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Report AFRPL-TR-67-242

FOREWORD

This progress report (Aerojet Report No. 1134-81-1), covering the
period from 1 May through 31 July 1967, is submitted in partial fulfillment .
of Contract F04611-67-C-0106.

This investigation is being conducted by the Fuels and Combustion
Research Section of the Advanced Propulsion Research Department, Research
and Technology Operations, Aerojet-General Corporation, Sacramento, California.
The Air Force monitor for the program is A, McPeak, Lt., USAF/RPCL.

The work described herein was performed by S. D. Rosenberg, R. E. Yates
and R. C. Adrian. This report was written by the program staff.

Publication of this report does not constitute Air Force approval of

the report's findings or conclusions. It is published only for the exchange
and stimulation of ideas.
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Report AFRPL-TR-67-242

ABSTRACT

The design of the first of two liquid micromotors has been completed.
This micromotor will be used for the determination of characteristic velocity
and chamber temperature and for analysis of the exhaust products. The prep-
aration of the test site has begun and the fabrication and installation of
the micromotor and auxiliary equipment have been initiasted.

A tentative test plan has been developed for the study of the combus-
tion characteristics in air of the exhaust products of the pentaborane-

hydrazine eystenm.
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SECTION I

INTRODUCTION

Air-augmented rockets offer significant improvement in specific impulse
over conventional rockets. The improvement is realized through two important
mechanisms: first, through addition of the air mass to the exhaust stream and,
second, by achieving additional combustion of the primary rocket exhaust when
the primary rocket is operated in an under-oxidized condition. Therefore,
primary propellant systems which produce exhaust products that may be oxidized
further in air are attractive for air-augmentation applications.

The pentaborane-hydrazine propellant system is especially attractive in
that the exhaust of this system consists chiefly of hydrogen, boron nitride,

and boron. If significant combustion of these exhaust products can be achieved
in air, a system of exceptional performance may be realized.

The objective of this program is to establish the combustion charac-
teristics in air of the exnaust products of the pentaborane-hydrazine system.
A study of the combustion will ke onducted using two liquid micromotors. The
test variables which will be i.vestigated include the following:

1. Temperature and pressure of the secondary air, simulating both low
altitude/moderate Mach number, 2.5, and high altitude/high Mach number, 4.0.

2. Alr-to-propellant-weight flow ratios in the range 8:1 to 40:l.

3. Primary propellant mixture ratios (NZHA/B H,) in the range 1.27
to 0.6. 22

4, Secondary combustion chambers (not more than three) of different
diameters and lengths.

5. Composition of secondary air, i.e., air or nitrogen.

Test measurements which will be required include the following:
1. Propellant and air flow rates.

2. Air inlet temperature and pressure.

3. Primary and secondary chamber pressures.

4. Total thrust.

5. The extent of conversion of the boron nitride and boron to boron
oxides, by collection and analysis of the exhaust products.

Page 1
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I, Introduction (cont.) 1

6. Spectral sas-temperature and other optical measurements in the
secondary chamber. {

Characteristic velocity, chamber temperature and specific impulse will be |
calculated based on these test measurements, and a combustion model will be

developed.

Page <
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SECTION II

SUMMARY

The technical effort on this program is divided into three distinct
phases. The work accomplished on each of these phases during the first quarter

of the orogram are reported below.

A. PHASE I: DESTGN, FABRICATION, AND INSTALLATION OF
MICROMOTOR FACILITIES

1. Micromotor "A"

The site selected for the experimental test program is in the
Research Physics Laboratory of the Advanced Propulsion Research Department.
The test bay and auxiliary facilities are being installed currently.

The designs of the air-heating system and the combustor compo-
nents have been completed. Fabrication and installation of the air-heater are
in progress. Fabrication of the combustor components 1s currently underway.
These components include the primary propellant and igniter injectors, the
water-cooled primary combustion chamber and nozzle, the augmenting-air injector,
the water-cooled secondary chamber and replaceable nozzles.

2 Exhaust Sampliny System

The design of the exhaust sampling system is nearing
completion. The exhaust duct, with provision for liquid-argon injection and
exhaust sampling, 1is currently being fabricated. The¢ lesign of the dust-
collector is under consideration.

3. Spectral Equipment

The assembly of the equipment for spectral temperature deter-
mination is almost complete. Modifications of existiang equipment and the
fabrication of additional components are ccmplete with two exceptions: the
light-source intensity monitors and the ring mounting which supports the
light-sources.

The complex refractive index of BN, required for particle-
cloud temperature determination, has been obtained from data supplied by
Dr. W. W. Lozier and by N. J. Norante.

A computer program for the determination of temperatures frem
the spectral data has been developed.

Fage 3
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II, A, Phase I: Design, Fabrication, and Installation of
Micromotor Facilities (cont.)

4, Micromotor "B

The thrust combustor is not scheduled for use until later in
the program., Acquisition of materials and components for the thrust combustor

and stand has been initiated.

B. PHASE II: DETERMINATION OF COMBUSTION CHARACTERISTICS IN AIR
OF EXHAUST PRODUCTS OF PENTABORANE-HYDRAZINE SYSTEM

Phase II is concerned with the engine test evaluation ot the air-
augmented pentaborane-hydrazine system. A tentative test plan has been
developed to provide the requisite data. Fifty-two tests are planned with
Micromotor A. In the course of these tests, the temperature profile in the
secondary chamber will be measured, the exhaust products will be analyzed, and
the characteristic velocity will be determined under a variety of conditions.

Micromotor B will be used to conduct 23 tests under similar condi-
tions to determine the total thrust and specific impulse. Characteristic
velocities will be determined for comparison with the Micromotor A results.

C. PHASE III: INTERPRETATION OF MICROMOTOR TEST RESULTS
Phase III is concerned with the development of a theoretical model
of the combustion process or processes. Correlation between the various

experimental parameters will be sought through theoretical chemical and physical
considerations.

Page 4
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SECTION III

TECHNICAL DISCUSSION ﬂ

The program is divided into three phases: Phase 1, NDesign, Fabrication,
¥ and Installation of Laboratory Micromotor Facilities; Phase I1I, Determination
of the Combustion Characteristics in Air of the Exhaust Products from the
Pentaborane~Hydrazine System; and Phase III, Interpretation of Micromotor Test
Results. The work accomplished during the period 1 May to 31 July 1967 is
discussed below.

A. PHASE I: DESIGN, FABRICATION, AND INSTALLATION OF LABORATORY
MICROMOTOR FACILITIES

Phase I is concerned with the design, fabrication, and installation
of two liquid micromotors, "A" and "B." Micromotor A will be used for the
determination of characteristic velocity, c¥*; for the determination of exhaust
product composition, both gaseous and solid; and for the measurement of gas and
particle temperatures in the secondary chamber. Micromotor B will be used for
the measurement of total thrust and for the determination of characteristic
velocity and specific impulse, Isp.

1. Test Site

The test site for the experimental combustion studies is in !
the Research Physics Laboratory of the Advanced Propulsion Research Department. ‘
The test bay is being prepared for the installation of Micromotor A. The
stand to be used to support the combustor and auxiliary apparatus is currently
being modified. ]

2. Secondary-Air Heating System

Careful consideration has been given to the design of the
secondary-air heating system. The use of a pebble-bed heat exchanger, preheated
by means of the combustion of LPG-air, was originally suggested for this
purpvse. However, the large power supply (400 kw) available in the Research
Physics Laboratory is adequate to preheat the augmenting air required by the
test program. Therefore, an electrical heating system has been designed and is
being constructed and installed in the test bay. A schematic of the heater is
shown in Figure 1.

. An analysis of the electrical heating system was made and the
following conclusions were reached:

a. 400 kw will provide 22,768 Btu/min. This is sufficient
energy to bring 1.0 1b/sec of air to 1477°F from 50°F or to raise 1.355 1b
air/sec through a AT of 1180°F. Maximum required conditions may be reached by
preheating the air reservoir to a temperature of 320°F.

Page 5
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III, A, Phase I: Design Fabrication, and Installation of Laboratory
Micromotor Facilities (cont.)

1-in. x .049-in. Type 316 Tubing

Air, 1 Ib/sec
50 OF, 300 psia

| / 225 KVA
+

e 14.2 ft
o _
| l 160 KVA
| + ]
1 ¢
i
! |
‘ P 13.6 ft
Air 1.50-in. x .065-in. Inconel Tubing ' |
1500 OF i
FIGURE 1. SCHEMATIC OF AIR HEATER
b. Pressure drop through the tubing will be less than
' 40 psi at the high air velocities required, 225 to 500 ft/sec. .

¢. A two-increment heater will be used; the first increment
i consists of 28 ft of l-in.-dia x 0.049 Type 316 stainless steel and the second
increment consists of 27 ft of 1-1/2-in.-dia x 0.065 Inconel tubing. The
electrical properties of these tubes plus the secondary-air temperature
requirements represent power requirements of 3000 amps at 75 volts and 3000 amps
at 53 volts, respectively. Heat-transfer crefficients of the tube walls are
or the order of 200 and 155 Btu/hr ft2, respectively.

Page 6
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III, A, Phase I: Design, Fabrication, and Installation of Laboratory
Micromotor Facilities (cont.)

d. Heater weight will be approximately 45 1b.

e. Cost may be reduced somewhat compared with the pebble-bed
heater, although the required purchase of high-temperature-resistant tubing may
offset other cost reductions.

There are such additional benefits as the following: heating
will be instantaneous, with no hot body complicating work in the combustor
area; little or uo preheat will be required; and there will be no heat limita-
tion on run duration. A high-temperature valve may not be needed; this valve
could present a major problem.

35 Micromotor A

The design of the combustor components for Micromotor A has
been completed. These components include the primary propellant and igniter
injectore, the jacketed, primary combustion chamber and nozzle, augmenting-air
injector, and the jacketed, secondary combustion chamber and replaceable
nozzles. These components are being fabricated currently. A sketch of the
assembled, two-stage combustor is shown in Figure 2.

SECONDAR Y AIR W CTOS

! SECOMDARY Cr LMBER e PR SN 1AP - - — DRAFal ST
AR B e e /j/ N |
A AP e
S _. s _
g ,
e e —_—

o 2L ‘
JER
q ¥y

—PRAALY COMBVS T 10N C maslie

IRAEIR
Boodlr 418

© o SECONOAMRY (OMBUVIIGN CHAMBIR

o
|

FIGURE 2. MICROMOTOR A ENGINE ASSEMBLY, AA MOD 1

The primary combustor is similar to the Aerojet liquid-liquid
combustor used on previous programs. The addition of the secondary chamber
plus a high degree of instrumentation make this unit substantially more complex
than those previously used, however.
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Report AFRPL-TR-6/-242

III, A, Phase I: Design, Fabrication, and Installation of Laboratory

Micromotor Fac.iities (cont.)

An uncooled injector has been designed for the primary chamber.

Initially, a modified triplet configuration fabricated from stainless steel
will be employed. A similar unit has been used previously for this bipropellant
system and provided relatively efficient combustion. A pentad spray injector
will be used as a backup unit. Ignition will be achicved by means of a time-
sequenced injection of a liquid oxidizer, i.e., N70,, because the basic bipro-
pellant combination is not hypergolic.

The primar:; chamber is arproximately 6 in. long (injector to
throat) ¢nd 0.90 in. in diameter. The stainless steel nozzle (0.125-in.-dia
throat) and the primary chamber are encl.sed within 1 water-cooling jacket
which will provide heat loss data.

Alr flow to the secondarv chamber will be controlled by a
sonic nozzle ahead of a toroid 1waifold. ihree tu..s connect the manifold to
| replaceable nozzles in the air injector. The nozzles will be selected to pro-
vide an inlet velocity of Mach 0.4.

The secondacy chamber, shown simply as a jacketed tube in
Figure 2, is a relatively complex component of the micronotor. Provision nhas
been nade for a series of thermocouples along the length of the chamber to
provide temperature-protile measuremenrs. Provision has been made also for
sets of optical windows tirecu:h which the spectral tenperatures will be measured.
Figure 3 18 a detailed sketch showing the manner in which these ports are
assembled.

COMBUSTION CHAMBER

A,
RING SEALS s ARGON PURGE INLFT
5 |
e S —
A A b )
]
// 4 o} : / y
Y Y ;&/
\ ( B Jig: | v
e, LH o S ::.:;*/
.\,‘/
COOLING JACKET SAPFHIPE |ENS

FIGURE 3. OPTICAL FOURTH N IHE Seond?ARY CHAMBLRK
OF MICROMOTOR A
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111, A, Phase I: Design, Fabrication, and Installation of Laboratory
Micromotor Facilities (cont.)

Replaceable graphite nozzles will be attached to the secondary
combustor tube by means of flanges. The wide range of test conditions requires
the use of several different throat areas; the use of a flanged connection
facilitates the removal of the nozzles for interchange and measurement of post-

run throat-diameters.

Graphite has been chosen for the nozzle material because of
its superior high-temperature qualities and because its lubricity tends to
resist the adhesion of liquid and solid combustion products. In the high air-
to-propellant regime, the erosive oxidation of the nozzle may become a problem.
Should this occur, the substitution of boron nitride nozzles is expected to

eliminate the problem,

4. Exhaust Sampling Equipment

The design of the exhaust sampling system is in progress
currently. The design of the exhaust duct has been completed. Figure 4 18 a
sketch of the water-cooled duct showing the liquid-argon injection and exhaust
sample taps. The exhaust filtration unit is being designed at the present
time. The type of dust collection system to be used will be selected and the
appropriate equipment will be ordered.

SAMPLE TAP NO. 2

FIGURE 4. WATER-COOLED EXHAUST DUCT

Provision has been made for the injection, if necessary, of
liquid argon into the exhaust duct for rapid quenching of the exhaust products.
This operation is not intended for normal cooling but only to prevent post-
oxidation. The need for argon cooling will not be definitely established until
preliminary firings have been made.

Page 9
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I1I1, A, Phase I: Design, Fabrication, and Installation of Laboratory
Micromotor Facilities (cont.)

Auxiliary samples, taken at three different points in the
exhaust duct from the secondary nozzle, will be drawn through Millipore filters
to provide both solid and gaseous exhaust samples. These sample draw-off
operations will be timed to coincide with the main sample collection. The
occurrence of post-oxidation in the exhaust duct should become apparent from
analyges of the samples; differences in the composition of the exhaust at the
three sample-taps may be the result of post-oxidation.

Design calculations have been made for the exhaust filtration
system. The high maximum exhaust rate, 29 cu ft/sec at 400°F, necessitates a
large filter area. Therefore, a reduction of the exhaust temperature to approxi-
mately 120 to 150°F is required to achieve a practical filter size. The exhaust
rate will vary over a wide range, and a compartmented filter may be the best
solution to this problem. The least possible collecting area is desired in
order to get more accurate material balances for the combustion experiments;
thus, the coldest practical exhaust temperature is required. A low exhaust
temperature also tends to minimize post-oxidation of the combustion products.

5. Spectral Equipment

The assembly of the spectral equipment is almost complete.
Modification of existing equipment and fabrication of additional components
are complete, except for the light-source intensity monitors and the ring
mounting which supports the light sources. Transport of the equipment to the
test site and installation will be undertaken as required.

The principal objective of the spectrometric measurements is
to obtain the static gas temperature and the optical depth of the particle
cloud at three axial stations in the secondary combustor. The ultimate objec-
tive of these measurements is to infer the extent of combustion of the primary
propellant exhaust occurring at each axial station, so that the effect of
specific parameters on the overall performance of the system can be evaluated.
The progression of combustion manifests i%self as a decrease in the mass
fraction of boron nitride and as an increase in the static stream temperature,
both of which can be determined from the measured values of spectral trans-
mittance* and radiance.

The experimeatal program will be directed toward obtafning
(1) the spectral transmittance and radiange at the spectrum line center of the
first line of the sodium~D doublet, 5890 A and (2) the spectral transmission
and radiance associgted with the continuum emission of the particle cloud at a
wavelength of 5880 A. These measurements will be taken at three axial stations
in the secondary combustor, across the flow centerline.

* Words ending in -ittance refer to systems or surfaces, while words ending in
-ivity refer to materials, following the suggestion of NBS (Reference 1).

Page 10




Report AFRPL-TR-67-242

III, A, Phase I: Design, Fabrication, and Instellation of Laboratory
Micromotor Facilities (cont.)

The principal variable of interest, the gas temperature and
its estimate of variance, will be calculated from the data taken at various
times during the firing. The optical depth of the particle cloud will be
determined from the same data. The optical depth, combined with an estimate
of the particle size distribution in the cloud, will serve to define the
condensed-phase temperature and mass fraction. From a regression analysis,
the uncertainty in both of these parameters will also be determined, based on
the uncertainty in the particle size distribution.

A requisite to the precise determination of particle tempera-
ture (but relatively unimportant to the determination of gas temperature) is
the complex refractive index of boron nitride. A literature survey was under-
taken and information requests were sent to several potential sources. A
letter and report, received from Dr. W. W. Lozier of Union Carbide Corporation,
contained optical transmission data for BN at room temperature and in the
visible region. These data, along with information supplied N. J. Norante of
the Carborundum Company, have been used to deduce the refractive index of BN
both at room temperature and at the high temperatures expected in the secondary
chamber.

The computer program employed to reduce the experimental
spectral data to the desired temperatures has been written for use on the
IBM 1130 computer. A description of the program (PROGRAM TEMP) is presented
in the Appendix of this report.

The principal part of the spectral equipment is the spectral
comparison pyrometer, which has been described in detail elsewhere
(Reference 2). The fundamental components of this device are shown in
Figure 5.

CAPACITANCE

POS ITION FEEDBACK !
10 GRATING

AMPLIFIER || SINE-WAVE

GENERATOR ROXIMITY PICKUP
DRIVER CO!

Ls (GENERATES emf FROM
MOTION OF CHOFPER

BLADE)

EXIT SLIT IMAGE OF

PHOTOMULTIPLIER COMPARISON

{souacc
17 %
= . _-H"'::IE.....%—:. .
e _\__""‘“—\—.. g
COMBUSTION
ENTRANCE CHAMBER, COMPARISON
SUT PLUME OR FLAME SOURCE

FIGURE 5. OPTICS AND ELECTROMECHANICAL SCHEMATIC
OF SPECTRAL COMPARISON PYROMETER
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III, A, Phase I: Design, Fabrication, and Installation of Laboratory
Micromotor Facilities (cont.)

A reference light source (DC carbon arc), chopper, and asso-
clated optics will be used at each of the three axial positions under study.
Each of the reference source beams will pass through a set of diametrically
opposed windows. The light from each station will be picked up by an optical
light guide and passed to an optical sampling scanner which sequentially
samples the radiance from each station and focuses it on the entrance slit of
the spectrometer.

STEEL
W
NG OPTICAL | ™
RANGE | ,
SAMPLING SCANNER COMBUSTOR
J/ LIGHT
SPECTROMETER 1 |
/ M GUIDES
/ g
SCANNER
OPTICALBENCH | POWER .
/ SOURCE
/,._. POWER
SIGNAL GENERATOR

FIGURE 6. SPECTRAL EQUIPMENT LAYOUT

Placement cf the apparatus is shown in Figure 6. Because of
the potential hazards associated with any engine test experiments, the
spectrometer will be protected by the steel wall shown in the figure with the
optical light guides passing through a hole in the wall. The three carbon arc
lamps and related optics will be positioned by means of mounting rings around
the secondary combustion chamber. The spectrometer and optical sampling
scanner vill be placed on a lathe-bed optical bench at a distance to minimize
the length of the optical light guides.

Special components which were required to complete the
apparatus include (1) three reference source beam intensity monitors for
recording the radiance of each of the carbon arc lamps throughout a run,

(2) the scanner power supply to drive the grating within the spectrometer, and
(3) the impedance couplers and data ranging equipment to provide signals of
low impedance and a range of gains for coupling of all equipment to the data
recording equipment.

Page 12




Report AFRPL-TR-67-242

III, A, Phase I: Design, Fabrication, and Installation of Laboratory
Micromotor Facilities (cont.)

6. Micromotor B

The second stage of the test program involves the use of
Micromotor B for thrust measurements. The design of the thrust combustor will
be substantially less complicated than Micromotor A, in that the spectral mea-
surements and exhaust sample collection will not be required and water cooling
of the combustion chamber will be eliminated. However, the thrust stand planned
will carry much of the auxiliary equipment, such as the air/nitrogen storage
tank and heater, propellant tenks, valves, and lines. In this manner more
accurate thrust measurements can be made.

Design of the thrust stand and combustor will be initiated

later in the program. Experience with Micromotor A will provide necessary and
valuable information about the design requirements for Micromotor B.

Page 13
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111, Technical Discussion (cont.)
B. PHASE II: DETERMINATION OF COMBUSTION CHARACTERISTICS IN AIR

OF TXHAUST PRODUCTS OF PENTABORANE-HYDRAZINE SYSTEM

Phase 11 is concerned with the engine test evaluation of the air-
augmented pentaborane-hydrazine system. Fifty-two tests are planned with
Micromotor A and 23 tests are planned with Micromotor B. A wide range of test
conditions will be investigated during the test phase, including:

1. Primary propellant mixture ratio--1.27, 0.9, and 0.6.

2. Primary chamber pressure--425 psia, 300 psia.

3. Air-to-propellant ratio--8:1, 16:1, and 40:1.

4, Secondary chamber pressure--200 psia, 50 psia.

5. Secondary air temperature--800°F, 1500°F.

Test measurements will include the following:

1. Propellant and air flow rates.

2, Air inlet temperature and pressure.

3. Pressure in the primary and secondary chambers.

4. Total thrust.

5, Percent conversion of boron and boron nitride to boron
oxide(s) by collection and analysis of final exhaust products.

6. Optical measurements in the secondary chamber (gas-temperature
determination is required, particle-temperature determination
is desired).

Characteristic velocity, chamber temperature, and specific impulce
will be calculated based on these test measurements.

The tentative test program planned for Micromotor A is outlined in
Table I. Throughout the testing program, combustion efficiencies based on the
calculation of characteristic velocity will be determined.

The initial tests will be directed primarily toward determining
(1) the extent of combustion of boron and boron nitride in the combustor and
(2) whether post-oxidation of these materials occurs. If conversion of these
materials is not achieved, a larger secondary chamber will be installed.

Page 14
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III, B, Phase II: Determinaticu of Combustion Characteriscics in Air
of Exhaust Products of l'entaborane-Hydragzine System (cont.)

Temperature profile studies will be initiated using thermocouples
installed in the secondary chamber. In tie placement of the thermocouples,
consideration will be giveu to the mixing patteris of the air and primary
exhaust stroams, so that reliable interpretations cun be made from the data.
Spectral measurements will be made also, to test the design of the optical
ports. A suitable window design is required in subsequent tests.

Emphasis in the experiments in the main body of the testing program
will be on studying the effects of the various operating parameters on the
performance characteristice of the air-augmented system. The efiiciency of
boron and boron nitride conversion to the oxides, as indicated by c* determina-
tions, will be substantiated by znalyses of the combustion products of selected

runs.

The tentative test program using Micromotor B is presented in
Table II. These tests are devoted to the measurement of thrust under the
operating conditions previously studied for Micromotor A. From these data,
specific impulse calculations will be made. In addition to the thrust and
specific impulse determinations, the c* values will bc determined for compari-
son with the results obtained errlier in Micromotor A.
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I11, Technical Discussion (cont.)

C. PHASE III: INTERPRETATION OF MICROMOTOR TEST RESULTS

This phase of the program is concerned with the development of a
theoretical model of the combustion process or processes. Correlation between
the various experimental parameters will be sought through theoretical chemical
and physical considerations.

The combustion process which occurs in the primary chamber has been
the subject of extensive study both at Aerojet and elsewhere (Reference 3).
The theoretical reac“ion which yields the highest specific impulse and which is
thermodynamically favored is represented by equation (1).

B5H9 + 2.5 Nzﬂa = 5 BN + 9.5 H2 1)

However, analyses of the combustion products, both gaseous and solid, and
experimental performance tests indicate that this optimum process does not
occur. Rather, the reactions which most satisfactorily account for the observed
combustion products and performance are

B.H, + 2N, = 4 BN+ B + 8.5 H (2)

59 24 2

0.5 N2H4 = 0.5 NH3 + 0.25 N2 + 0.25 HZ (3) )

The secondary-combustion process in air will involve the combustion
of both gaseous «.:d solid, particulate material. This secondary process can
be considered to occur in four distinct stages: (a) the mixing of air with
the primary exhaust stream, (b) the ignition of the combustible gases, (c) the
surface reaction of the particles, whereby their temperature is raised to
ignition, and (d) the combustion of the boron nitride-boron in the vapor
phase surrounding the particle or at the particle surface.

The mixing of the primary exhaust with air is accomplished by
turbulent eddy diffusion followed by molecular diffusion. The turbulent eddy
diffusion brings about the intermixing of the two streams on a sufficiently
fine scale to permit the molecular diffusion to occur rapidly. Therefore, the
efficiency of the mixing process is highly dependent on the physical configura-
tion of the flowing streams and on the transport properties of the flows.
Within the constraints of practical design considerations, the air inlet and -
primary exhaust ports have been designed to provide large velocity differences
between the two streams and a large angle between their centerlines. These
factors are considered to be especially important in the promotion of turbulence,
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I1I, C, Phase III: Interpretation of Micromotor Test Results (cont.)

The combustible gases in the primary exhaust ignite as they mix
with the air. These gases, chiefly hydrogen and ammonia, have relatively
wide flammability limits and low ignition temperatures. Hence, the combustion
of these gases is expected to occur rapidly and completely.

A particle can be brought to its ignition temperature in two
di‘ferent ways: (1) the transfer of heat from the gas surrounding the particle
or (2) by surface chemical reaction of the particle with the surrounding gas.
Heat transferred to the surface of the particle by either mechanism must
exceed the rate of dissipation of the energy from the surface.

Both particle size and concentration are factors in this heat
balance. A smaller particle has high surface-to-volume ratio, which results
in a high rate of heat production per unit volume and a low cooling rate.
When particle concentration is high, more of the heat radiated from a given
particle will be used to heat neighboring particles.

Surface oxidation of the particles can lead to the formation of a
protective oxide layer. If such a layer is formed, the result may be detri-
mental to particle ignition even though the particle temperature may be
increased. However, if the oxide is sufficiently volatile to vaporize and
expose unreacted surface, then ignition can be accomplished.

Similarly, the ultimate combustion of the particles is highly
dependent on the surface condition of the particle. If the active particle
surface 1s continually renewed by the volatilization of the oxide, then the
rate of combustion is controlled by the diffusion of oxygen to the surface
in the heterogeneous system. On the other hand, if the oxide does not vaporize
at a significant rate, then the combustion may be inhibited.

Homogeneous gas-phase reactions occur rapidly and efficiently;
consequently, in systems where the temperature is sufficiently high to vaporize
the material of the particle, as well as the combustion products, the maximum
rate of combustion is achieved.

The conditions which will be encountered in the secondary chamber
will vary over a wide range. The primary propellant ratio will be varied over
the range from pentaborane-rich to stoichiometric. Consequently, the boron
content of the solid exhaust will vary appreciably. Also, the air-to-propellant
ratio will be varied over a wide range, as will the air inlet temperature and
pressure, giving rise to large variations in chamber temperatures.

The variation in chamber conditions may result in significant

changes in the modes of igni:ion and combustion of the solid material.
Temperature profiles, studied both spectroscopically and with thermocouples,
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III, C, Phase III: Interpretation of Micromotor Test Results(cont.)

and chemical analysis of the combustion products, will be of value in discerning
the prevailing mechanisms. These observations, comlined with the c* efficiencies
and Isp determinations will permit the establishment of the combustion model.
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SECTION IV
FUTURE WORK
A. PHASE I: DESIGN, FABRICATION, AND INSTALLATION OF MYCROMOTOR
FACILITIES
1. Micromotor "A"
The preparation of the test bay and auxiliary facilities
will be completed. The fabrication of the combustor components and the instal-

lation of the micrcmotor facilities will be completed.

2. Exhaust Sampling System

The design, fabrication, aand installation of the exhaust
sampling system, including the water-cooled ducts, and the dust-collection
system, will be completed.

3. Spectral Equipment

The assembly and instaliation of the equipment for spectral
temperature measurements will be completed.

4, Micromotor "'B"

The design and fabrication of components of the thrust stand
and combustor will be initiated as the design requirements are established.

B. PHASE II: DETERMINATION OF COMBUSTION CHARACTERISTICS IN AIR
OF EXHAUST PRODUCTE OF PENTABORANE-HYDRAZINE SYSTEM

The testing program outlined in Table 1 is scheduled to commence
on 18 September 1967 and the program outlined in Table 2 is scheduled to
commence on 1 February 1968.

C. PHASE III: INTERPRETATION OF » ROMOTOR TEST RESULTS

This phase of the program is scheduled to commence on 18 September
1967, when the installation of Micromotor A has been completed and the testing
program has been initiated.
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APPENDIX

PKOGRAM TEMP--A COMPUTATIONAL SCHEME IN
. FPORTRAN IV FOR DETERMINATION OF GAS AND
PARTICLE TEMPERATURE FROM SPECTROMETRIC DATA
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Program TEMP is a machine program written in Fortran 1V language for
use either with the IEM 360, 7094 or 1130 machines. Input data is placed on
80 column punched cards. Output is adaptable to 8-1/2 x 11 in. paper.

The program receives calibration data related to the spectral response
of some sort of detector used for the spectrometric measurements. Detector
constants (called "TUBE CONSTANT') are determined over any spectral range
and signal strength, the number of total data points being limited to 100,
at a maximum of 10 wavelengths.

From spectrometric data taken within the continuum of the flame and
at specific spectrum line centers, the temperature of both the gas and
particle cloud within the flame is calculated from Planck's Law.
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I1. COi I S

The main program is divided into several computational schemes, -
identified by the comment card which corresponds to the following hudiug.
(refer to Table I).
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11, Computational Schemes (cont.)

A. CALCULATION OF DETECTOR CONSTANTS

After having read into storage the emissivity tables for the
reference source being used in the calibration, the program will then accept
data which relates signal strength (e.g., galvanometer deflection, inches) to
reference source intensity (e.g., brightness temperature). After having
calculated the detector constants which relate measured signal strength to
radiance (or temperature), the program prints out an equation for the relation-
ship together with statistical indicators by which to assess the validity of
the relationship.

B. CALCULATION OF REFERENCE SOURCE AND WINDOW CONDITIONS DURING RUN

The reference source temperature is determined from the measured
signal frcm the reference source just prior to flame introduction. Data on
reference source intensity just after flame extinguishment is also introduced
as input at this point in the routine, together with the run time. To account
for any spectral nonuniformity in window transmissivity, the post-test data
can include up to 10 wavelength data, each being assoclated with a corresponding
source intensity. Any transient change in window transmissivity or reference
source radiance is accounted for subsequently in the calculations of tcmpera-
ture from the spectrometric data, with the assumption that such changes occurred
linearly with time between the pre- and poe* < data points (i.e., during the
"run time").

C. CALCULATION OF GAS AND PARTICLE CLOUD TEMPERATURES AND SPECTRAL
EMITTANCE

The spectrometric data, in the form of galvanometer deflections,
are introduced here. Data on gas and condensed phase dens’'ty are used
together with previously stored data on particle absorption and scattering
cross sections to calculate the particle number density (or concentration) and
other physical properties of the particle cloud as required. If no particulates
are present in the flame, the mass fraction of particles, CHI, is set equal
to zero on the input.

Several computational options are used to calculate temperatures.
The first of these treats the problem of radiation scattering by the particle
cloud for the "optically thin'"* condition. This treatment is valid for most
common flames Laving particulate mass fractions up to 0.4 together with a
thickness up to 7 centimetera. When conditions on condensed phase mass fraction
or thickness simultaneously exceed these values, the results may be invalid.

*This refers to opticJI_characteristic of the cloud for scattering of
radiation along the "line of sight;" this case is shown directly under
"SCATTERING EFFECTS CONSIDERED,'" Table II.
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1I, C, Calculation of Gas and Particle Cloud Temperatures and Spectral
Emittance (cont.)

At this condition on optical depth in a direction parallel to the optical axis,
two conditions on transverse optical thickness are considered. In the first -
of these, termed the 'TRANSVERSE-OPTICALLY THICK" case, the temperatures are
computed for the condition where scattering losses from the flame radiation
equal scattering gains, within the optical path. This condition is most
frequently valid. In the second condition, termed "TRANSVERSE-OPTICALLY THIN"
(see Table II), the results are based on the assumption that there is a net
scattering loss of radiation from the flame within the optical path, either
because the flame's transverse dimension is extremely small or because there
is extreme thermal disequilibrium. In both of the above cases, it is assumed
that all the radiation from the reference source, scattered out of the

optical path, is permanently lost.
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TABLE 11
SAMPLE OUTPUT, PROGRAM TEMP

T ——

o RUN NUMRFP N;é- NITROGENs TIME APPROXIMATE
SODIUM SOLUTION USED TO COAT WALLS ON DOWNSTREAM FEND OF MIX CHAMBER

FQUATION FOR TURE CONSTAMT AT 045890 MICRONS
K(E) = 0e73433F-03 + =0.43587E=04 (F - 0.11233E 01)

WITH VARIANCE OF ESTIMATE = 0449151E-10

POPULAT]ION VARIANCE = Ne&1460F=09

FTEST = Bes35 HAVING 12 DEA OF FRDM,
GAIN RATIOs RUN/CAL. = 1.00369

SOURCF TEMPERATURF = 2792.472

computed from EIOP, ELP
| RUN TI¥E = 55,000 SFCS \{allptemperatures i ‘K)

ELD(T) Tw2(1) i
0e58R0  0N496636F 00
Ne5R890 0496705F 00
0e5900 0e96067F 00

NN

MEAN PARTICLF VOLUME = (0.10000F=11 CU CM

- NUMRFR CONCENTRATION = 0626666F 0?7 PER CU CM

TIMF = 0,000 SECS

~—=e====SCATTFRING EFFECTS CONSIDERFD===m===m=a=-en-

Skl

. ) (whete particle effects are important,
FLAYE THICRNEISS »: Owml2406t 96 CM qty must agree with actual thickness.

this)

. 4

PARTICLE FMISSe = - 040033y REF = 040325 AT 0.58RC MICRONS
PARTICLE EMISSe = 040033y RCF = 040325 AT 045890 MICRONS
GAS FMISSIVITY = 063031 AT 05890 MICRQNS

oneldered to be mos

c
TRANSVFRSF = OPTICALLY THICK Qﬂliﬂ under normal
5 /—/’-—7. onditiﬂ.n'

)

*PARTICLE TEMPs 28284013 GAS TEMP. # 2817415
TRANSVFRSE = OPTICALLY THIN

*PARTICLE TEMPe = 28334419 GAS TEMP, = 2822.24
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TABLE II (cont.)

*enanfEFFFCTIVFE FLAME THICKNFSS USFED (MULTe SCATTERING) ##w#xa
XNO#(S1#ST =  0433084F=01

FLAVF THICKMFSS = (e41047F 04 CM

PARTICIF FMISSe = 0,0001» REF = 060010 AT 0+45RB0 MICRONS
PARTICLF EMISSe = 0400019 REF = 0e)010 AT 045890 MICRONS
(CAC EMISSIVITY = 00118 AT 045890 MICRONS

TRANSVFRGF = OPTICALLY THICK i
*OARTICILE TFMPe = 4660434y GAS TFMP, = 4491425

TRANSVFRSF = OPTICALLY THIN

#DARTICLE TEMP. = 4A6NL8Ts GAS TFMP, = 4491.7]

------------ ~~=SCATTFRING EFFFCTS NEGLECT{N====mmmme—ee———-
DABTICIF F1SSe = 040357 AT 045880 MICRONS

DARPTICIF FMISSe = 0e)357s AAS FYIGSe = 043031 AT 0eBR9ND M]CRONS

EIARTICLE TFMPe = 221766~y GAS TEMP, = 2°D7e1H

valid where no particles
are present in flow stream.
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1I, C, Calculation of Gas and Particle Cloud Temperatures and Spectral
Emittance (cont..

The above computations are repeated, using an effective flame
thickness to account for multiple scattering. The validity of this treatment
has not been verified but it is used to serve as a basis of comparison.

Lastly, the data is reduced and temperatures calculated with the
assumption that there is no scattering of radiatinn by the particles. This
case leads to an accurate determination of temperature where the particles
are pure absorbers or where there are no particles.

Under condicions ordinarily encountered in flames and small
rocket motors, either the output directly under the heading "SCATTERING
EFFECTS CONSIDERED. . . TRANSVERSE-OPTICALLY THICK" or under the heading
"SCATTERING EFFECTS NEGLECTED," (Table II) will be most valid.
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11, Computational Schemes (cont.)

D.  SUBROUTINES OR FIINCTIONS USED

Subordinate to the main program deck are four subroutines which are
used bv the main program to purform intermediate calculations and interpolate
tabulated information. [Ihey 1re described in the following paregraphs.

1S Function RI(EL, T)

This =ubroutine calculates the value of the Planck function:

1
C
exp (A—,}z-) -1

Ri(l, T) =

22

2k tunction S _(EL, T)

This subroutine is used to perform the interpolation of the
tabulated reference light source emissivity, €(}, T).

3. Furcction TWFL (EL)

This subroutine interpolates tabulated pre-run window
transmissivity data to obtain the window transmissivity at any specified
wavelength,

4.  Subroutine TRANS (Tt U,A.L.X,T)

This srbrovtine calculates the window transmissivity at the
prifial time, based upen pre- and post-test transmissivity data. It is
assuial that window deposits build up linearly with time.
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III. INPUT INFORMATION

The variables which must be included as input and the required format
is shown in Table I. The following list of nomenclature gives a description

of each of the input variables, in the order in which they must be read in.

Set Input
Number Variable Description [Format]
1 *J1, Il Indicates number of temperature, wavelength data points
to be used in refevence light source emissivity tables.
[215.]
la *(A(T) Temperature data point corresponding to idencically
indexed emissivity data point, °K. Maximum number of
points is 15. [8F10.0]
1b *ELA(I) Wavelength data point corresponding to identically
indexed emissivity data point, micron. Maximum number
points is 40. [8F10.0]
lc *EPST(I,J) Reference source emissivity data point at the 1ith
value of wavelength and the jth value of temperature.
Emissivity data is read in the order e(Al,Tl), e(Az,Tz),
e(AB,Tl). c E(All,Tl), E(Al,Tz), e(Az,Tz).
e(x2,T9). . . €(11,Tyy). Maximum number of points
is 600. [8F10.0]
2 *J2 Indicates number of pre-run window transmissivity data
to be read in. [I5]
2a *TW1(I) Pre-run window transmissivity at the ith wavelength.
ELB(I) The ith wavelength value for TW1(I), microns. [8F10.0]
3 *C2 The Planck constant, 14388 °K. [F10.0]
ELR The wavelength in microns at which brightness temperature
measurements are taken, usually 0.653 . [F10.0]
KLO Number of allowed interations in tha iterations determina-

tion of source temperature from measured brightness
temperature. Usually taken as 10. [I10)

*Indicates new input card required at the start of this set. All input
variables after each * are placed on same card up to 8.
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III, Input Information (cont.)

Set Input
i Number Varisble Description [Format)

ERR Allowed relative error in the true source tempera-
ture calculated from the measured brightness 3
temperature, usually taken as 0.000001. [F10.0]

|
! CONV Not used in Program 660300,
' 4 *EL1 Wavelength at which continuum spectral radiance 1is
! measured, microns. [F10.0]
EL2 Wavelength at spectrum line center where radiance
is measured, microns. [F10.0]

5 *Heading Placed on three cards. First column of each card
should contain a blank. Any arrangement cf letters
and numbers may be used in the first 72 columns of
three cards. [72H]

6 *IND1 Indicator [I1]
=] means: Read detector calibration data at one
wavelength, calculate and print temperatures.
=2 Continue to read calibration data and print tables
| of detector constants at several wavelengths.
=3 Suppress printing of detector calibration data,
calculate and print temrperatures. .
=4 Print all data, including {nternal checkout sequences.
Used only when output error caunnot be found.
=5 Call exit.

7 *VBAR Number mean particle volume pertaining to particles
present within the flow stream, cm3. [E10.5]

GAl Average absorption cross sectiog of particles for
radiation of wavelength ELl, cm®. [E10.5]

Gsl1 Average scattering cross section for radiation c¢
wavelength EL1. cm?. [E10.5]}

GA2 Same as GAl, except for wavelength EL2,
GS2 Same as GS1, except for wavelength EL2,

CHI Mass fraction of particulate matter in flame,
gms solids/gms total. [F10.0]
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I1I, Input Information (cont.)

Set Input
Number Variable
8 *ELC
9 *TB
IND3
=1
-2
-3
10 *El
*
11 *TB
IND3
12 *El

Description [Format]

The wavelength at which the pre-run reference light
source calibration is performed, micrors. [F10.0]

Brightness temperature at which the first set of
detector signals (El) 1s recorded, at the gain
setting used during calibration. ([F10.0]

Indicator, placed in the 20th column of the same card
with TB.

TB is in degrees Fahrenheit

TB is in degrees Centigrade

TB is in degrees Kelvin

The recorded detector signal corresponding to TB.

Any number of El cards can be read in for each value
of TB, but no more thar 100 values of El can be

read in for all TB with the same value of ELC.
{F10.0]

A blank card placed here indicates that a new value
of TB (Set #9) 1s to be read in followed by the

corresponding El cards (Set 10). Two blank cards
placed here indicates that the detector constant
correlatica equation is to be calculated and printed.
The input proceeds as follows: If INDl=2, the
machine will read in a new value of ELC (Set #8)

and repeat.

If iNDl=1, the machine will proceed to the next input
card shown below (Set #11).

Brightness temperature at which the detector signal
(E1) 1is recorded at the gain setting used during
the run. One only. (F10.0]

Indicator {see Set {#9)

The recorded detector signal corresponding to TB.
Any number of El cards can be read in. The
arithmetic average of all El's will be computed and
used to determine the gain change between the cali-
bration and run conditions. [F10.0]
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III, Input Information (cont.)

Set Input
Number Variable Description [Format]

* A blank card nlaced here indicates that all the El
cards have been read in; the machine will calculate
the galn change, print, and proceed to the next
input card shown below (Set #13).

13 *E1OP The measured level of detector signal with the
reference light source on in the condition used during
the run. This value is used to calculate the true
source temperature during the run, and serves as the
reference on which all the temperature measurements
are based. [F10.0]

ELP The wavelength to which E1OP corresponds, microns.
[F10.0]

14 *TR The total run time, seconds [F10.0]
15 #E10PP The post-test equivalent of E10P. [F10.0]
ELPP The wavelength to which E10PP corresponds.

Note: Although only one card containing both E1OP

and ELP can be read, as many as 10 values of E1lQPP

and ELPP can be read, with both E10PP and ELPP on one .
card [2F10.0], since the post-test window trans-

missivity may be strongly spectrally dependent.

* A blank card placed here signifies that all E1QPP
have been read in. The machine proceeds to the next
input card shown below, set #16.

16 *T1 The time in seconds from the start of the run. This
serves as the basis on which window transmissivity is
calculated. If no change in window transmissivity
occurs, the value of TI is unimportant. [F10.0]

Ell Measured signal with reference source on, at ELIL. s
[F10.0]

El2 Measured signal with reference source off, at ELI. »
(F10.0]
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II11, Input Information (cont.)

Set
Number

Input
Variablz

E2l

E22

RHOL

RHOG

IND

| I |
= O

Description (Format]

Measured signal with reference source on, at EL2.
(F10.0]

Measured signal with reference source off, at EL2.
(F10.0]

Density of condensed phase, gms/cm3. (F10.0]
Density of gas phase, gms/cm3. [F10.0]
Indicator code placed in 80th column.

(blark) Read new data card

Read new entir= case, starting with
set number 5, the heading.
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