determined at Micron Data Laboratory Service
by the following procedure:

SPREENA R Ry

 TIL ATV AT clenr il mls v 5

a Weight of pycnometer, empty and dry,
b. Volume of pycnometer, calibrated.

Weight of dry sample in pycnometer.

o

d.  Weight of pyenometer filled with sample and liquid
(Sedisperse - C43143 or equivalent).
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e.~ Specific.gravity of liquid at test temperature.
1. Weigh_t"’of liquid in pycnometer (d-a-c).

g. Volume of liquid in pycnometer (-f; ).

h.  Volume occupied by sample (b-g).

i. Specific gravity (density) of sampile (%).

Photomicrographic examination was conducted utilizing a Hitachi Scanning
Electron Microscope and magnifications from 116X to 1300X were taken of the ammo-

nium perchlorate powders and the ammonium percklorate powder blends evaluated
in this investigation.

Tap Density

Tap density was determined by pouring a given volume (weight) of powder
into a graduate cylinder. The graduate was mounted on the Joliing Volumeter base,
with the unit set to run for 1250 taps. Three runs of 1250 taps constitute the labora-~
tory base to establish tap density. Volumetric readings are taken after each run.

. v = Weight of powder {g) _
Tap Density (g/cc) Fina: volumetric reading (cc)

The tap density apparatus was a J. Engelsmann A.G. Volumeter JEL ST2
illustrated in Figure 14 which complies with German Standard DIN 53194 and Finish-
ing Trades Standardization Committee. A measuring graduate cylinder was mounted
on a hase coupled to a cam shaft which rotates at 250 + 15 RPM.

Packing Modes

Various packing methods including premixed, lavered, sequential and
continuous, were evaluated during the conduct of this effort. All of the ;aboratory
scale packing experiments were conducted with sample size of 50 ml. A description
of the procedure asscciated with each mode is as follows:

Premixed:

Known sravimetric/volumetric quantities of ammonium perchlorate
and/or aluminum powder of selected particle sizes were manually transfzrred to
and mixed in laboratory jars. The powders were blended on a Norton Coinpany,
Model 753RM, Jar Rolling Mill operating al 140 RPM, for one hour.

Layered:

increments of the constituent powders were alternately added o the
graduate. The coars . constituent was first added, followed by the fine constituent
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in turn by the coasse powder followed by the fine powder. This continued until the
correct total quantities were added fo the vessel, usually ten layers were made.

f
“

(]

Sequential: .
The entire quantity of the coarse fraction of ammonium perchic cate
powder was added to the graduate as one increment. The entire quantity of the fine
_powder was then added. The graduate was thén mounted cn the Jolting Volumeter
and vibrated with the objective of the fine material penetrating through the voids of
the coarse fraction.

Continuous:

Metered guantities in the correct gravimetric/volumetric ratio of the
constituent powders are added to the test vessel simultaneously. The powders may
be tumbled, vibrated, and/or mixed during the metering cycle. Initial tests were
unsatisfactory as the powder flow from the gravity feed system was erratic. Further
development effort beyond the scope of this program would be required. Therefore,
this mode was appro;iim,ated in this investigation utilizing a modified layered mode.
The size of the layered increments added to the 50 cc graduate was decreased (by
one-third and the number increased by a factor of three). Alternate increments of
coarse und fine powder was added to the test vessel.

Anti-Friction Agents

" Fumed silica, boron nitride and glass microbalioons (5 percent by volume)
were added to the powder mixture before blending by the premix mode. The fluoro-
ethane liquid was added to the base powder mixtures either before blending or during
vibration. The liquid was then evaporated off by placing the mixture in an oven at
175°F for 2 1/2 hours.

Scale-~Up

Bimodal AP (20/200 microns) and trimodal AP (7/£5/400 microns + 8iOs)
blends were scaled up by preparing 11 pound quantities by the premix mode for fire
tests. These mixfures were blended for four hours in a Twin Shell Blender.
3.2.3 Test Resulis

Material Characterization

Particle size distribution results are presented in Table XV which
includes the 10, 50 and 90 cu..ulative weight percent points taken from distribution

plote. A tvpical graph obtained from the X-ray sedimentation technique analysis is
shown in Figure 16 which is the characteristic obtained for 20 micron AP,
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- 4 . TABIEXV
- POWDER PARTICLE SIZE DISTRIBUTION |

T P

e

: 1 o ~ | . Cumultive weight . 1.
| Nominal - { Source - % Above Stated Sizesp . | .

| Sweb 4 - mEAEEE
[ | |
7 1 Atlantic Research Co. 14 6 2.7
) 20 Atlantic Research.Co. 4 oom 4.2
55 f Ke;r-McGee - 66 38 18
80 1 Rocketdyne, McGregor 95 72 43

200 | Atlantic Research Co. 290 182 105
400 | Atlantic Research Cc. 499 410 350

400R Naval Weapons Center 500 420 340

AL
3 Valley Metallurgical 12 6 3

. 30 Valley Metallurgical 60 36 20
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Particle density measurement results are included in Table XVI. The
particle density of the 7 to 200 micron AP powders was 1 94 g/cc, for the 400 micron
it was 1.89 g/ce, and for the round 400 micron it was 1.93 g/cc. These values may
e compared with the theoretical crystal density of 1.95.

-

~

“The average particle sizes observed by the Scanning Electron Microscope
Micrographs generally agreed with-the nominal sizes, although there was a consider-
able range of size within each sample. The finer particles (7 and 20 microns) showed
a.high degree of agglomeration making it difficult to define the individual particles.
Thete:was no significant difference in shape between the "regular” 400 micron and
the "'rounded" 400 micron-samplés, both exhibited a rounded profile. Photomicro-
graphs of each of the base AP powders are presented in Figures 16 through 22.

A significant improvement in the flow character of AP was noted when
blended with small quantities of fumed silica. Figure 23 illustrates the structure
of a sample with 0.2 percent $:09 to improve the fluidity of the powder.

Normally this level of Si would be undetectable by X-ray analysis. How-
ever, since Si should be concentrated on the surfaces of the much larger AP particles
an attempt was made to detect it. Figure 24 illustrates a reflected electron image
and the corresponding Si X ray image. It shows a few scattered Si~rich regions in a
nonuniform distribution. Two interpretations are possible. Either (a) the 8i0, is
present uniformly over all the AP particles at a level too small to be detected with
the exception of a few heavier concentrations which are detected, or (b) the SiOy is
located only in a few scattered regions. The improvement in flow of the blends would
tend to support the former.

Micrographs of X65 Al powder w..ich was substituied for H3 for fire tests
and the H3 are included in Figuves 25 and 26.

Tap Density

Powder packing tests were conducted with the base powders, and various
combinations of particles including bimodal, trimodal blends and blends with anti-
friction agents for AP. Tests were also performed with scaled up quantities of AP
powders, and AP/Al bleads. Powder packing test data are presenied in Table XVI
and results of each group of experiments are discussed in the {ollowing paragraphs.
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The tap densities of the seven AP powders selected for this investigation %
ranged from 0.66 g/cc for the nominal 7 micron particle size to 1.29 g/cc for the j§
nominal 200 micron size. The 400 micron powders had tap densities lower than the f’;
200 micron powder. This apparent anomaly is believed to be due tg the spherical %

.

shape of the 400 micron powders and the particle size distribution.

The packing efficiencies of the base AP powders ranged from 33.9 percent
for the 7 micron to 66.3 percent for the 200 micron particle size.
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TABLE XVI

POWDER PACKING TEST DATA (i of 3)

Sample Density { g/cc Particle | Packing
= Initial Tap Density,.g/cc | Eificiéncy, %
'l Base Powders & R
THAP  (5) 0.52 0.66 1.945 33.9
20 AP (17) 0.64 (.92 1.943 47.3
554 AP (38) 1.05 1.9 1.946 61.1
80 AP (72) 1.06 1.0 1.948 61.6
200 AP - (182) 1.18 129 1.944 £6.3
400¢ AP (410) - 1.12 1.21 1.898 63.7
R400 1 AP (420) 1.18 1.24 1:933 64.1
H3 Al (5) 1.03 1.43 - =
30 Al (36) 1.40 1.68 - -
AP Blends
Bimodal 20 /200 ¢ i
(Vol.% 30/170)
Sequenced 1.01 1.21 1.94 62.3
Layered 1.08 1.22 1.94 62.8
Premixed 1.04 1.35 1.94 69.5
204 /400 1
(Vol. % 30/70)
Sequenced 0.93 1.23 1.60 64.6
Premixed 1.20 1.490 1.90 73.6
Premixed (Repeat Test) 1.14 1.42 1.90 74.7
20 4 /R400 ¢
(Vol. % 30,/70)
Sequenced 1.03 1.16 1.93 60.1
Premixed 1.13 1.27 1.93 65.8
Premixed (Repeat Test ) 1.17 1.29 1.93 66.9
Trimodal
(TR/551 /4001 )
a) Vol.%: 12/50/38
Sequenced 1.00 1.22 1.92 63.5
Layered 0.98 1.32 1.92 68.7
Premixed 1.08 1.41 1.9 73.4
62
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TABLE XVI (2 of 3).

Packing

Sample | Density | g/ec Particle
P Initial | Tap |Density, g/cc | Eificiency, % -

b) Wt % 12/50/38

Sequenced 1.02 120 |  1.92 62.5

Layered - 1.29 1.92 67.1

o Premixed 0.99 1.37 1.92 71.3

Trimodal
(T /55 p /R400H )
Vol. % 12/50/38

Sequenced 0.96 1.15 1.94 59.2

Premixed 1.04 1.35 1.94 69.5 .

- AP With Antifriction Ag'ents@l

Bimodal-Premixed
20 1 /200p
(Vol. % 30/70)
a) Fluovoethane 1.04 1.42 1.94 731
b) Fumed 510y 1.22 1.43 1.94 3.7
¢) Boron Nitride 1.05 1.30 1.94 67.1
Trimodal (7§ /551 /400 pt)
(Vol. % 12/50/38)
Layered, fluoroethane - 1.31 1.92 68.2
Trimodal-Premixed
TR/55 1K /400 ¢
(Vol. % 12/50/38)
a) Fluoroethane - 1.44 1.92 75.0
b)  Fumed SiOy 1.14 1.41 1.92 73.4
¢) Boron Nitride 1.04 1.33 1.92 69.4
d) Microballoons 1.06 1.34 1.92 69.8
Bimodal AP-Round Shape,
Premixed
a) 204+ fumed 8i0q 0.70 1.07 1.94 55.2
b) (264 + fumed Si0,

R400 Vol. %: 30/70 1.24 1.41 1.93 73.0
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TABLE XVI (3 of 2) h .
R Sampie Density { gfee ‘ Particle Packing -
) Sampie { Initial | Tap' |Density, g/cc | Efficiency, % | -
c) (201 +85i0g) R400_
Conditioned with
Fluoroethane - 1.48 1.93 76.7
| AP/AL Blends - Premixed )
200 ¢ AP/H3, H30 Al
(Vol. %: 30/70)
O/F = 25 : 1.35 1.50 2.12 70.7
301, 4001
(Wt %: 50/50)/H3 Al
O/F = 2.0 1.23 1.62 2.15 75.3
Scale Up, AP
Bimodal 20 1 /200 % - -
(30/70 % by Vol.) 1.05 1.42 1.94 73.0
Trimodal T /55 # /400 4 .
(12/50/38 % by Vol.,
+0.2% fumed .Si0,) 1.22 1.47 1.92 76.5

NOTES: & Mass median diameter in microns is given in parenthesis.

ZZX Antifriction Agents

Boron Nitride: Atomergic Chemetals Co., Lot C4366,
BN - 99+ % (10¢)
Fumed 8ilica:  Cabot Corp., Cab-0-8il (8iOy), Grade EH-5,
0.007E , 2.3 Ib/it3,
Microballons: 3M Co., Hollow Glass Spheres, Lot P-6546B
(20~80 1 Range)
Fluoroethane: Bell BMS ST1002-947009, F113, Grade 2 (Ucon N
113-LR2), Trichlorotrifluoroethane. '
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The tap density of a bimodal AP powder mixture with.a nominal diameter
ratio of 10:1 (200,20 micron) packed by the premix modé was 1.35 g/cc, layered mode
1.22 ¢/ce, sequential mode 1.21 g/ce, and simulated contifiuous mode 1.32 g/ce. <
Packing efficiency ranged from 69.5 percent for the premix mode i0 62.3 percent
for the sequential mode. ' s ’

Tap density of a bimodal AP mixture with 2 nominal-diameter ratio of
20:1 (400/20 micron) packed by the premix mode was 1.40 g/ce, and by the-sequential
mode 1.23 g/cc. Packing efficiency values were 73.6 percent and 64.6 percent,

_ respectively.

Tap-density of a trimodal AP mixture (7/55/400 micron)-packed by the
premix mode was 1.41 g/cc, layered mode 1.32 g/cc, and sequential mode 1.20 g/cc.
Corresponding packing efficiencies ranged from 73.4 percent to 62.5 percent. Slight
increases in tap density were obtained with the trimodal (7/55/R400 micron) blend.

It was established from the preceding tests that the premix mode pro-
duced the highest density, thereforc this method was selected and used during
subsequent tests,

Treating AP powders with fiuoroethane improved the tap density of both
the bimodal (20/200 micron) and trimodal (7/55/400 micron) systems. Similar
improvements were noted by adding fumed silica to the AP powders. A decrease in
density was noted when either boron nitride or hollow glass spheres (microballoons)
were added. Characteristics of the anti~friction agents are included in Table XVI.

A packing efficiency of 70.7 percent was obtained by mixing 200 micron
AP powder with a blend 30/70 percent by volume of Valley H3/H30 spherical alumi-
nam powder at an O/F vatio of 2.5. An efficiency of 75.3 percent was obtained by
mixing a blend of 80/400 micron AP, 1:1 by weight, with H3 spherical aluminum
powder at an O/F ratio of 2.0.

It was considered important for propulsion system application to establish
if the laboratory processes could be scaled-up without loss in packing efficiency.
Therefore, scale-up tests were conducted by preparing 11 pound batches of the
himodal (20/200 micron) and the trimodal (7/55/400 micron + 8i0gp). Tap densities
of samples of the scaled-up blends showed an increase in packing efficiency of about
3 percent compared to the laboratory size (50 cc) tests.

3.3 Analysis of Experimental Results

Review and analysis of the test results was performed in an effort to
correlate data. Due to the exploratory nature of this initial feasibility investigation
and the occurrence of combustion instability, a systematic approach was precluded.
Emphasis was directed toward diagnosing and eliminating combustion instability.
However, the trend of test variables was established. For example, the trend of
smoother combustion with reduced particle size o the powder was established.
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8 systematic test plan»was aceomplisked in the performance of Task I,

~ Powder- Pacer.«g. Discussion of the results of both tasks is included-in the following e
subsectmns.
) 3:3.1 Combustion and Feéd System Evaluation ) "~
' Low frequency combustion instability was encountered during fire tests i

of the previous progzom. Reference 1. It was determined that Al powdér was the
dominant. factor &ffsciing combistion stability. Use of smaller particle size Al and
reactive fluidizing zas {methane). for Al improved combustion stability. It was
‘postuiated that feed:system ¢oupled instability forced by the-heat~up and combustion
lag-of Al ceéurred. However, since -the Al which produced the smoothest combustion P
was no longer manuxacmred initial contractuai fire testing was conducted utilizing
existing 500 pound thrust hardware for the purpose of selecting Al and AP powders i
for 900 pound thrust investigation.

The instability persisted during the contractual program and the test
results support the Al heat up and burning hypothesis for combustion oscillations.
Three different Al powders were evaluated and the trend of reduced oscillation
amplitude with decreased particle size was observed. Additionally, the 5 micron Al
exhibited a screening anomaly which suggested particle surface differences which -
could have affected combustion.

Addition of 10 percent, by weight, 44 micron spherical magnesium
powder to Al resulted in reduced oscillation amplitude with 5 micron Al but caused
more severe oscillations when blended with 3 micron Al. These results indicate
that smaller particle size magnesium is needed to improve stability of 3 micron Al.

Variations in AP powder also resulted in reduced combustion oscillation
amplitude with smaller particle sizes. However, the 20 micron AP exhibited a marked
tendency to bulk and agglomerate and injector plugging occurred during fire test.
Addition of §iOp (Cab~0-Sil) improved the physical character of the AP but combus-
tion oscillation amplitude was adversely affected. It was postulated that the SiOg
coated the AP and inhibited its deflagration processes. This suggesis the need for
a waore volatile anti-caking additive which would gasify or decompose upon entry
into the combustion chamber.

A trend of reduced oscillation amplitude with run duration was observed
in nearly all teets. Since a heat sink type combustion chamber was utilized in which
graphite gas side wall temperatures of about 2000°F were reached in a 2.0 second
duration firing it would be expected that heat up and burning of Al would be enhanced
with time. This could be attributed to reduced heat loss from the combustion gases
and/or radiative heating effect of the wall on Al particles.

Although fuel injector plugging occurred during the mixture ratio test
series some trends in combustor operation were observed. Combustion oscillation
b amplitude was lowest (12 percent of mean Pc) at mixture ratio of .89 and increased
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Increasmg the .Combustion chamber L* from 65 to 105 mches L* resulted

in slightly increased cscillation amplitude. -
Based on-the results derived from this and previous programs, it i§
- indicated* that faster héat up and"bufning‘oi' the Al nowder‘is needed to achieve smooth
combustlon mlectmn. With the r everse flow conﬁguratmn the Al powder would be
injected - from the nozzle end cf the thrust chamber and.directed; counter flow, toward
the-opposite end of the chamber where the AP injector is-located. In the btaged
combustion-injector ‘the AP would be:decomposéd.in.a preburner which. exxts into:the
main combustor where the Al is introducéd. With-developmetit of buxtable injectors,,
it is- expected that smooth combustion -would:-be achieved uhhzmg the larger particle
size H30/H3 Al and’ ﬁ400/ 20 micron AP blends which provided the-greatest packing
densities. .

The change in Al powder injection pressure drop characteristic between
cold flow and fire test is not understood. Additional experimental effort is required
if"fluidized Al powder rocket {echnology programs- are continued.

Another potential problem asscciated with Al powder is the formation of
large sranules due to mechanical action which occurs during valve on-off cycling.

This problem could possibly be alleviated by utilizigg hardened Al powder.

3.3.2 Powder Packing

‘ The packing of [ine powders of necessity involves vast assemblages of

particles which are dealt with en masse and therefore statistically., These assem-
blages form configurations which {all between limits described as random loose or
random dense packing. Regular geometric packings are improbable in the extreme.

Random close packings result from random loose packings by the elimi-

nation of excess voidage which migrates to the exterior of the mass. This excess
voidage is created by substructures sustained by interparticle friction and cohesion.
Since random close packing represents a minimum energy state, the mternal sub-
structures are unstable anc can be made to collapse.

The technigue of particle packing to obtain hagh packing efficiency
comprises filling the voidage formed by the nesting of larger particles with smaller
particles of such size and proportion as to fit the intersticial spaces.

The deterents to high packing efficiency in assemblages of fine particles
are interparticle friction, cohesion and improper sizing. Certain particle charac-
teristics and size distribution relations are known to facilitate the attainment of high
packing efiiciency. Among these are:

1. A narrow size distributicn within the particle fractions.
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2. A large difference in the megm—diz}meter of the fractions.

o
~

3. Roundéd particle shape. . '
4, The sufface«condition.

L3

The first two factors determine the void:filling capacﬂ:y of the aggregate,

Whﬂe the latter two affect.interparticle friction and cohesion: The collapse- of sub-
st shires-within. the aggregate is-supplied by a combination of gramtatmnal inertial,
,and physxcal forces-where the inertial and physieal force requiremént becomes: great-
er w»iﬁe :$ize of the:particles.become smaller: Inertial forces are.usually supplied

by v1bratmg or jogging machinery. While surface tension -and-fluid dynamic. drag are

the type of physical. forces applied to bring about the col}apse of the -substructures

and:the migration of voidage to the exierior of the particle assemblages.

Almost everyone who has experimented with packings has poured equal
spheres into a container and anplied tapping. Extrapolated values for the limiting
packing densities are found to 'be 59 percent for random loose packing and 63 percent
for random dense packing. When equal spheves, each having different diameters are
mixed, higher packing densities are possible. By choosing the proper quantity and
size of sphere making up the components of the niixture, the intersticial spaces are
filled and the packing efficiency increases. Under idcal conditions, the calculated
density limit of a two component mixture is 82 percent. The proper size relation
between the components, expressed as the radius ratio, should be at least 7. In other
words, the diameter of the larger particle should be at ieast 7 times larger than the
smaller particle. The limiting voidage volume is simply {1 - packing density).

Just as regular geometric packings are improbable in the extreme so too
is the existence of equal spheres or discrete monosize distributions. The greater
the spread in the distribution, the more the densities will decrease from the limiting
densities stated ahove. Other factors which detract from attainment of ideal density
values are; particle surface irregularities, and interparticle cohesion.

The above factors and relationships have been demonstrated with a num-
ber of practical systems, most particularly aluminum metal powder which constituted
the fuel in the Powder Rocket Propulsion Evaluation Program. ' able XVII summaz-
izes the results of experiments with fine aluminum powder, Reference 2.

The packing of plain powder, 30 micrors and greater in size, approaches
that of the limiting value R.D.P. The relatively small difference is attributed to the
distribution spread. However, when the particle size is very small (3 microns),
surface forces begin to predominate and prevent the collapse of substructures within
the mass.

Application of those factors which overcome the surface Yorces have more
influence oa the very small particles than on the larger. As the table shows, increas-
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B TABLE XVII
Al POWDER PACKING SUMMARY
e s Dacking
Condition Density (%) Remarks
R.L.P.* (limit, value) . .58 | Ref. (1)
R.D.P ** {limit, value) 63 Ref. (1)
B.R.M.¥** (limit, value) 32 Ref. (2)
- T.R.M F¥k¥ 04

30 1 irregular shape 61 as received

3 ¢ irregular shape 43 as received
60 4 spherical shape 59 as received
30 i spherical shape B 61 as received

3 4 spherical shape 53 as received
60 1+ spherical shape 60 classified
30 4 spherical shape 61 classified

34 spherical shape 54 classified
30 4 spherical shape 60 dried
36 # spherical shape 69 -| dried

3 1+ spherical shape 52 dried
60 & sphericai shape 68 isopropanocl treated
30 4 /2 ¢ irregular shape 62 as received
30 #/3p sphericiii shape 66 as received
30 4 /38 sphericai shape 71 classified
30 /3K spherical shape 77 isopropanol treated
* Random l_ose packing .
ok Random dense packing.
*kok Binary random mixture, radius ratio approaches infinity.
Fkkok Ternary random mixture, radius ratio approaches infinity.
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ing sphericity, presence of lubrication (moisture), and surface treatment, all promote
higher packing densities if the small particle mass.

It is also evident from the table that the application of the factors de-
scribed improves the density of binary mixtures. The difference in density between
the highest attainable binary mixture (77 percent) and the B.R.M. limit (82 percent)
is believed once again to be due primarily to distribution spread.

" - Similarily the effect of these factors and relationships were extended to
AP powder packing as demonstrated by the test results summary presented in Table
XviI.
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TABLE XVl

AP POWDER PACKING SUMMARY

Condition *

Packing
Efficiency - % Remarks

T
20 ¢
55 ¢
80 K

200 ¢

400 P
R400 ¥

20/200 B
20/400 ¢
20/R400 4

7/55/400 p

20/200 i
20/200 p + 8102

7/55/400 ¢

7/55/400 § + SiO2

20/R400 p + Sio2
7/55/400 4 + Sio2

34
47
61
62
66
64
64
70
74
67
73

73
74

75
73

717
77

Fluoroethane Treated

Fluorcethane Treated

Fluoroethane Treated

Scaled-Up
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. APPENDIX

LN

Fluidized Powder Density

The mass of the fluidized powders is composed of the mass of the solids
. plus the mass of gas in the mixture. Density of the two phase mixture is deteriined
.as foilows:

Mass (Solids + Gas)

Density Volume
o \Vs + W
¢ T TYolume = 3)

Fluidization gas occupies the interstitial volume between the powder
particles under static conditions. During expuision additional gas may enter the bed
due fo pressure drop associated with acceleration, friction and leakage effects.

If additional gas enters the bed during flow conditions then the volume
fraction of gas increases. Modification of equation (3) gives:

W +W
+ = —2 gt
g 1+1-x) W _/W
gi' " gs

P 4)

For example Curing fire Test No. 100, considering AP:

PV

Ve T mr 09
604( 1)(1~.57) X 144
55.2 (532)
w = 1.27 1b/unit volume
gs

From the displacement potentiometer transducer the volumetric flow
rate measured during this test was 0.0246 cu fi/sec. The weight flow rate of gas
was then:

.

Wgs = 1.27 (0.0246) = 0.0312 lb/sec

) In addition, the fluidization gas weight flow rate measured during test
(W) was 0.0117 Ib/sec, and the specific weight (ng) was 0.0117/(0.0246) = 0.475
Ib/unit volume. The total weight of gas in the control volume (Wgt) increases:

W = W W
gt gs gi
= 147 v 0.475

Wgt 1.745 b
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' Sfib‘stit‘uting in equation (4) using the bed calibration data (see Table X1I)
; (0.0405)(1728) + (1.745) ’ '

ps+g = 1 +(1-0.57)(0.0117/0.0312) <
Y 1041745 _
(AP) ps+g - 1+ 0-16 61.8 lb/cu ft

¥rom the above calculation it ¢can be seen that the gas volume fraction
increased from 0.47 to 0.59. )

At injection conditions the -gas expands isothermally from 600 psia to
300 psia and therefore the gas volume iraction increases from 0.59 to 1.18

_ T0+1.745
and p = o

stg 574118 41 ib/cu it

Similarly for Al with methane fiuidization gas it can be shown for test number 100
that

(Al) P +g = 94,7 1b/cu ft at tank conditions
Pq ig = 73.1 Ib/cu ft at injection conditions.
Comparison calculations which were made for Test No. 121 follow:
Density
N Conditions P s+g, Ib/cu ft
Test 121 Test 100

AP
at Tank Pressure 71.8 61.8
at Injection Pressure 59.7 41

Al
at Tank Pressure 96.2 34.7
at Injection Pressure 80.8 73.1

It can be seen that the resulting density values differ somewhat which is
due to variations in test conditions. AP differed in particle size while Al variations
were attributed to pressure and fluidization gas. Correspondly, actual injection
velocity differed from design values stated in Table III.
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